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Introduction 

World-wide, there has been increasing interest in renewable energy due to 

shortages in energy resources and increases in environmental pollution.  When the global 

demand for oil grew by 2.5 million barrels a day in 2010 (from 10.3 million barrels a day, 

on average, to 12.8 million barrels in 2013) countries decided to lessen their energy 

dependence (Whipple 2010; U.S. EIA 2013).  Currently, geothermal resources are used 

as alternative energy by 30 countries, including Germany, Switzerland, Sweden, Norway, 

the United Kingdom and United States (U.S.), and has increased 10% annually within the 

past 10 years (from 1995 to 2005) as a way to reduce energy costs for larger companies 

and institutes (Curtis et al. 2005).  Geothermal energy is commonly considered to be high 

temperature, found in areas of plate tectonic settings or volcanism, but due to high 

drilling costs for the required depths (~2400 m to provide 80°C temperature water as 

determined by Niess’s 1979 equation relating temperature to depth), low temperature 

geothermal is an alternative energy that is more readily available to both smaller 

households and large business (Kara and Yuksel 2000). Low temperature geothermal 

systems employ a heat pump to exchange thermal energy between the ground and the 

fluid contained within the geothermal equipment.  Such ground coupled heat pump 

(GCHP) systems have the advantage of using natural ground and groundwater 

temperatures available worldwide (Curtis et al. 2005). While GCHPs are most cost 

effective for larger businesses, the Environmental Protection Agency (EPA) concluded it 

is also the most energy efficient and environmentally clean space-conditional systems 

available (L’Ecuyer et al. 1993).  Within the EPA’s study, the authors found that 

installation of nearly 500,000 GCHP units would reduce the greenhouse emissions of the 
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U.S. by over 1 million metric tons of carbon dioxide each year (L’Ecuyer et al. 1993).  

Studies have shown that GCHPs can reduce energy by 23% to 44% compared to air-

source heat pumps and 63% to 72% compared to standard air-conditioning equipment 

(L’Ecuyer et al. 1993). 

Ball State University (BSU) is taking advantage of the ground’s heating and 

cooling properties of the shallow subsurface by utilizing low temperature geothermal 

resources.  With respect to the national range (15°C/km to 35°C/km), Muncie’s 

geothermal gradient is toward the lower end which is 15.5 -17.5°C/km (Nathenson and 

Guffanti 1988; Vaught 1980).    

In 2009, BSU began installing the nation’s largest closed-loop GCHP system.  

BSU’s complete district-wide system will span over 731 acres of campus; however, the 

geothermal boreholes will be concentrated into two sites consisting of 3,600 boreholes 

that are known as Phase 1 and Phase 2 (Figure 1).  Each site will use Energy Stations and 

two different sets of loops (hot water and cold water loops) to heat and cool the buildings.  

Use of the new geothermal system will reduce BSU’s carbon footprint by 50% using the 

Earth’s natural temperature gradient to heat and cool 47 academic buildings (Lowe et al. 

2010).   

It is important to maintain a temperature differential between the fluid inside the 

exchange loops and the geologic substrate and/or groundwater outside of the loops to 

preserve the efficiency of the system, known as the Coefficient of Performance (COP) in 

heating mode and the Energy Efficiency Ratio (EER) in cooling mode (Curtis et al. 

2005). These coefficients measure the usefulness of the heat pump in producing large 

amounts of heat or lack thereof from the least amount of work required of the system 
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(Kara and Yuksel 2000).  Of specific importance to the COP and EER in a large-scale 

GCHP is the rate of groundwater flow, particularly in regions where either heating or 

cooling is dominant (Diao et al. 2004).  If an area is heating dominant a thermal deficit 

may be seen in the groundwater temperature while a cooling dominant are will show a 

thermal increase within the groundwater system. “Thermal build-up” in geothermal fields 

has been observed in previous studies (Epstein and Sowers 2006; Salem et al. 2004; 

Pasquale et al. 2011).  The variations in thermal conductivity with depth can highlight 

different bedrock types.  Darcy’s Law describes groundwater flow in a porous media: 

      
  

  
  

Q: Volumetric Flow Rate (length
3
/time) 

A: Flow Area (length
2
) 

K: Hydraulic Conductivity (length/time) 

dh: Change in Hydraulic Head (length) 

dl: Flow Path Length (length) 

While the aforementioned components have an effect on groundwater flow, the 

bedrock still will influence heat transfer, depending on the volumetric heat capacity of the 

water, strata and the thermal gradient in the area (Blasch et al. 2007).  The natural 

groundwater environment is considerably more complex than a homogeneous and 

isotropic media. The bedrock’s thermal properties can vary with moisture content and 

groundwater table changes, and heat transfer can fluctuate due to rainfall, 

evapotranspiration, and groundwater flow and recharge, all of which can change 
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throughout the year (HVAC and Research 2011). Therefore, inferences must be made in 

order to simplify the groundwater system within the study.    

Even though the use of large-scale ground-source geothermal energy is growing, 

there is little empirical information for large GCHPs. Previous modeling and field studies 

of large-scale geothermal systems’ impacts on natural hydrogeologic properties include 

places such as the Netherlands and New Jersey. In the Netherlands, computer modeling 

from a 1,400 housing development in Etten-Leur connected to ~2,500 BHEs (borehole 

heat exchangers) (one third smaller than BSU’s completed project and a fourth larger 

than the active Phase 1 site) suggest significant cooling of the groundwater due to high 

heating demands (Witte et al. 2006).  In contrast, a study of New Jersey’s Stockton 

College GCHP system, activated in 1994, showed thermal heating of the groundwater 

system.  The Stockton GCHP system is comprised of 400 BHEs that are each 425 ft deep 

and arranged in a 15 ft-grid (Taylor 1998).  Over the course of 10 years this system 

showed a 7- 11°C groundwater temperature increase (Epstein and Sowers 2006).  This 

temperature increase, however, was not observed in all monitoring wells due to different 

groundwater flow rates (Epstein and Sowers 2006).  Stockton College’s system is most 

similar to BSU’s.  BSU’s system will contain 3600 boreholes, making the BSU borehole 

field nine times larger than Stockton’s.  Potential problems can occur within the 

geothermal borehole field (e.g., excess heat) indicating that monitoring is an essential 

task for each geothermal endeavor (Lienau 1992).   

According to Rybach and Sanner (2000), atmospheric influences are negligible 

below 15-20 m deep.  After this point, ground temperature is expected to remain 

consistent and follow the accepted regional geothermal gradient (Monroe and Wicander 
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1992).  Within the region of Muncie, IN, the geothermal gradient is approximately 15.5 - 

17.5°C/km (Vaught 1980).  Even though seasons influence above a depth of ~15 m, 

research has shown that temperature profiles at shallow depths detail the lateral variations 

in vertical groundwater flow while integrating seasonal changes (although measurements 

were taken at ≤ 10 m apart) (Bense and Kooi 2004).  Therefore, over a certain distance, 

variations in groundwater temperature should be homogeneous.  If not, there are 

anomalies within the groundwater flow scheme.  As monitoring is vital, BSU has 

installed and will be installing monitoring wells throughout the fields.  

In late November 2011 BSU commenced the geothermal system’s Phase 1 site 

that services over 20 campus buildings.  The particular focus of this thesis is on the Phase 

1 site, which was installed in 2009-2010 (Figure 2).  The campus, thus far, has been 

cooling-dominant.  Data collected over this fourteen months study include temperature 

profiles, water level measurements, aquifer recharge data, and geochemical sampling of 

Phase 1. 

Down-well sensors were used to gather temperature profile data while water 

dippers were utilized to obtain depth to water measurements.  Pump and slug tests are 

commonly used to specify information on aquifer recharge and, in this case, slug tests 

were most applicable.  Geochemical sampling employed included both field parameters 

and laboratory analysis.  Field parameters include redox potential, pH, dissolved oxygen 

and electrical conductivity. Using this information, hydrogeologic data and ground 

temperatures have been determined.   
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Geothermal Well Field Construction 

Two piping systems (borehole and district-wide loops) comprise BSUs closed 

loop GCHP system.  These loops exchange heat either between the Energy Station and 

the ground (borehole loops) or the Energy Station and the buildings (district-wide loops) 

(Figure 1).   The borehole pipes act as an energy source for the heat pump (located in 

each Energy Station) when it is in heating mode or as a sink for heat in cooling mode.    

Construction is occurring in two phases.  At each site (Phase 1 or 2) water is or 

will be circulated through the borehole loops.  Phase 1 borehole loops use a double loop 

connected by a U-shaped cross connector at the bottom of the loop while Phase 2 uses a 

single loop to circulate the water. (Samuelson 2011).  Each site’s borehole field is or will 

be connected to a heat-pump chiller in its respective Energy Station.  The fluid within the 

borehole loops (which is initially injected into the piping at the time of installation) 

extracts from or deposits energy to the ground through the heat pump chiller equipment, 

which has two compressors to compensate for both high and low heating loads.  Also, to 

increase the thermal exchange between the geothermal gradient and the fluid within the 

borehole pipes, bentonite grout is placed into each borehole.  The heat pump chiller has 

the ability to produce 46°C hot water and 14°C cold water (Lowe et al. 2010).  The 

energy (in the form of chilled or heated water) will be supplied to the district loops, 

which transports the heated or chilled fluid to the campus buildings.  The buildings and 

district loops then exchange energy through the heating or cooling of the building.  This 

process is then reversed once the energy in the district loops arrives at the various 

buildings   
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In Phase 1, approximately 1800 geothermal boreholes were drilled in the northern 

part of campus, separated into two large fields (now converted to a parking lot in the 

South and a recreation field in the North).  Each borehole at the Phase 1 site reaches a 

depth of ~122 meters, and these boreholes have a grid spacing of 15x15 ft.  In the 

southwest corner of the Phase 1 field, a dewatering pump is used to prevent high 

groundwater levels from flooding the lower level of the Energy Station (Figure 2).  The 

‘excess’ water is then discharged into the storm-water detention pond, located between 

the two fields.   

If the total annual heating load does not balance the total annual cooling load, 

then there will be a net change in the ground temperature (and thus, groundwater 

temperature) after each year of operation.  Buildings that are cooling-dominated will 

increase the ground temperature and those who are heating-dominated should decrease 

the ground temperature (Pertzborn et al. 2011).  If this net change continues in the ground 

temperatures, overall system efficiency will decrease and could lead to the inability to 

meet building loads.  It has been suggested by Pertzborn et al. (2011) that to avoid this 

type of situation, a boiler hybrid system could be added to heating dominated systems in 

order to offset ground cooling.  Similarly, a cooling tower could be added to cooling 

dominated system (Pertzborn et al. 2011).  

 

Study Site 

Regional Climate 

Ball State University is located in Muncie, Indiana, which has a cold climate in 

the fall and winter and a moderate climate in the summer.  The climate zone is a 5 
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(ranking on a scale from 1-11).  Zone’s 1-6 are classified as severe winter zones by the 

National Gardening Association (2013).   In order to understand the connection between 

the overlying glacial till’s temperature fluctuations and the monthly temperature, records 

have been obtained to show monthly average temperatures as well as rainfall for the same 

month for 2011 and partially 2012 (January 2012 to November 2012).   

For 2011, the air maximum temperature recorded was 36.1°C (97°F) and the 

lowest was -21.7°C (-7 °F) (Accuweather.com).  The average air temperature was 11.4°C 

(52.5°F).   Data from 2011 showed that maximum temperatures were recorded in June 

and July while low temperatures were established in January.  These data insinuate that 

higher glacial till temperature values should be found in June and July while diminutive 

ones should be displayed in January.  Total precipitation values during 2011 were 1.28 m 

(50.4 in).  These values were high in April and minimal in January of that year.  This 

suggests that from that year alone very little recharge percolates into the aquifer in 

January but there are greater amounts come April.  

In 2012, the highest air temperature was 41.1°C (106°F) and the lowest 

was -18.3°C (-1°F) (Table 1).  The average air temperature was 13.3°C (56.0°F).  June 

and July 2012 had the highest temperatures while January and February 2012 exhibited 

the lowest, similar to 2011 data.  Precipitation totaled 0.77 m (30.2 in).  September 2012 

had the highest precipitation value of 0.14 m (5.64 in) and November had the lowest with 

0.02 m (0.92 in).  Lack of correlation between 2011 and 2012 indicates fluctuations in 

precipitation from year to year.  There was a 0.51 m (20.2 in) decrease in 2012 

suggesting a drought may have affected the months of high and low precipitation values 

for 2012.   
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Geological and Hydrogeological Setting 

Geology and topography are important to the climate, which ultimately controls 

the amount of precipitation.  Geography influences the nature of the precipitation, and 

geology its availability as a water resource.  The largest influence of topography in 

Indiana is from the advances and retreats of glaciers (Indiana DNR 2002). 

Throughout east-central Indiana and specifically BSU, the near surface geology is 

a product of repeated phases of Quaternary glaciation (Bugliosi 1990). Based on the 

drilling and data from Electrical Resistivity Tomography (ERT) transects, the glacial till 

ranges between 6 and 43 meters thick, and overlies a bedrock surface marked by an 

irregular epikarst (Mundell and Associates 2009; Dransfield et al. 2012).  The till is 

thicker within the buried ancestral Anderson River valley which is partially located 

throughout BSU campus (Dransfield et al. 2012; Mundell and Associates 2009).  ERT 

surveys at Phase 1 (Mundell and Associates 2009) and Phase 2 sites (Dransfield et al. 

2012) further reveal that the glacial till is stratified. Most notably, the till has at least one 

significant horizon of gravel and boulders wedged between finer grained units.  Profiles 

show a layer of silt and clay (~3-6 m) overlying a sand and gravel (~6-9 m).  Under the 

layers of silt/clay and sand/gravel lies a clay-like thick layer (9-21 m) before reaching the 

bedrock contact.   

These glacial deposits directly overlay a limestone/dolostone bedrock, most 

probably of the Silurian Salamonie Formation, and the bedrock aquifer is approximately 

50 m thick.  In Phase 1, preliminary results suggest that the glacial gravels and Silurian 

limestone are functioning as one aquifer (Samuelson 2011).   Karstic areas identified by 



10 
 

drilling bit drops and loss of drilling mud circulation during drilling operations are 

common within the Silurian strata. Drilling logs and cuttings suggest that Silurian 

carbonates extend to ~70 m below surface, where a change in lithology to a shale-

dominated facies (~6 m thick) marks the transition into the Whitewater Formation in the 

Maquoketa Group (Late Ordovician). The underlying dolostones, limestones and shales 

of the Maquoketa Group extend beyond the base of the geothermal boreholes. 

At the Phase 1 site, the geothermal boreholes are divided into two fields (North 

and South) and are located in the northern part of campus (Figure 2). The surface 

hydrology is dominated by Cardinal Creek, which drains a storm-water detention pond, 

and flows between the North and South fields, potentially influencing groundwater flow 

direction.  Previous data determined that groundwater flows in a south-westerly direction 

(Samuelson 2011). 

 

Groundwater Geochemistry 

 In 2002, the Indiana Department of Natural Resources (IDNR) Division of Water 

released a paper analyzing geochemical constituents in the groundwater including major 

anions and cations for Delaware County (DNR 2002). These include hardness, pH, redox 

potential, dissolved oxygen and major cations and anions.  It was found that the major 

groundwater type in Delaware County was characterized by a Ca-Mg-HCO3 facies and 

by having slightly alkaline water (pH>7) (Figure 3).  This parallels the water facies 

observed in large areas of the Midwestern Basins and Arches aquifer system that are 

found in parts of Indiana, Ohio, Michigan and Illinois (Eberts et al. 2000).   
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 Table 2 displays the parameters and average/range of those parameters that the 

Indiana American Water (IAM) Company found for the Muncie, IN area with values 

collected from 2008-2011 (IAM 2011).  The pH determined was nearly neutral (7.2).  

Total hardness was determined to be 296 mg/L, classifying it as very hard water 

according to Durfor and Becker (1964). The two main cations that cause water hardness 

are Ca
2+

 and Mg
2+

 which were measured independently.   

Muncie/Delaware County’s groundwater system contains much calcium and 

magnesium due to the extensive limestone/dolostone aquifers (IDNR 2002; Potos 1983).  

No maximum contaminant level (MCL) or secondary maximum contaminant level 

(SMCL) is recorded for either constituent but both lead to water hardening.  Reported 

calcium constituent values in the groundwater in Delaware County were between 0.2 

meq/L (3.5 mg/L) to 6.4 meq/L (127.3 mg/L).  The DNR reported magnesium levels to 

range between 0.10 meq/L (1.2 mg/L) and 4.4 meq/L (53.2 mg/L) in Delaware County.   

Sodium found within groundwater and surface water is most likely from 

weathering of the terrestrial (either soil or rock) environment (WHO 1996).  Indiana 

American Water determined that the average sodium value in Muncie was 0.61 meq/L 

(14.1 mg/L).  Only three Indiana DNR wells exceeded that value.  Well 336 contained 

6.21 meq/L (144.3 mg/L) of sodium, which may result from road salt runoff from 

Highway 35 (Figure 4).  Potassium is closely related in size and charge to sodium.  Just 

like sodium, potassium has no MCL or SMCL.  The range recorded by the Indiana DNR 

was 0.02 meq/L (0.6 mg/L) to 0.03 meq/L (1.3 mg/L) for potassium. 

A parameter not chosen for analysis by the Indiana American Water company was 

chloride.  Chloride is a naturally occurring element in sedimentary rocks (IDNR 2002; 

http://www.amwater.com/files/IN_5218012_TWQ.pdf
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Potos 1983). The EPA (1983) set a SMCL for chloride of 7.04 meq/L (250 mg/L).  The 

DNR has recorded values for chloride ranging from <0.03 meq/L (<1 mg/L) to 1.27 

meq/L (45 mg/L) in Delaware County, which are below the SMCL (IDNR 2002). 

 Fluoride is most commonly found in natural waters but not in sizeable amounts 

(Potos 1983).  Amounts range from 0.1 mg/L to 10 mg/L whereas the most commonly 

found concentration in natural waters is below 1 mg/L (Davis and DeWiest 1966; Hem 

1985).  Indiana American Water specifically recorded a value of 0.03 mEq/L in the  

Muncie’s groundwater (Station ID 5218012), which was measured below MCL (0.21 

meq/L; 4.0 mg/L) and SMCL (0.11 mEq/L; 2.0 mg/L) (IDNR 2011; EPA 2012).  This 

value was not listed in this study as it was below detection limits for the ion 

chromatograph.    

Nitrate is one of the major ions in natural waters that can result from runoff from 

fertilizers and septic systems (IDNR 2002; Potos 1983).  Indiana American Water 

concluded nitrate levels in Muncie, IN to be 0.02 meq/L (1.15 mg/L) while the DNR 

determined 0.09 meq/L (5.87 mg/L) to be the maximum value found for nitrates in 

Delaware County.  Both values are well below the MCL (0.16 meq/L; 10 mg/L). 

 

Methods 

Monitoring Wells 

To study the effects of the GCHP on the groundwater system beneath BSU, a set 

of 8 deep and 10 shallow wells were installed in Phase 1 (Figures 2 and 5).  The wells 

and their locations and relation to the hydrogeologic units are recorded in Table 3 and 

shown in Figure 5 (for purposes of this thesis, shallow gravel wells will not be used).  
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Metal wells were installed during the initial construction of the borehole field in 2009 

while other groundwater monitoring wells were installed after construction was complete 

in 2010.  These monitoring wells include gravel (shallow), limestone, metal and nested 

wells and are used within the Phase 1 fields to collect data for groundwater flow, aquifer 

characteristics and aquifer temperature changes. Most of the wells are located in the four 

corners of the North and South Field except for the center well in the South Field. All 

wells, excluding metal wells, have screens at different depths (Table 3).  Nested borehole 

wells contain five piezometers and each piezometer is color coded for easy visual 

differentiation.  The colors used are: White (~21.3 m), Black (~39.6 m), Brown (~61.0 

m), Orange (~97.5 m), and Green (~121.9 m).  These variations in depth are important in 

determining the hydraulic characteristics of the groundwater system.   The metal wells 

(also known as “stilling wells”) were capped at the bottom and filled with water before 

construction of the BHEs.  These wells, therefore, are only used for temperature profile 

information and not for groundwater flow or hydraulic conductivity.  

Due to continuous geothermal construction and landscape restoration as well as 

inclement weather, various limestone wells were covered during certain months of the 

study and no data were collected from these wells during those months.  For instance, the 

North Field’s south-west corner was continuously covered for 12 of the 14 months and 

therefore limited data are available. 

 

Groundwater Flow 

To determine groundwater flow, a water level meter (Heron Conductivity Plus®) 

was used to determine depth to water. A sensor was lowered down the monitoring well 
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until it reached the top of the water table, indicated by a beep from the equipment. The 

depth to water was recorded after stabilization.  This process was repeated for all 

monitoring wells excluding the capped metal wells, as they do not have direct interaction 

with the groundwater. The groundwater elevation was calculated by subtracting depth to 

water from the surface elevation.  From this information and the horizontal distance 

between the wells, direction and groundwater flow gradients were determined and water 

level maps were constructed (Fetter 1994; Vacher 2005). 

 

Slug Tests 

Slug test values including time and depth to water values, along with aquifer and 

well characteristics including saturated thickness, length of the screen, and inner/outer 

well diameters, were entered into AQTESOLV (a software program developed and sold 

by HydroSOLVE, Inc.) to compute hydraulic conductivity values.  Only the unconfined 

aquifer was used to examine hydraulic conductivity and therefore the Bouwer-Rice 

method, proven to be useful for determining the hydraulic conductivity of both 

unconfined and confined aquifers, was chosen to analyze hydraulic conductivity in 

AQTESOLV (Bouwer and Rice 1976).  The Bouwer-Rice method involves matching a 

straight-line solution to water-level displacement data collected during a slug test 

(Bouwer and Rice 1976).  

 

Temperature Profiles 

Temperature profiles were collected with In-Situ® equipment (RuggedCable®, 

Aqua TROLL® and Rugged Reader® Handheld PC) by taking measurements at all 
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nested and metal wells in the North and South Fields (Figure 5). To perform a 

temperature profile, the In-Situ® sensor was placed one and a half meters above the 

bottom of the deepest piezometer (~122 m). The sensor was then raised approximately 

six meters until the depth-to-water was reached.  A temperature profile was completed 

every month at the Phase 1 site for fourteen months, both before and after the system was 

initiated.   

Temperature profiles from the limestone wells were also completed to compare 

horizontal heat flow within the glacial till.  The In-Situ® sensor was placed one and half 

meters above the bottom of the piezometer (~21.3 m).  The sensor was then raised, 

repeatedly, approximately three meters until the depth to water was reached.    

 

Geochemical Testing: Field Methods 

To prepare sample bottles for geochemical measurements, the following 

procedures were used while wearing latex gloves to prevent dust and cross-contamination 

between bottles.  For monitoring conductivity, total solids, pH, anions and total 

alkalinity, 250 mL high-density polyethylene (HDPE) bottles were used.  New, unused 

bottles were rinsed three times with 18 MΩ water before completely filling up the bottles 

with 18 MΩ water.  Next, the bottles are placed in plastic bags (three per bag) and placed 

in a plastic tub filled with 18 MΩ water on a hot plate where they are left for 2 days, 

checking nightly. After the bottles were rinsed, they were refilled with 18 MΩ water and 

put into the water bath for another 24 hours.  Bottles are then removed, labeled with 

identification tape in a zip-lock bag and sealed.  
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For cation bottle preparation the 250 mL HDPE bottles were washed with a brush and 

phosphate-free detergent if unclean.  Afterwards, bottles were rinsed with 18 MΩ water, 

filled with 2N nitric acid, placed in plastic bags (three per bag) and put in a tub filled with 

water on a hot plate for 2 days, checking nightly.  Bottles were then removed and acid 

was properly discarded.  After the acid wash bottles were filled with 18 MΩ water and 

put into the water bath for another 24 hours.  Then the bottles were rinsed again and filled 

with 18 MΩ water, labeled with identification tape and sealed in a zip-lock bag. 

To take groundwater samples in the field for both anions and cations, latex gloves 

were worn to prevent contamination of the samples or sample bottles.  For fresh surface 

water, ten gallons of water was bailed from the selected wells.  The individual cation and 

anion bottles were rinsed three times with the groundwater sample before filling the 

bottles completely.  While still in the field, bottles were labeled with the well location, 

date and time. 

Field parameters such as dissolved oxygen, redox potential (Eh), pH, electrical 

conductivity and temperature were also obtained by gathering a separate water sample in 

a larger sample bottle.  

Dissolved oxygen was measured with an OAKLON DO6 (Economy Handheld 

Dissolved Oxygen Meter, Eutech Instruments).  To calibrate this machine, the probe was 

uncapped and allowed to reach 100% oxygen in the air.  Once reached, the probe was 

placed in the sample bottle and allowed to equilibrate and the value was recorded.  Due to 

unstable readings, no measurements were used for dissolved oxygen within this study.   

Redox Potential (Eh) was measured using the OAKLON (Waterproof ORP Testr 10, 

Eutech Instruments).  The probe was factory calibrated and ready for use in the field.  
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After each sample was evaluated with the probe, no DI water was used to clean the probe 

because DI water causes malfunctions with this probe type. 

An Accument AP85 pH meter was used to determine the groundwater pH.  This 

probe was calibrated using three pH buffers (pH of 4, 7 and 10) before each field use of 

the probe. This particular pH range was used in order to ensure quality sampling for a 

wide range of waters even though previous water samples measured close to neutral in 

previous studies on the Basin and Arches region (Eberts and George 2000).  

An Accument AP85 electrical conductivity probe was used to measure both 

conductivity and temperature of the water.  Conductivity was measured in microsiemens 

(μS) while temperature was recorded in degrees Celcius.  To calibrate this probe, it was 

first rinsed with deionized water.  The probe was then immersed in the calibration 

standard given (1413 µS) until the measured conductivity value stabilized.  The 

‘Cal/Meas’ button was then pressed to enter the conductivity calibration mode.  If the 

measurement did not match the bottles conductivity value the ‘up’ or ‘down’ arrow keys 

were used to change the value to the correct conductivity before pressing ‘enter’ to set the 

conductivity value.  

 

Geochemical Testing: Laboratory Methods 

 After the water samples were collected and labeled, they were filtered, using 0.45 

µm filters within two days of collection.  Filtered cation samples were acidified with 

nitric acid to a pH less than or equal to 2.   

Prepared cation and anion samples were sent to the BSU Environmental 

Geochemistry laboratory and the BSU Biogeochemistry laboratory for analysis.  Major 
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cations (Li
+
, Na

+
, NH4

+
, K

+
, Mg

2+
, Ca

2+
) and anions (F

-
, Br

-
,
 
Cl

-
, NO2

-
, NO3

-
, PO4

3-
 and 

SO4
2-

) were analyzed using Dionex ion chromatographs (IC;  Dionex ICS 200 for cations, 

Dionex ICS-3000 for anions).  Precision for the IC analyses was determined by duplicate 

error since the concentrations of carbonate and bicarbonate ions were calculated using 

AquaChem 5.1.  To obtain this duplicate error the average and standard deviation was 

determined for each duplicate pair for each ion.  The standard deviation was then divided 

by the square root of the number of duplicates to find the standard error.  According to 

Barcelona et al. (1985), if the standard error is less than ±50% relative difference, good 

error control is achieved.  All standard errors determined were less than ±9% error for 

duplicates in the South Field’s SW corner.  Standard errors for ions in the North Field’s 

NW corner were less than ±7% error for duplicates.  The ion with greater than 50% 

standard error values was sulfate, which had values that were above the detection limit 

for the instrumentation.     

 

Results  

Groundwater Flow Directions 

Within the Phase 1 site, beginning in October 2011 and ending in November 

2012, groundwater flow patterns were calculated using water table elevations.  Minor 

fluctuations are seen in groundwater flow maps with most flow toward the south-western 

corner in each field, although irregularities exist, potentially caused by missing well data.  

Since flow from month to month was almost identical, a general groundwater flow map 

was produced (Figure 6).  From this point forward the seasons are divided astronomically 

by the equinoxes and solstices thusly: 
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Autumn 2011: October 2011 – December 2011 

Winter 2012: January 2012 – March 2012 

Spring 2012: April 2012 – June 2012 

Summer 2012: July 2012 – September 2012 

Autumn 2012: October 2012 – November 2012  

Well pairings were used to examine maximum and minimum groundwater table 

elevations locations.  These elevations were used to create directional groundwater flow 

maps to ensure no change in direction.  Using Figure 5, well pairings were divided using 

nearby limestone (L1-8) and nested (N1-5) wells; the pairings are as follows: 

N1 and L1/L2 

N2 AND L1/L2 

N3 and L3 (when available)/L4 

N4 and L7 

N5 and L8 

Water table levels were used also used, along with well distances, to determine 

flow gradients, per month, for both the North and South Fields.   

 

North Field: Unconfined Aquifer 

Maximum and minimum hydraulic heads in the unconfined (Silurian) aquifer 

were determined.  In the North Field correlating maximum elevation head locations was 

complex when using the limestone well information (Table 4).  In Fall 2011 and Spring 

2012, maximum groundwater table elevations were located in the two northern limestone 

wells (L1 and L2, respectively).  In all other seasons however, maximum elevation head 
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values were found in the L4 well (SE corner).  This would cause a flow direction coming 

from the SE corner of the North Field.  This flow direction is atypical when compared to 

the rest of the unconfined aquifer data gathered from the nested wells.  The maximum 

hydraulic heads in the North Field for the nested wells came from either the N1 or N2 

wells in all seasons (Table 5).  This gives a more typical flow from the north part of the 

field. 

When examining the minimum elevation head locations, the limestone wells 

were, again, inconsistent.  In Fall 2011 and Spring 2012 flow direction was toward the 

southern wells in the North Field (L4 and L3, respectively).  In all other seasons 

minimum elevation head values were found in the L1 well which is, again, atypical from 

the background flow recorded by Samuelson in 2010 (flow from NE to SW).  Nested well 

data, however, was consistent.  Groundwater flow was directed toward the N3 well, 

located in the southern portion of the North Field.   

Therefore using the nested wells, a simplified flow direction coming from the 

northern portion to the southern portion of the North Field can be determined. 

 

South Field: Unconfined Aquifer 

 In the South Field, maximum and minimum elevation head well locations were 

also determined for the unconfined aquifer.  The limestone wells were more consistent 

than what was observed in the North Field.  They displayed a maximum elevation head 

location in the L6 well in all seasons except for Summer 2012.  In Summer 2012, the 

maximum water table elevation as found in the L8 well (Table 4).  Due to the lack of 

nested wells in the northern portion of the South Field, nested wells were less helpful in 
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determining groundwater flow directions.  In Fall 2011 and Spring 2012, maximum 

groundwater elevation well locations were in the N4 well (SW corner) (Table 5).  For all 

other months, N5 displayed maximum elevations heads. 

 For the limestone wells, minimum groundwater table elevations were found in 

well L7 throughout all seasons, which correlates to N4.  This is the typical “down-

gradient” well position (Table 4).   However, in Fall 2011 and Spring 2012, maximum 

and minimum elevations were found within the same nested well (N4).  As each nested 

well contains five piezometers the maximum and minimum elevation heads were found 

in different “wells” in the same location.  

 

North Field: Confined Aquifer 

 The maximum and minimum potentiometric surfaces were also determined for the 

confined (Ordovician aquifer). 

 Similar to the unconfined aquifer’s North Field nested wells, the confined 

aquifer’s North Field maximum potentiometric elevations fluctuated between nested 

wells.  The variations occurred between the N1 (NW corner) and N2 (NE corner) wells 

(Table 6).  With maximum elevation head coming from the northern-most wells in the 

North Field, groundwater flow direction is coming from the north.  The minimum 

potentiometric surface was consistently found in the N3 well (southern center edge).  

This, again, is the same well location as the unconfined aquifers minimum elevation 

heads.  Minimum elevation head value being in the N3 well indicates a flow toward the 

southern edge of the North Field. 
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South Field: Confined Aquifer 

 For potentiometric surface data, N4 and N5 wells found in the southern portion of 

the South Field were the only ones available for sampling.  Throughout all of the seasons, 

except for in Fall 2011, the maximum potentiometric elevation as found in the N4 well 

(Table 6).  In Fall 2011, the N5 well was the location were the maximum elevation head 

was found.   Contradictorily, minimum potentiometric elevations were also found 

throughout most of the seasons to be in the N4 nested well. In summary, in all seasons 

but Spring 2012, the maximum and minimum potentiometric surface elevation was either 

in the same nested well (i.e. N4=max and N4=min) or the minimum elevation head 

location was split between the two wells forcing the maximum and minimum elevation 

head to be in the same well location (i.e. N5=max and N4/N5=min).  

 

Flow gradients 

In Fall 2011, average flow gradients in the unconfined aquifer in the North Field 

were 3.35x10
-3

±0.001 m/m (NE corner well to S Edge nested well).  In October 2011, the 

South Field showed a gradient of 4.17 x10
-3

 m/m (NE corner well to SW corner well) 

(Table 7).  A gradient for the South Field could not be determined due to insufficient data 

in both the north-west and south-west corners of the South Field in November and 

December 2011.   

 The average hydraulic gradient of the unconfined aquifer was 0.76x10
-3 

±0.001 m/m within the North Field in Winter 2012.  In the South Field, the average 

hydraulic gradient was 4.65x10
-3

±0.005 m/m (Table 7).  This indicates that the slope in 

the North Field is shallower than that of the South Field (Table 7).  These gradient 
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patterns are congruent with those found in October 2011 (when sufficient data was 

available to make gradient calculations).  

The average flow gradient in the unconfined aquifer in the North Field is 4.8x10
-3 

±0.003 m/m in Spring 2012 (determined only using April and June 2012 hydraulic 

gradient data due to lack of data from May 2012).  Average hydraulic gradient in the 

South Field is 4.11x10
-3

±0.001 m/m (Table 7).  Hydraulic gradients are almost equal 

between the two fields (with the North Fields gradient being slightly larger). 

For Summer 2012, the hydraulic slope of the unconfined aquifer within the North 

Field was 3.07x10
-3

±0.001 m/m (Table 7).  In the South Field, flow is linear toward the 

south-west corner with an average hydraulic gradient of 4.09x10
-3

±0.002 m/m. The South 

Field’s average hydraulic slope is steeper than the North Field’s average hydraulic 

gradient, which is similar to Fall 2011 gradient trends.   

 Groundwater flow in the unconfined aquifer in the North Field displayed an 

average gradient of 2.60x10
-3

±0.000 m/m in Fall 2012.  The average hydraulic gradient in 

the South Field was 2.71x10
-3

±0.0
 
m/m.  Once again, the gradient in the South Field was 

greater than in the North Field (Table 7) but the gradients were very similar.  This same 

trend was observed in Spring 2012.   

 

Slug Tests 

As heavy grouting from the borehole installation may be affecting groundwater 

flow, slug tests were performed to determine hydraulic conductivities at the top and 

bottom of the Silurian aquifer.  Experiments were performed on the upper and lower 
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Silurian Limestone, using limestone and brown nested wells, starting in June 2012 and 

ending in November 2012.   

 

Hydraulic Conductivities of the Upper Silurian Aquifer  

Slug tests were performed in the limestone wells to gather hydraulic 

conductivities in the upper Silurian limestone.  In June 2012, conductivities were almost 

the same between the North (4.1x10
-6

±5.0x10
-6 

m/s) and South (3.5x10
-6

±4.3x10
-6 

m/s) 

Fields with the North Field having slightly higher conductivities values (Table 8).  In July 

2012, conductivities decreased in both the North (6.21x10
-7

±6.4x10
-7 

m/s) and South 

Field (8.03x10
-7

±3.3x10
-7 

m/s) although it decreased much more in the North Field (6.5 

times less) than in the South Field (4.5 times less) (Table 8).  Conductivities increased in 

both the North (6.5x10
-7

 m/s) and South (1.3x10
-6

±8.7x10
-7 

m/s) Fields in August 2012, 

although much less in the North Field (5% more) than in the South Field (40% more).  

Increased conductivities in August 2012 correlated to increased precipitation values in 

the same month (Table 1) (Table 8).  After increasing in the previous month, 

conductivities decreased in the South Field (7.9x10
-6

 m/s) but increased in the North 

Field (1.9x10
-6

±1.6x10
-6 

m/s) in September 2012.  A similar trend occurred again in 

November 2012 but the North Field’s conductivity (5.0x10
-7 

m/s) decreased in value 

while the South Field’s (2.66x10
-6

±4.6x10
-6

m/s) increased.   

 

Hydraulic Conductivities of the Lower Silurian Aquifer 

Brown nested wells were used to gather hydraulic conductivity values in the 

lower Silurian limestone.  In June and July 2012, conductivities at the bottom of the 
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Silurian remained relatively similar in the North Field (June: 4.8x10
-6

±3.4x10
-6 

m/s; July: 

3.8x10
-6

±4.7x10
-6 

m/s) while in the South Field (June: 1.7x10
-6

±8.2x10
-7 

m/s; July: 

8.2x10
-6

±7.6x10
-6 

m/s), the hydraulic conductivities in July were almost eight times more 

than in June 2012 (Table 9).  Conductivities in both the North (9.3x10
-7

±4.9x10
-7 

m/s) 

and South (1.8x10
-6

±2.5x10
-7 

m/s) Fields decreased in August 2012.  In this month the 

South Field returned to conductivity values measured in June 2012 while conductivities 

in the North Field decreased by almost 25% as compared to June. In September and 

October 2012, conductivity values increased in both fields, most likely due to increased 

precipitation.  Conductivities from October 2012 to November 2012 decreased in the 

North Field (October: 6.1x10
-6

±4.0x10
-6 

m/s; November: 6.2x10
-7

±2.2x10
-7 

m/s) while 

values increased in the South Field (October: 1.9x10
-6

±2.1x10
-6 

m/s; November: 2.9x10
-6 

±2.3x10
-6 

m/s).  The North Field decreased by over 100%.  From July to September 2012 

and November 2012 conductivities in the South Field were higher than those in the North 

Field.  Conversely, in both June and October 2012, hydraulic conductivities in the South 

Field were lower than those in the North Field. 

 

Hydraulic Conductivity Comparisons: Upper and Lower Portions of the Silurian Aquifer 

Although hydraulic conductivities at both the top and bottom of the Silurian 

aquifer were determined, comparisons cannot be made about hydraulic characteristics 

because of their different porosities and permeabilities, even within the same aquifer 

system.  Conclusion can be drawn, however, as to which part of the aquifer is more 

conductive and if any of trends correlate at both the top and bottom of the Silurian 

aquifer. 
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The bottom of the Silurian limestone had greater hydraulic conductivity values 

across five months (July to November 2012) in both the North and South Fields 

compared to the upper portion.  The Upper Silurian aquifer had a higher conductivity 

value in June 2012 for the South Field. 

Trends (fluctuations in increasing or decreasing conductivity values) can be 

observed when comparing hydraulic conductivities at the top and bottom of the Silurian 

aquifer.  In the North Field, when conductivities increased from the month before in the 

limestone wells, they also increased in the nested brown wells.  Examples of this can be 

seen when comparing the North Field’s conductivities in July 2012 and in September 

2012 through November 2012 suggesting that the whole water column was experiencing 

the same fluxes throughout the months.  On the other hand, the South Field experienced 

the exact opposite conductivity motion from month to month between the top and bottom 

of the Silurian limestone except in November 2012.   

 

Temperatures: Depth Profiles 

The monthly temperature data for the monitoring wells are located in Tables 

10a-c.  Temperatures were recorded approximately every 6 meters to obtain the monthly 

data.  Typically, the monthly values are averages of 2-3 data points for the top 15 m 

(Gravel) (Table 10a).  For the middle 15-80 m (Silurian Limestone and Shale), 10-11 

values were obtained, and for the bottom 80-120 m (Ordovician Limestone), 6-7 values 

were recorded (Table 10b and 10c).  Monthly data are presented before activation (BA) 

and after activation (AA) of the current ground-source geothermal system.  Table 11 
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displays the overall temperature averages of the monitoring wells at the specified depth 

intervals for BA and AA.  

Using the data discussed above, both “unaffected” (no change in temperature) and 

“affected” (change in temperature) wells were determined.  All three depth intervals (Top 

(15 m), Middle (15-80 m) and Bottom (80-120 m) were used to establish whether or not a 

well is being thermally affected. The Top, however, provides less information about 

thermal build-up and more about seasonal fluctuations.  These seasonal fluctuations 

correspond with infiltration of solar radiation, rainfall, air temperature, vegetation cover, 

type of soil and depth within the Earth (Lee et al. 2000; Rybach and Sanner 2000).  Two 

different types of thermal radiation (radioactively decaying isotopes and sunlight 

exposure) can affect the ground and, in turn, groundwater temperatures near the surface.  

Sunlight, though, is the dominant reason for seasonal temperature variability near the 

surface (Lee and Hahn 2006).   

The North Field displayed fluctuations in temperature from month to month in all 

the wells (N1, N2, and N3).  Monthly temperatures sometimes increased while in other 

months they decreased. As of November 2012, thermal build-up from the geothermal 

system had also become visible in the Top 15 m when comparing BA and AA data.  Well 

N3 (southern edge) displayed the highest increase (2.02°C) while the N1 well (NW 

corner) had the lowest (0.22°C) in the North Field (Table 10a). 

The South Field temperatures within the Top 15 m display larger variations than 

those in the North Field, most likely due to the fact that there is a monitoring well 

accessible in the center of the field.  Coincidentally, there is a paved parking lot above the 

South Field, which may be leading to greater temperatures in the top portion.   In the 
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South Field well, M2 (center, South Field) displayed the largest thermal increase, 5.61°C, 

in the Top 15 m over the 14 month study with M3 having the next highest recorded 

temperatures (1.67°C).  The smallest increase in the South Field was observed in well N4 

(SW corner) (0.32°C) (Table 10a).  Wells M1 (NE corner) and N5 (SE corner) in the 

South Field showed no thermal increase when comparing both before and after activation 

temperatures.  Wells M1, N4 and N5 displayed temperatures that increased and decreased 

from month to month while wells M3 and M2 showed a constant increase in temperature 

through the months. 

Below 15 m seasonal variation has no influence on groundwater temperatures.  At 

this point, the Earth’s natural geothermal gradient controls the temperature of the 

groundwater.  Therefore no temperature increase should be displayed below 15 m. 

However, based on this study, all of the wells were mildly affected by GCHP initiation in 

the Middle depths (15-80 m) (Table 10b).  In the North Field, the highest temperature 

increases were found in the N2 well (NE corner) (2.02°C), and the lowest temperature 

increase was observed in the N1 well (NW corner) (0.09°C).  Well M2 (center), in the 

South Field, had the highest temperature increase in the Middle layer (8.96°C) (Table 

10b).  The lowest in the South Field was found in the N4 well (SW corner) (0.16°C).  The 

M1 well (NE corner), M2 (center) and M3 well (SE corner) all exhibited increases over 

1°C.   

At the Bottom depth (80-120 m) seven of the eight wells were affected by 

temperature increases (Table 10c).  The North Field showed the highest thermal fluxes in 

the N2 well (NE corner) (0.16°C).  The smallest thermal increase was in the N3 well 

(south edge) (0.04°C).  Again the North Field showed much lower temperature increases 
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in the Bottom than found in the South Field.  The South Field M2 well (center) displayed 

the highest increase of 8.41°C while the lowest increase was in the N4 well (SW corner) 

(0.09°C).  These wells were the same wells that displayed the highest and lowest 

temperature increases in the Middle.   

 

Aqueous Geochemistry 

 Temperature, pH, dissolved oxygen, and electrical conductivity are recorded in 

Table 12.  The average pH determined in the samples was 7.40, which is higher (more 

basic) than both values determined by either the DNR (7.04) or Indiana American Water 

(7.2).  Dissolved oxygen value ranged from 28.1% to 104.4%.  Since pH and dissolved 

oxygen affect the concentrations of iron and manganese, both values are important when 

interpreting geochemical results (IDNR 2002).  Electrical conductivity values (measured 

in microsiemens per meter (μS/m)) ranged from 66 μS/m to 891 μS/m with the average 

being 629 μS/m (Table 12).  From cation/anion piper diagram analysis, a calcium-

bicarbonate rich system is observed (Figure 7). 

 

Discussion 

Groundwater Flow 

North Field 

 Data collection of maximum and minimum groundwater table elevations within 

the limestone wells showed variations in flow direction throughout the seasons.  In Fall 

2011 and Spring 2012 flow is directed from the northern portion of the North Field to the 

southern portion.  In Spring 2012 data was able to be collected from the SW limestone 
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well (L3) and groundwater flow direction was consistent with those found in previous 

year (NE to SW flow).  In all other months, there were no data available for this SW well, 

which did not allow for an accurate groundwater flow representation to be reached solely 

based on maximum and minimum elevation heads.  In Winter 2012, Summer 2012 and 

Fall 2012 flow was from the SE well (L4) to the NW well (L1).  This atypical flow 

suggests that there has been groundwater built up in the SE corner.  The increased 

amount of water may be due from precipitation reaching the southern edge of the North 

Field and being “dammed” while the northern edge is freely flowing.  Although Winter 

2012, Summer 2012 and Fall 2012 had more precipitation than Spring 2012, precipitation 

data from Fall 2011 is higher than all of the 2012 seasons (Tables 13 & 4).  This trend 

indicates that if there was a build-up of groundwater in the L4 corner in Winter 2012, 

Summer 2012 and Fall 2012, there should also be one in Fall 2011 as more precipitation 

was measured.  It should also be noted that no more equipment or grouting had been 

placed into the ground in any seasons that could further impede flow; however, grouting 

may still have been “flushed” from the wells throughout the seasons, increasing the 

amount of water that may flow. 

A more typical flow is observed when using the unconfined nested wells for 

groundwater flow direction purposes.  Throughout all of the seasons either the N1 or N2 

wells were found to have the maximum elevation head values while the N3 well had the 

minimum elevation head value.  The N1 or N2 well locations alternated as the maximum 

elevation head location because of their similar depth to water and ground elevations 

indicating that flow was flow from the northern portion of the North Field to the southern 

portion. 
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In the confined Ordovician aquifer, a similar trend is seen between the maximum 

elevation head well locations.  All maximum potentiometric elevations were found in 

either the N1 or N2 wells in the confined aquifer, suggesting flow from the northern 

portion of the North Field.  In all seasons except for Fall 2012, the well of maximum 

elevation head in the confined aquifer matched the maximum elevation head well 

location in the unconfined aquifer.  This may indicate that both aquifers are subjected to 

the exact same seasonal changes.  The N2 well in Fall 2012 within the confined aquifer 

contained the maximum elevation head.  This is different than that of the unconfined 

aquifer whose maximum elevation head was in the N1 well. This may be because only 

one data point was obtained for the wells in Fall 2012 or it could show that the location of 

maximum groundwater table elevations are interchangeable due to similar elevations and 

depth-to-water measurements.  

 

South Field 

 Within the limestone wells, groundwater table maximum and minimum locations 

were mostly consistent.  Maximum locations were found within the L6 well while the 

minimums were in the L7 well throughout all the seasons except for Summer 2012.  The 

overall flow is from the NE to the SW.  It may be influenced by the dewatering pump in 

the Energy Station.   Also, it may indicate the natural flow within South Field and suggest 

the North Field should be from the north to the SW instead of just to the field’s southern 

edge (which is most likely the case because of insufficient data in the North Field SW 

corner). 



32 
 

 As for the unconfined nested wells, only the N4 and N5 wells could be used to 

determine maximum and minimum elevation head well locations.  In Fall 2011 and 

Summer 2012 maximum and minimum groundwater table elevations were found within 

the same well (N4).  This may suggest that a perched piezometer (one with a slightly 

higher hydraulic head than others found within the borehole) is contained within the 

nested wells.  This perched piezometer would have increased pressure thus pushing the 

height of the water column up.  However, since this did not occur in all seasons, a more 

likely hypothesis is that increased water flow was occurring in the deeper N4 wells 

(brown and black) as more shallow piezometers (white) had the minimum elevation head 

well.  Due to these complications and the fact that the nested wells were only found in the 

southern portion of the South Field, accurate flow directions could not be determined.  

Limestone wells were the “best” option for determine flow direction in the South Field.   

 The confined aquifer’s maximum and minimum elevation head well locations had 

similar issues as the unconfined nested maximum and minimum elevation head well 

locations.  This is most likely due to insufficient data in the northern portion of the South 

Field.  Since maximum and minimum potentiometric elevations were interchangeable 

throughout most of the seasons no pattern can be set.  It is interesting to note, however, 

that in Fall 2011 and Winter 2012, the minimum elevation head was found in the N4 and 

N5 wells simultaneously.  This could have suggested earlier in the study that piezometers 

of a certain depth were subjected to the same pressures and hydraulic characteristics.  In 

the later seasons (Spring, Summer and Fall 2012) this trend dissipates. 

 

Hydraulic Gradients 
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In the North Field, hydraulic gradients were determined from the N2 and N3 

nested wells.  Since the N1 and N2 wells’ hydraulic head values are almost equal, flow is 

said to come from the North.  Probably due to insufficient data in the North Field’s SW 

well (L3) the flow is towards the N3 well (North Field southern edge).  The North Field’s 

southern-edge is connected hydraulically to the overflow pond with very little 

discrepancies found in hydraulic head data, as determined by Mundell and Associates 

(2009).   

In the South Field, hydraulic gradients are measured from the NE corner to the 

SW corner, in accordance with the established flow direction.  The South Field typically 

displays a larger vertical increase over a shorter horizontal distance, found from flow 

diagrams.  This large vertical increase could be due to the Field’s proximity to the active 

dewatering pump.  The higher hydraulic gradients in the South Field indicate more flow 

through the area.  In Fall 2012, hydraulics gradients were almost equal in the North and 

South Fields (Table 7).  This indicates that some equilibrium is being reached between 

the amount of water entering the aquifer and the amount flowing out of the two fields.  

As the South Field’s gradient is usually larger, this could indicate that the dewatering 

well has a large influence on groundwater flow in that Field.  It is possible that the 

dewatering well was used less frequently in Fall 2012, which may decrease the hydraulic 

gradient in the South Field.  

Throughout the seasons, water table records also indicate that the Duck Pond 

(storm retention pond) that sits in between the two fields may hydraulically link the two 

fields.  In certain months, the water table levels in the two fields were higher than that of 

the Duck Pond, while in other months, they were almost equal or less.  In seasons, such 
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as Winter 2012, when the groundwater table levels in both of the fields were higher than 

the Duck Pond, the Duck Pond is said to be “gaining”; it may be receiving groundwater 

as an input.  There was a more typical flow pattern in the Spring 2012 with the hydraulic 

heads in the North Field being slightly higher than those found in the Duck Pond and 

slightly lower in the South Field. 

 

 

Seasonal Groundwater Flow Comparisons 

Unconfined Aquifer 

In the North Field, all seasons, except for Winter 2012, had flow from N to S 

center edge, displaying a flow directly from the north portion to the southern edge, based 

on data availability.  The flow was most likely from the northern edge in the North Field 

because of the NW and NE corner hydraulic head values were close to equal creating a 

“straight” flow edge.  Flow was most likely going to the SW corner, instead of the S 

center edge, as suggested by the South Field pattern; however, this cannot be confirmed 

due to missing data in the SW corner of the field.  At dates for which data were available 

from the SW corner, flow was toward the SW corner.  Limestone maximum and 

minimum well locations in the North Field, however, were variable, fluctuating most 

months between L4 and L1 wells for maximum and minimum heads.  In Winter 2012, 

Summer 2012, and Fall 2012, there were difficulties in determining the exact flow 

direction because of the lack of information from the south-west well (L3).  

Due to the nested wells lack of data in the northern part of the South Field, 

limestone wells were used to determine a more accurate flow scheme. The overall 
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groundwater flow direction is from the NE to the SW.  The same limestone wells (L6-

maximum and L7-minimum) were regularly observed as maximum and minimum 

hydraulic head locations except in Summer 2012.  In Summer 2012, the maximum head 

is found in the L8 well, congruent with the maximum well location for the nested wells 

(Table 4 and 5).  This could be due to error in collecting the measurement and/or 

increased amount of flow in the south-east part of the field, although high precipitation 

values were not recorded in Summer 2012.    

 

Confined Aquifer 

In the North Field, flow was typical from the north to the south part of the field.  

Maximum flow fluctuated from the NW to the NE corner of the North Field but 

minimum values were found constantly on the S edge. 

For the confined aquifer in the South Field, accurate flow directions could not be 

determined because the nested wells were only found in the southern portion of the South 

Field. 

 

Slug Tests 

Hydraulic Conductivities of the Upper Silurian Aquifer  

In July 2012, hydraulic conductivities decreased from June 2012 in both the North 

and South Fields although they decreased much more in the North Field than in the South 

Field (Table 8).  This may be due to decreased precipitation values recorded in June and 

July 2012.  Another possibility is that it could also be due to increased amounts of 

grouting being flushed through the system but is much less likely.  Conductivities 
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increased in both the North and South Fields in August 2012 (much less in the North 

Field than in the South Field).  Increased conductivities in August 2012 correlated to 

increased precipitation values in the same month (Table 1 and 8).  This trend also 

occurred again in November 2012 but the increase in the South Field could indicate that 

the dewatering pump within the Energy Station had been pumping large amounts of 

water caused by sizeable quantities of recorded precipitation and thus increased recharge 

in both September and October 2012.   

 

Hydraulic Conductivities of the Lower Silurian Aquifer 

The increase in conductivity in July compared to June could be due to increased 

precipitation from May 2012 (Table 1).  Increased amounts of precipitation from 

previous months would lead to higher water table levels and perhaps additional pumping 

of the dewatering well.  The pumping may have induced higher groundwater flow rates 

and higher conductivity values in the South Field.   

Hydraulic conductivities in both the North and South Fields decreased in August 

2012.  This decrease in conductivity is unprecedented, as there was large amount of 

precipitation measured in August 2012 and suggests that groundwater may be still 

impacted by the lower precipitation in previous months (June and July 2012) (Table 1). 

In September and October 2012, conductivity values increased in both fields, 

most likely due to more recharge from an increase in precipitation.  Conductivities from 

October 2012 to November 2012 decreased in the North Field while values increased in 

the South Field. 
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Hydraulic Conductivity Comparisons: Upper and Lower Portions of the Silurian Aquifer 

 Conductivity values in the bottom of the Silurian limestone had greater hydraulic 

conductivities than those in the top of the Silurian limestone across five consecutive 

months (July to November 2012) in both the North and South Fields.  There was one 

exception: June 2012 in the South Field.  Low recharge rates in the lower part of the 

aquifer is June 2012 most likely results from the previous month’s low precipitation.

 Trends can also be seen when comparing conductivities at the top and bottom of 

the Silurian aquifer.  In the North Field, 80% of the whole Silurian limestone aquifer 

experienced similar reductions or growth in hydraulic conductivity values.  Examples of 

this can be seen when comparing the North Field’s conductivities in July 2012 and from 

September to November 2012 suggesting that the whole water column was experiencing 

the same fluxes throughout the months.  On the other hand, the South Field experienced 

the opposite relation for the conductivities between the top and bottom of the Silurian 

limestone consistently (except in November 2012).  This may be due to a number of 

things including the influence from the dewatering well, causing more rapid groundwater 

movement in the upper Silurian aquifer; an increased hydraulic gradient in the South 

Field, allowing for faster flow rates; or complications with well installation that may have 

separated the water column in certain karstic areas.   

The Fields’ hydraulic conductivities are also affected by seasonal changes, such 

as precipitation, recharge and thermal expansion within the soils, because they influence 

porosity and permeability.  The rising temperatures observed in the South Field may 

explain the conductivity differences between the two fields; however, this cannot be 

confirmed because there is no monitoring well in the center of the North Field.   
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Temperatures: Depth Profiles 

Interpretation of geothermal data at shallow depths (<15 m) is more complicated 

because of seasonal influences on surface temperatures.  The Top Layer (15 m) displayed 

temperature variations corresponding to the different boulder and sand layers of glacial 

till, predominantly seen in the temperature profile graph for the M2 well in the South 

Field (Figure 8).   

At the Middle (15-80 m) and Bottom (80-120 m) Layers, the Earth’s natural 

geothermal gradient is present and little or no seasonal fluctuation should be present.  

However, a thermal increase was observed in several but not all wells, indicating that 

GCHP activation, not the natural geothermal gradient, caused the temperature rise.  

In the Middle Layer, temperatures increased in all wells.  For the North Field 

temperatures in the N1 well (North Field NW) only increased 0.09°C; the N1 well is 

farther away from the geothermal field (35 m) than the N2 well (<6 m away), which 

displayed the highest temperature change.  This may indicate that position next to the 

field has much to do with the observed thermal increases.  In the N2 well, there were 

minor fluctuations in temperatures until May 2012, when the temperatures slowly rose 

(Figure 9).  GCHP activation may have played a key role in the documented temperature 

increases.  More extensive temperature ranges from well to well were recorded in the 

South Field’s Middle Layer than in the North Field. The M2 well displayed the highest 

temperature increase potentially due to its placement within the geothermal borehole 

field.  The N4 well, while no farther away to the geothermal field than the M1 well, 

showed the lowest temperature increase, indicating that placement next to or within the 
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geothermal field may only be a partial reason for temperature increases found within the 

Middle Layer.  Another possibility for a lack of temperature increase in the N4 well could 

be its location next to the Energy Station, which contains a dewatering pump.  The pump 

may be diverting heated groundwater that is traveling through the South Field.  

Even though no temperature fluctuations should be seen in the Bottom Layer (80-

120 m), there were thermal variations measured. In the North Field Bottom Layer, 

temperatures increased the most in the N2 well, which, again, may be affected by its 

close proximity to the geothermal borehole field (< ~6m).   The N2 (North Field NE) 

wells temperature did not increase as much as it did in the Middle Layer (an 1.86°C 

difference) which displays larger thermal increases in the Middle than in the Bottom 

possibly due to the less conductive nature of the Ordovician aquifer.  The N3 well 

showed the smallest thermal increase in the Bottom indicating that, again, distance from 

the geothermal field is not always an indicator of thermal increases (Figure 10).  It could 

also be due to its down-gradient position (southern portion of the North Field) directing 

any heated water (although very little) to the well.  

South Field changes are much greater than those in the North Field when 

comparing before and after activation thermal changes in the Bottom Layer.  The South 

Field’s SW well (N4) had  the lowest temperatures increases throughout the months 

again.  Its location next to the Energy Station’s dewatering pump may be diverting heated 

groundwater that is traveling through the South Field, thus not reaching N4.  Largest 

temperature increases were documented in the M2 well again, which were less of an 

increase than found in the Middle Layer (Figure 8).  These data point towards a 

significant GCHP influence.    
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Depth Intervals Compared 

When comparing the maximum temperature averages in the layers (Top, Middle 

and Bottom), November 2012 showed the highest temperature increases for most wells in 

both Fields in the Middle and Bottom portions of the temperature profile (Table 11).  

With the largest thermal increases occurring toward the end of the study (November 

2012), geothermal activation is most likely the cause. The build-up from the activation of 

the geothermal system can be observed in the Top Layer starting in March 2012 in the 

middle of the South Field.  In the Top Layer, November 2012 contained the highest 

temperature averages in the N5, M3 and M2 wells (Table 10a).  

When evaluating highest and lowest temperatures in the North and South Fields, 

well locations correlate closely to groundwater flow patterns and proximity to the 

borehole fields.  Middle Layer temperatures in the North Field ranged from a low of 

12.13°C in the N3 well to a high of 13.20°C in the N2 well.  The South Field Middle 

Layer varied from a low of 12.47°C in the N4 well to a high of 22.56°C in the M2 well 

(Table 10b).   

The same temperature trends in the Middle Layer are also observed in the Bottom 

Layer.   Bottom temperatures in the North Field had a low of 11.85°C in the N3 well to a 

high of 12.18°C in the N2 well.  The South Field Bottom Layer ranged from a low of 

11.86°C in the N4 well to a high of 20.72°C in the M2 well (Table 10c).   

 

Temperatures: Horizontal Thermal Regime 
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 In addition to vertical temperature rises, horizontal thermal increases can be 

observed as well.  The months of May, August and October 2012 were studied to view 

horizontal heat flows across the North and South Fields.  These observations were made 

at the 12 m, 70 m and 108 m Depths (Tables 14-16) to obtain a more accurate picture of 

heat dispersion.  Areas of optimum groundwater flow should see increases in horizontal 

heat dispersion because any heated groundwater will flow away from its source.  The 

heat flow is divided by fields to more easily visualize. 

 

North Field 

 For May 2012, few interpretations can be made at the 12 m-depth, as there was a 

lack of available data.  The limited data set shows that the NE corner contains higher 

temperatures than the SE corner (Table 14).  In August 2012, highest temperatures were 

found in the L1 well while lowest were in the L4 well.  There were no recorded 

temperature values in the SW corner, thus impeding a temperature analysis for the whole 

field.  In October 2012 highest values were recorded in the L1 well (North Field NW). 

 At the 70 m-Depth, May 2012 displays a thermal flow with highest values in the 

N2 well and lowest in the N3 well (with a difference of 0.33°C) (Table 15).  In August 

2012, the same scenario was observed with the N2 well containing the highest 

temperature and the N3 well having the lowest temperatures with a difference of 0.36°C.  

In October 2012, no value was recorded for the N1 well but the highest well value was 

again in the N2 well and the lowest in the N3 well (difference of 0.48°C).  Slight 

increases in temperature from May to October show that the N2 well is thermally heating 
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up compared to the least affected well (N3), most likely due to the ground-source 

geothermal system activation. 

 The maximum temperature in May 2012 at the 108 m-Depth was found in the N1 

well, which was comparable to N2 (0.01°C difference) (Table 16).  The minimum 

temperature in May 2012 was found in the N3 well.  This indicates that heat flow is from 

North to South.  In August 2012, highest temperature was in N1 and the difference 

between the N1 and N2 well was slightly larger than previously determined (0.06°C).  

Minimum temperatures in August 2012 were found in the N3 well.  This still indicates a 

north to south flow, which correlates to groundwater flow (N to S).  The trend is the same 

for October 2012. 

 

South Field 

  The 12 m-depth is heavily influenced by seasons.  As of March 2012, the 

influence of the ground-source geothermal system can be identified.  In May 2012, the 

same relatively high temperatures were recorded in both the L6 and L7 wells (14.76°C) 

while the lower temperatures (reduced by 0.44°C and 1.39°C) were found in the L5 and 

L8 wells (Table 14).  This correlates with the current groundwater flow regime from the 

NE to the SW.  However, in August 2012, the highest heat is found in the L8 well 

(17.27°C) while the lowest was recorded in the L5 well.  The second lowest was in the 

L7 well (14.7°C). October 2012 showed the exact same thermal flow scheme as found in 

August 2012, indicating strong influence from the seasons.  

 In general, at 70 m depth, temperatures increased more in the metal wells than in 

the nested wells, potentially due to their proximity to the borehole field.  In May 2012 the 
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M2 well showed the highest thermal values owing its placement in the center of the 

geothermal borehole field (Figure 7).  The M3 well has the next highest values but does 

not coincide with temperatures observed in N5; located in the same corner (Figures 5 and 

11).  The N4 (SW) corner well has temperature values higher than that of the N5 well.  In 

October 2012, thermal increases were more prominently detected in the metal wells with 

the M2 well containing the peak temperature values (21.19°C) and the N4 and N5 wells 

having the same, minimal temperatures (12.76°C). 

 The 108 m-depth metal wells also showed temperature increases.  The M2 and 

M3 wells lead in temperature rises while the N4 showed the lowest overall temperature 

change (Table 16).  It is irregular, again, for higher thermal increases to be found in the 

N5 corner and not the N4 corner but alterations in flow direction (through the sump 

pump) and grouting (which may be unlikely) could be affecting these temperature 

fluctuations.  In August 2012, due to lack of data from the M2 well, the highest thermal 

value was in the M3 well while the lowest was in the N4 well.  Both high and low values 

are measured in the southern portion of the South Field so no interpretations can be made.  

In October 2012, the temperature patterns returned to normal with wells M2 and M3 

having the highest temperatures and the lowest was found in N4 well. 

 

Temperatures: Thermal-Stratigraphic Correlation  

Different units of the stratigraphic column display different thermal capacities, as 

displayed in the South Field’s center metal well (Figure 8).  Multiple temperature ‘spikes’ 

and ‘dips’ are observed throughout the entire column corresponding to different thermal 
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capacities of the various units.  Through temperature profile data and graphs, 

stratigraphic units and temperature spikes and dips were correlated.   

Temperature dips are seen around the 70 m mark in the North and South Fields 

and coincide with the impermeable shale layer (Table 15).  The shale layer’s thermal 

properties cause a delayed heat increase due to its confining properties (i.e. low 

permeability) (Robertson, 1988).   

Another example is documented using the limestone wells.  As nested wells are 

not found within all corners of the North and South Fields, limestone wells were used to 

examine temperature increases in the upper stratigraphic units.  A sand layer can be 

observed at the 10-18 m mark (shown by a temperature increase), before the stratigraphic 

units transition into the Silurian limestone.   The overlying boulder layer can also be seen 

in various locations throughout the field beginning at the 9-12 m mark until it reaches 

near surface conditions ~5 m, which will ultimately be affected by solar radiation and 

recharge causing temperatures to fluctuate.   

 

Groundwater Geochemistry  

A Ca-HCO3 water type is observed for a majority of the samples including the 

surface sample (Duck Pond; storm retention pond) (Figure 7).  A few outliers including 

the L6 and L8 wells are located in the Ca-Mg-HCO3-Cl facies.  When compared to the 

results from the Indiana DNR (Figure 3), they are similar except that the DNR samples 

exhibit more of a magnesium-rich system.  This difference may result from the extensive 

region covered by Delaware County when compared to the smaller area of the 

geothermal well fields at BSU.  Samples within Muncie proper were used to narrow 
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down this difference (Figure 12).  The variance in water types may also indicate that 

Delaware County has more dolomite-rich bedrock, as dolomite is more enriched in 

magnesium than calcium, than the BSU well fields. When comparing different water 

geochemistries, wells located on the western side of Muncie correlate closer to water 

types observed in the geothermal fields.  For example, the samples from the caverned 

well depth (~30.5 m) have the same water type facies as well 342 in the IDNR study 

(Figures 13 and 14).  The geochemistry of the Duck Pond (storm retention pond) 

corresponds better with the IDNR’s ~40 m deep groundwater wells. 

 All values (Table 17) for geochemical constituents were well below MCL and 

SMCL.  When compared to the study completed by the IDNR, few differences can be 

observed.  Sodium, magnesium, calcium, chloride, and sulfate average values for the 

BSU ground-source geothermal geochemical samples were lower than those determined 

by the DNR for Delaware County.  Average values for nitrate and potassium, however, 

were higher than those found by the IDNR while fluoride samples were approximately 

the same.  It is hypothesized that nitrate may be more concentrated in the geothermal 

field areas due to the fertilization of BSU’s landscaping.  The fact that magnesium and 

calcium are of lower concentrations under BSU’s geothermal system is intriguing as 

calcium carbonate precipitates out of solution with warmer temperature (Emrich et al. 

1970).  Having less dissolved calcium in solution may suggest that the warming of the 

groundwater may affect the aqueous geochemistry of the groundwater.  Differences 

between the studies may also stem from comparing the smaller, more concentrated area 

of the BSU study with all of Delaware County.   
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Conclusions 

Throughout the study, the Phase 1 site displayed a consistent groundwater flow 

toward the south/south-west in both the North and South Fields.  Typically the North 

Field exhibited higher hydraulic heads than the South Field in both the unconfined and 

confined aquifers, consistent with the regional groundwater flow towards the SW.  The 

maximum and minimum hydraulic head values between the two fields also differed 

between the seasons.   

Hydraulic gradients within the fields, however, fluctuate between months.  The 

South Field consistently had a higher gradient throughout the study.  It could be due to a 

slower recharge (although unlikely) in the North Field, heavy grouting in the karstic areas 

of the North Field or impact from the dewatering system in the South Field.   

Hydraulic conductivities were higher in the South Field for a majority of the 

study’s months.   Influence from the Energy Station’s dewatering pump may have 

increased the conductivities in the South Field.  Other reasons for increased 

conductivities in the South Field would be less grouting impeding groundwater flow, 

and/or discharge/inputs from Cardinal Creek.  In the South Field experiences, the top and 

bottom of the Silurian limestone aquifer have different hydraulic conductivities.  No 

trends were documented in the South Field where conductivity values either increased or 

decreased simultaneously in the top and bottom parts of the aquifer.  In the North Field, 

however, the top and bottom of the Silurian aquifer seem to be interconnected.  Here, 

hydraulic conductivities increased or decreased throughout the water column suggesting 

that the material at the top and bottom of the Silurian aquifer is experiencing similar 

recharge affects.  When compared to the upper portion of the Silurian Limestone, 
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conductivity values in the bottom of the Silurian limestone were greater across five 

different months (July to November 2012) in both the North and South Fields.   

For a majority of the wells, temperature profiles were affected by the GCHP 

activation.  The Top Layer was less affected by thermal increases than by seasonal 

influences, while the Middle and Bottom Layers showed thermal build-up.  Two metal 

wells (M2 and M3) documented significant thermal increases.  Well M2 is located in the 

center of the South Field (within the borehole field) and has the largest temperature 

increase observed within either the North or South Field. Well N5 is located close to M3, 

but shows only a slight thermal rise (Figure 5).  Its location slightly farther away from the 

geothermal borehole field might cause this difference.  As only part of the GCHP system 

was initiated and the dominance of cooling needs, heat is being stored in the ground 

around the boreholes, this is the likely cause for the large increases in groundwater 

temperatures. 

Horizontal thermal layers can be observed as well. In the North Field, at the 12 m-

depth, August and October 2012 showed the highest temperatures in the L1 well while 

lowest were in the L4 well. At the 70 m-depth, May, August and October 2012 displayed 

the highest temperature values in the N2 well and lowest in the N3 well (Table 16).  The 

maximum temperatures in May and August 2012 at the 108 m-depth were found in the 

N1 well but they were not much higher than the N2 well.  This simply indicates that heat 

flow is from North to South.  Due to the consistent lack of data in the N1 and L3 wells, 

the heat flow dispersion could only be generalized in October 2012 to indicate flow from 

north to south.  In the South Field, at the 12 m-depth, the highest temperatures were 

found in various wells throughout the months.  Wells L6 and L7 displayed the highest 
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temperatures in May 2012 while in August 2012 well L8 displayed the highest 

temperature.  A more regular pattern of well can be seen the further into the stratigraphic 

column in the South Field.  At the 70 m-depth and the 108 m-depth the highest 

temperatures were found in the M2 well with the M3 well recording the second highest 

temperature.  The lowest temperature well(s) throughout the months at both the 70 m-

depth and the 108 m-depth were the N4/N5 wells and the N4 well, respectively.  This 

shows that wells are becoming more heated, even within the layers, the closer to the 

geothermal fields. 

Various units of the stratigraphic column display different thermal capacities.  At 

the 180 m-depth, a thermal spike is observed corresponding to the highest temperature 

peak in the Ordovician formation indicating a more conductive portion of the aquifer.  

Around the 80 m-depth, another temperature spike can be seen in both the North and 

South Fields corresponding to a rapid heat increase observed below the shale layer.  A 

temperature dip was observed around ~70 m in the North and South Fields, which 

coincides with the impermeable shale layer.  The shale layers thermal properties cause a 

slower heat increase due to its confining properties (Robertson 1988).  Temperatures at 

this depth are not affected by seasonal influences so GCHP initiation is the probable 

cause of thermal increases within the different stratigraphic layers.  At the 12 m-depth a 

thermal dip is revealed in the M2 well starting in September 2012.  This dip indicates 

decreased flow in this portion of the profile and may reveal an interbedded shale layer or 

a less conductive sand/gravel layer.   

 For the groundwater geochemistry investigation, all field parameters measured 

correlated closely with those found by the DNR.  A natural water type facies of calcium-
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biocarbonate can be observed for a majority of the samples.  A few outliers are observed 

to be in the Ca-Mg-HCO3-Cl facies.  When compared to the Indiana DNR, water type 

facies are closely correlated with the IDNR study except that it is a more magnesium rich 

system.  This difference in water type facies may be due to the extensive area covered by 

Delaware County when compared to the geothermal well fields at BSU.  
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Temperature and Precipitation Data (2012) 

Month Year Lowest 

Temp 

(°F) 

Highest 

Temp 

(°F) 

Warmest 

Min Temp 

(°F) 

Coldest 

Max Temp 

(°F) 

Average 

Min 

Temp 

(°F) 

Average 

Max 

Temp 

(°F) 

Mean 

Temp 

(°F) 

Total 

Precipitation 

(in) 

Max 24 hr 

Precipitation 

(in) 

January 2012 -1 59 44 18 22.9 38.7 30.8 2.37 0.85 

February 2012 10 68 43 25 26.1 42.3 34.2 1.48 0.43 

March 2012 21 84 63 33 43.2 64.1 53.6 3.31 1.69 

April 2012 27 81 58 44 40.1 63.8 52 1.85 0.7 

May 2012 41 94 73 65 56 79.3 67.6 3.31 1.4 

June 2012 46 106 74 59 59.3 84.5 71.9 1.65 0.78 

July 2012 55 101 77 78 68.1 90.5 79.3 1.51 1.19 

August 2012 47 92 73 72 59.2 82.5 70.85 3.1 1.35 

September 2012 36 86 72 62 53.5 73.4 63.45 5.64 2.2 

October 2012 28 78 60 40 42.7 61.1 51.9 5.09 1.18 

November 2012 23 69 53 30 30.4 50.7 40.55 0.92 0.77 

           

 Averages (°F) 30.27 83.45 62.73 47.82 45.59 66.45 56.01 2.75 1.14 

 Standard 

Deviations 

16.82 14.45 12.22 20.35 14.90 17.37 16.11 1.52 0.51 

 Max Number 

(°F) 

55 106 77 78 68.1 90.5 79.3 5.64 2.2 

 Max Month July June July July July July July September September 

 Min Number 

(°F) 

-1 59 43 18 22.9 38.7 30.8 0.92 0.43 

 Min Month January January February January January January January November February 

Table 1.  Average Temperature and Precipitation values 2012 (Accuweather.com) 
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Indiana American Water Geochemical Parameters 

Parameter Average or Range 

pH 7.2 

Total Hardness (as CaCO3) 296 mg/L 

Fluoride 0.8 mg/L 

Sodium 14.1 mg/L 

Iron ND 

Manganese 0.026 mg/L 

Nitrate 1.16 mg/L 

Table 2: Indiana American Water Geochemical Parameters for Muncie, IN (2011) 
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Well Descriptions 

Well Names Well 

Numbers 

Well Locations (all corners 

unless noted) 

Well Depths 

(m) 

Geology 

(Limestone/ Dolostone 

unless specified) 

N_NW Nested N1 North Field, North-west  121.9 Ordovician  

N_NE Nested N2 North Field, North-east  121.9 Ordovician  

N_S_Edge Nested N3 North Field, South Center Edge 121.9 Ordovician 

S_SW Nested N4 South Field, South-west  121.9 Ordovician 

S_SE Nested N5 South Field, South-east  121.9 Ordovician 

N_NW Limestone L1 North Field, North-west  15.5 Gravel/ Silurian 

N_NE Limestone L2 North Field, North-east  22.5 Gravel/ Silurian 

N_SW Limestone L3 North Field, South-west  21.3 Gravel/ Silurian 

N_SE Limestone L4 North Field, South-east 21.3 Gravel/ Silurian 

S_NW Limestone L5 South Field, North-west 18.3 Gravel/ Silurian 

S_NE Limestone L6 South Field, North-east 22.9 Gravel/ Silurian 

S_SW Limestone L7 South Field, South-west 13.7 Gravel/ Silurian 

S_SE Limestone L8 South Field, South-east 16.8 Gravel/ Silurian 

S_NE Metal M1 South Field, North-east 121.9 Ordovician 

S_Center Metal M2 South Field, Center 121.9 Ordovician 

S_SE Metal M3 South Field, South-east 121.9 Ordovician 

N_NE Cavern C1 North Field, North-east  30.5 Gravel/ Silurian 

N_S_Edge Cavern C2 North Field, South Center Edge 30.5 Gravel/ Silurian 

Table 3:  Geothermal Well Field Descriptions 
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Average Hydraulic Head per Season: Unconfined Aquifer: Limestone Wells 

Well Location Fall 2011 (m) Winter 2012 

(m) 

Spring 2012 

(m) 

Summer 2012 

(m) 

Fall 2012 (m) 

L1 NNW 

Limestone 

282.14 ±1.05 281.82* 281.03 ±0.68 281.22 ±0.22 281.35 ±0.10 

L2 NNE 

Limestone 

281.71 ±0.01 - 281.66 ±0.46 281.52 ±0.28 281.64 ±0.14 

L3 NSW 

Limestone 

- - 280.90 ±0.07 - - 

L4 NSE 

Limestone 

281.49 ±0.21 282.17* 281.50 ±0.44 281.54 ±0.16 281.66 ±0.03 

L5 SNW 

Limestone 

280.37* 280.71* 280.46 ±0.18 280.25 ±0.22 280.43 ±0.05 

L6 SNE 

Limestone 

280.70 ±0.04 281.22 ±0.01 280.87 ±0.41 280.70 ±0.18 280.78 ±0.06 

L7 SSW 

Limestone 

280.01* 279.85* 280.21 ±0.26 280.02 ±0.12 280.38 ±0.15 

L8 SSE 

Limestone 

280.46 ±0.06 280.67* 280.64 ±0.28 281.15 ±0.99 280.70 ±0.06 

Table 4.  Average Hydraulic Head per Season: Unconfined Aquifer: Limestone Well 

*Only one data point- Standard deviation not determined 
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Average Hydraulic Head per Season: Unconfined Aquifer 

Well Location Fall 2011  

(m) 

Winter 2012 

(m) 

Spring 2012 

(m) 

Summer 2012 

(m) 

Fall 2012  

(m) 

N1 NNW White 281.69 ±0.16 282.19 ±0.02 281.60 ±0.41 281.49 ±0.15 281.72 ±0.03 

N1 NNW Black 281.48 ±0.16 282.07 ±0.09 281.61 ±0.45 281.41 ±0.13 281.57 ±0.06 

N1 NNW Brown 281.62 ±0.03 282.13 ±0.08 281.70 ±0.47 281.27 ±0.16 281.57 ±0.09 

N2 NNE White 281.60 ±0.08 282.14 ±0.17 281.54 ±0.49 281.57 ±0.09 281.70 ±0.01 

N2 NNE Black 281.64 ±0.04 282.20 ±0.06 281.54 ±0.46 281.52 ±0.10 281.69* 

N2 NNE Brown 281.59 ±0.05 282.17 ±0.08 281.58 ±0.43 281.51 ±0.09 281.63* 

N3 N_Center 

White 

281.15 ±0.07 282.04* 281.06 ±0.50 281.07 ±0.26 281.26 ±0.02 

N3 N_Center 

Black 

281.31 ±0.08 281.86* 281.35 ±0.33 281.15 ±0.18 281.42 ±0.06 

N3 N_Center 

Brown 

281.41 ±0.04 281.80 ±0.06 281.40 ±0.39 281.33 ±0.28 281.45 ±0.06 

N4 SSW White 281.03 ±0.06 281.19* 280.89 ±0.18 280.93 ±0.25 280.89 ±0.02 

N4 SSW Black 281.34 ±0.15 281.86* 281.39 ±0.16 281.19 ±0.16 281.47 ±0.14 

N4 SSW Brown 281.44 ±0.10 281.87 ±0.24 281.36 ±0.38 281.26 ±0.16 281.41 ±0.02 

N5 SSE White 281.14 ±0.19 281.56 ±0.14 281.26 ±0.42 281.19 ±0.19 281.51 ±0.02 

N5 SSE Black 281.34 ±0.05 281.95* 281.37 ±0.38 281.20 ±0.19 281.45 ±0.01 

N5 SSE Brown 281.27 ±0.07 281.89 ±0.09 281.35 ±0.43 281.29 ±0.19 281.48 ±0.02 

Table 5:  Average Hydraulic Head per Season: Unconfined Aquifer: Nested Well 

*Only one data point- No standard deviation 
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 Average Hydraulic Head per Season: Confined Aquifer 

Well Location Fall 2011 (m) Winter 2012 

(m) 

Spring 2012 

(m) 

Summer 2012 

(m) 

Fall 2012 (m) 

N1 NNW Green 281.65 ±0.03 282.12 ±0.04 281.76 ±0.92 281.20 ±0.10 281.59 ±0.12 

N1 NNW Orange 281.62 ±0.02 282.16 ±0.01 281.97 ±0.67 281.36 ±0.21 281.61 ±0.12 

N2 NNE Green 281.53 ±0.08 282.19 ±0.02 281.71 ±0.45 281.47 ±0.16 282.38* 

N2 NNE Orange 281.42 ±0.03 282.10 ±0.07 281.73 ±0.42 281.51 ±0.14 281.79* 

N3 N_Center 

Green 

281.31 ±0.26 281.83* 281.21 ±0.50 281.19 ±0.25 281.24* 

N3 N_Center 

Orange 

281.24 ±0.15 281.89* 281.47 ±0.42 281.14 ±0.32 281.40 ±0.11 

N4 SSW Green 281.35 ±0.08 281.92* 281.53 ±0.22 281.31 ±0.13 281.16* 

N4 SSW Orange 281.39 ±0.18 281.95* 281.46 ±0.41 281.09 ±0.44 281.54 ±0.29 

N5 SSE Green 281.40 281.92* 281.45 ±0.40 281.27 ±0.22 281.46 ±0.03 

N5 SSE Orange 281.35 ±0.11 281.92* 281.45 ±0.47 281.27 ±0.24 281.45 ±0.02 

Table 6.  Average Hydraulic Head per Season: Confined Aquifer 

*Only one data point- Standard deviation not determined 
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Hydraulic Gradient 

 North Field South Field   

Month Change in 

Head (m) 

Distance 

(m) 

Gradient 

(m/m) 

Change 

in Head 

(m) 

Distance 

(m) 

Gradient 

(m/m) 

Greater 

Gradient 

Field 

Percent Less 

Oct-11 0.5 179 0.279 x 10
-2

 0.7 168 0.417 x 10
-2

 South 67.04 

Nov-11 0.7 179 0.391 x 10
-2

* - 168 - - - 

Dec-11 0.6 179 0.335 x 10
-2

* - 168 - - - 

Feb-12 0.07 179 0.039 x 10
-2

 0.2 168 0.119 x 10
-2

 South 32.85 

Mar-12 0.2 179 0.112 x 10
-2

 1.36 168 0.810 x 10
-2

 South 13.80 

Apr-12 1.23 179 0.687 x 10
-2

 0.96 168 0.571 x 10
-2

 North 83.16 

May-12 0 179 - 0.5 168 0.298 x 10
-2

 - - 

Jun-12 0.5 179 0.279 x 10
-2

 0.6 168 0.357 x 10
-2

 South 78.21 

Jul-12 0.7 179 0.391 x 10
-2

 0.4 168 0.238 x 10
-2

 North 60.88 

Aug-12 0.5 179 0.279 x 10
-2

 0.9 168 0.536 x 10
-2

 South 52.14 

Sep-12 0.45 179 0.251 x 10
-2

 0.76 168 0.452 x 10
-2

 South 55.57 

Oct-12 0.46 179 0.257 x 10
-2

 0.47 168 0.280 x 10
-2

 South 91.86 

Nov-12 0.47 179 0.263 x 10
-2

 0.44 168 0.262 x 10
-2

 North (almost 

equal) 

99.75 

Table 7. Hydraulic Gradient per month per well 

*Gradient dependent on predictions of change in head. 
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Average Conductivity: Upper Silurian Aquifer 

Month North Field (m/s) STD South Field (m/s) STD 

May-12 8.65509 x10
-8

 * - - 

Jun-12 4.09198 x10
-6

 5.00149 x10
-6

 3.54317 x10
-6

 4.33545 x10
-6

 

Jul-12 6.20718 x10
-7

 6.43271 x10
-8

 8.03096 x10
-7

 3.33499 x10
-7

 

Aug-12 6.52894 x10
-7

 * 1.34369 x10
-6

 8.73551 x10
-7

 

Sep-12 1.86128 x10
-6

 1.63167 x10
-6

 7.88079 x10
-7

 * 

Oct-12 2.03079 x10
-6

 2.32658 x10
-6

 9.87095 x10
-7

 6.30422 x10
-7

 

Nov-12 5.01389 x10
-7

 * 2.65945 x10
-6

 4.55966 x10
-6

 

Table 8.  Limestone (~27 m) Average Conductivity Values per month per field 

*One data well collected: no standard deviation 
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Average Conductivity: Lower Silurian Aquifer 

Month North Field (m/s) STD South Field (m/s) STD 

Feb-12 1.74132 x10
-7

 6.1299 x10
-8

 3.96933 x10
-7

 2.33493 x10
-7

 

Mar-12 1.1566 x10
-6

 1.26398 x10
-6

 6.17361 x10
-7

 1.07867 x10
-7

 

Jun-12 4.76273 x10
-6

 3.37592 x10
-6

 1.69421 x10
-6

 8.23648 x10
-7

 

Jul-12 3.75914 x10
-6

 4.74367 x10
-6

 8.23148 x10
-6

 7.64068 x10
-6

 

Aug-12 9.31713 x10
-7

 4.87773 x10
-7

 1.75521 x10
-6

 2.46342 x10
-7

 

Sep-12 2.11312 x10
-6

 3.19552 x10
-6

 4.86285 x10
-6

 1.62291 x10
-6

 

Oct-12 6.09954 x10
-6

 4.00474 x10
-6

 1.91759 x10
-6

 2.09055 x10
-6

 

Nov-12 6.17361 x10
-7

 2.20384 x10
-7

 2.91667 x10
-6

 2.32429 x10
-6

 

Table 9.  Nested Brown (~70 m) Average Conductivity Values per month per field 
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Average Temperatures (°C) (0-15 m) 

  North Field South Field   

 

 Month N1 N2 N3 M1 N4 N5 M3 M2 

Before 

Activation 

Oct 11 13.51 ±0.17 14.22 ±0.49 13.27 ±0.45  17.27 ±2.63 15.17 ±1.56 16.02 ±1.12 - - 

Nov 11 - - - - - - 15.70 ±0.95 17.00 ±1.99 

After 

Activation 

Dec 11 13.71 ±0.42 - 13.54 ±0.62 15.78 ±0.41 14.26 ±1.12 - 15.99 ±0.33 16.57 ±0.81 

Jan 12 13.48 ±0.19 14.57 ±0.79 13.54 ±0.81 13.97 ±1.43 14.91 ±1.18 15.35 ±0.85 15.97 ±0.33 16.92 ±0.15 

Feb 12 13.55 ±0.26 14.22 ±0.62 13.13 ±0.45 14.16 ±0.70 14.24 ±1.01 14.89 ±0.38 15.56* 17.18 ±0.33 

Mar 12 13.73 ±0.03 13.98 ±0.28  13.95±0.10 14.39* 14.79 ±1.09 14.88 ±0.51 15.51 ±0.39 17.12 ±0.47 

Apr 12 13.63 ±0.05 13.95 ±0.29 13.31 ±0.65 13.39 ±1.24 13.88 ±0.57 15.42 ±0.31 15.74 ±0.16 - 

May 12 13.54 ±0.03 14.12 ±0.35 13.83 ±1.08 13.25 ±1.22 14.13 ±0.57 15.43 ±0.40 15.92 ±0.14 18.19 ±0.15 

June 12 13.60 ±0.11 13.94 ±0.33 13.87 ±0.99 14.29 ±0.21 13.97 ±0.54 15.44 ±0.58 16.08 ±0.08 18.87 ±0.35 

Jul 12 13.51 ±0.13 13.84 ±0.21 14.02 ±1.07 14.88 ±0.57 13.94 ±0.59 15.36 ±0.69 16.12 ±0.06 - 

Aug 12 13.46 ±0.11 14.08 ±0.16 13.85 ±1.72 15.72 ±1.57 14.08 ±0.68 - - - 

Sep 12 13.55 ±0.20 14.05 ±0.16 14.32 ±1.71 17.12 ±2.11 15.45 ±1.74 15.79 ±0.54 16.87 ±0.08 21.34 ±0.18 

Oct 12 13.51 ±0.17 14.65 ±0.58 15.29 ±1.32  17.04 ±1.96 15.49 ±2.17 15.68 ±0.51 17.15 ±0.29 21.80 ±0.22 

Nov 12 13.46 ±0.20 14.38 ±0.36 14.93 ±1.74 16.19 ±0.49 15.4  ±1.88 15.89 ±0.56 17.37 ±0.11 22.61 ±0.34 

Table 10a.  Top 15 m Temperature Averages 

*Only one measurement taken so no deviation was determined 
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Average Temperature (°C) (15-80 m) 

  North Field  South Field  

 

 Month N1 N2 N3 M1 N4 N5 M3 M2 

Before 

Activation 

Oct 11 12.58 ±0.35 12.68 ±0.43 12.17 ±0.25 13.21 ±0.58 12.55 ±0.44 13.17 ±0.65 - - 

Nov 11 - -  - - - 13.12 ±0.68 13.60 ±0.83 

After 

Activation 

Dec 11 12.62 ±0.37 - 12.18 ±0.26 13.10 ±0.66 12.47 ±0.47 - 13.22 ±0.63 13.81 ±0.78 

Jan 12 12.61 ±0.36 12.69 ±0.44 12.16 ±0.25 13.10 ±0.64 12.57 ±0.45 13.05 ±0.68 13.53 ±0.70 14.62 ±0.71 

Feb 12 12.62 ±0.34 12.65 ±0.47 12.13 ±0.24 13.16 ±0.67 12.49 ±0.42 12.97 ±0.69 13.65 ±0.69 15.16 ±0.76 

Mar 12 12.62 ±0.41 12.63 ±0.46 12.21 ±0.25 13.13 ±0.64 12.56 ±0.44 13.11 ±0.64 13.76 ±0.64 15.89 ±0.64 

Apr 12 12.67 ±0.43 12.64 ±0.47 12.15 ±0.26 13.29 ±0.65 12.50 ±0.45 13.09 ±0.70 14.15 ±0.64 - 

May 12 12.61 ±0.40 12.76 ± 0.44 12.14 ±0.25 13.46 ±0.66 12.57 ±0.45 13.15 ±0.77 14.28 ±0.70 17.36 ±0.61 

June 12 12.59 ±0.40 12.77 ±0.43 12.19 ±0.28 13.35 ±0.60 12.59 ±0.44 13.15 ±0.72 14.63 ±0.63 18.38 ±0.58 

July 12 12.59 ±0.36 12.74 ±0.45 12.16 ±0.26 13.60 ±0.63 12.53 ±0.47 13.17 ±0.70 14.71 ±0.70 - 

Aug 12 12.57 ±0.36 12.88 ±0.50 12.15 ±0.25 13.68 ±0.59 12.53 ±0.44 - - - 

Sep 12 12.64 ±0.37 12.96 ±0.51 12.19 ±0.26 13.87 ±0.54 12.64 ±0.49 13.40 ±0.73 15.74 ±0.64 21.56 ±0.51 

Oct 12 12.94* 13.10 ±0.50 12.29 ±0.30 14.04 ±0.58 12.60 ±0.46 13.47 ±0.71 15.94 ±0.69 22.22 ±0.57 

Nov 12 12.61 ±0.34 13.20 ±0.56 12.26 ±0.25 14.31 ±0.55 12.71 ±0.49 13.64 ±0.74 16.21 +0.69 22.56 ±0.58 

Table 10b.  Middle 15-80 m Temperature Averages 

*Only to 42 m. 
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Average Temperature (°C) (80-120+ m) 

  North Field  South Field  

 

 Month N1 N2 N3 M1 N4 N5 M3 M2 

Before 

Activation 

Oct 11 12.04±0.04 12.02±0.04 11.86±0.05 12.19±0.07 11.86±0.03 12.04±0.06 - - 

Nov 11 - - - - - - 12.06±0.05 12.31±0.04 

After 

Activation 

Dec 11 12.04±0.03 - 11.85±0.05 12.01±0.05 11.86±0.02 - 12.12±0.06 12.73±0.03 

Jan 12 12.06±0.04 12.01±0.03 11.86±0.05 12.03±0.05 11.87±0.03 12.00 ±0.04 12.37±0.09 13.58±0.08 

Feb 12 12.07±0.05 12.00±0.03 11.86±0.05 12.08±0.06 11.86±0.03 12.04 ±0.03 12.47±0.09 13.95±0.11 

Mar 12 12.15±0.19 12.01±0.02 11.85±0.05 12.28±0.18 11.86±0.03 12.07 ±0.08 12.64±0.12 15.25±0.47 

Apr 12 12.07±0.05 12.02±0.02 11.85±0.05 12.13±0.06 11.87±0.03 12.04 ±0.04 12.93±0.16 - 

May 12 12.05±0.03 12.04±0.02 11.86±0.05 12.20±0.11 11.87±0.03 12.13 ±0.10 13.04±0.14 16.24±0.16 

June 12 12.05±0.04 12.06±0.03 11.87±0.05 12.24±0.07 11.88±0.03 12.07 ±0.05 13.32±0.22 17.12±0.24 

July 12 12.09±0.03 12.06±0.02 11.85±0.04 12.42±0.09 11.89±0.03 12.14 ±0.05 13.30±0.28 - 

Aug 12 12.10±0.05 12.07±0.02 11.86±0.04 12.46±0.12 11.90±0.02 - - - 

Sep 12 12.10±0.04 12.09±0.04 11.87±0.04 12.60±0.16 11.91±0.03 12.28 ±0.08 14.11±0.35 20.14±0.80 

Oct 12 - 12.13±0.05 11.89±0.03 12.84±0.10 11.92±0.02 12.29 ±0.07 14.24±0.38 20.55±0.87 

Nov 12 12.08±0.02 12.18±0.08 11.90±0.03 12.93±0.25 11.95±0.02 12.38 ±0.09 14.50±0.40 20.72±0.89 

Table 10c.  Bottom 80-120+ m Temperature Averages 
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Average Well Temperatures 

  North Field 

Temperature Averages (°C) 

South Field  

Temperature Averages (°C) 

 Depth (m) N1 N2 N3 M1 N4 N5 M3 M2 

Before 

Activation 

0-15 13.51 14.22 13.27 15.97 14.38 14.51 14.93 15.60 

15-80  12.58 12.68 12.17 13.01 12.39 12.74 12.89 13.20 

80-120+ 12.04 12.02 11.86 12.19 11.86 12.06 12.06 12.31 

After              

Activation 

0-15 13.56± 0.09 14.16± 0.27 13.97± 0.63 14.86± 1.34 14.55± 0.63 15.41± 0.33 16.09± 0.53 18.98± 2.33 

15-80  12.61± 0.03 12.82± 0.19 12.18± 0.05 13.51± 0.40 12.56± 0.07 13.22± 0.21 14.36± 0.91 17.94± 3.42 

80-120+ 12.08± 0.03 12.06± 0.06 11.86± 0.02 12.35± 0.31 11.89± 0.03 12.14± 0.13 13.19± 0.80 16.64± 3.16 

Table 11.  Well Temperature Averages Before and After Activation 
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Geochemical Field Parameters 

Date Well Location Temperature 

(°C) 

pH Dissolved Oxygen 

(%) 

Conductivity 

(μS) 

10/10/2013 L8 SSE Limestone 14.70 6.56 67.00 891.00 

10/10/2013 N5 SSE Black 10.60 7.14 65.80 802.00 

10/12/2013 N4 SSW Limestone 15.10 7.63 42.70 664.00 

10/12/2013 Surface Water Duck Pond 14.20 7.69 73.40 747.00 

10/11/2013 L6 SNE limestone 21.00 7.72 59.80 733.00 

10/11/2013 L5 SNW Limestone 21.10 7.40 45.00 704.00 

10/18/2013 N2 NNE Black 16.50 7.56 28.10 745.00 

10/18/2013 C1 NNE Caverned 19.40 7.98 30.10 745.00 

10/20/2013 L1 NNW Limestone 16.30 7.12 104.40 535.00 

10/20/2013 C2 NSCenter Caverned 16.50 7.51 56.70 66.00 

10/23/2013 L4 NSE Limestone 21.20 7.02 - 287.00 

       

Average   16.96 7.39 57.30 629.00 

Table 12. Geothermal Monitoring Wells Geochemical Field Parameters 
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Temperature and Precipitation Data (2011) 

Month Year Lowest 

Temp 

(°F) 

Highest 

Temp 

(°F) 

Warmest 

Min Temp 

(°F) 

Coldest 

Max 

Temp 

(°F) 

Averages 

Min Temp 

(°F) 

Average 

Max Temp 

(°F) 

Mean Temp 

(°F) 

Total 

Precipitation 

(in) 

Max 24 hr 

Precipitation 

(in) 

January 2011 -7 57 32 13 15 28.8 21.9 1.01 0.41 

February 2011 -5 61 49 15 22.2 39.3 30.7 5.3 2.75 

March 2011 21 72 50 34 32.1 49.5 40.8 4.06 1.49 

April 2011 23 84 57 48 41.9 63.1 52.5 6.57 1.48 

May 2011 34 91 73 52 54 71.2 62.6 5.18 0.89 

June 2011 54 97 75 69 63.1 81.3 72.2 3.67 0.73 

July 2011 57 97 77 80 68.9 89.2 79.1 2.65 1.07 

August 2011 48 92 72 74 60.2 82.8 71.5 3.17 0.94 

September 2011 39 94 73 57 53.4 71.1 62.2 4.44 1.08 

October 2011 26 82 53 45 41.6 64.9 53.2 3.31 1.61 

November 2011 
26 70 53 36 39.1 54.4 46.7 6.5 2.02 

December 2011 15 60 41 27 30.4 42.5 36.5 4.55 0.76 

  

         

 

Average 

(°F) 

27.58 79.75 58.75 45.83 43.49 61.51 52.49 4.20 1.27 

 

Standard 

Deviation 

20.53 15.11 14.92 21.92 16.81 18.90 17.82 1.60 0.65 

 

Max 

Number 

(°F) 

57 97 77 80 68.9 89.2 79.1 6.57 2.75 

 

Max 

Month 

July June and 

July 

July July July July July April February 

 

Min 

Number 

(°F) 

-7 57 32 13 15 28.8 21.9 1.01 0.41 

 

Min 

Month 

January January January January January January January January January 

Table 13.  Average Temperature and Precipitation values 2011 (Accuweather.com) 
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Table 14.  Horizontal Thermal Gradients across Phase 1 Fields (12 m) 

 

 

 

 

 

 

 

 

 

 

 

 

Horizontal Flow:  Top 12 m (40 ft) 

 North Field (°C) South Field (°C) 

 L1 L2 L3 L4 L5 L6 L7 L8 

May 2012   -   14.53 -   -   13.37 14.76 14.76 14.32 

June 2012 15.84 14.51 16.42 15.84 13.39 14.92 14.51 16.7 

July 2012 16.16 14.67 - 16.16 13.4 15.26 16.09 16.99 

August 2012 16.72 14.93 - 16.72 13.42 15.41 14.7 17.27 

September 2012 17.04 15.16 - 17.04 13.48 15.67 13.54 17.78 

October 2012 16.45 15.41 - 16.45 13.56 15.88 14.23 18.01 

November 2012   -  15.65 -   -  13.63 16.25 14.71 - 



70 
 

Horizontal Flow: Middle 70 m (230 ft) 

 North Field (°C) South Field (°C) 

 N1 N2 N3 N4 N5 M1 M2 M3 

October 2011 12.18 12.19 11.95 12.07 12.49 12.5   -    -  

November 2011   -    -    -     -    -  12.65 12.33 

December 2011 12.21   -  11.96 11.94   -  12.31 12.9 12.47 

January 2012 12.19 12.21 11.93 12.07 12.44 12.36 13.72 12.69 

February 2012 12.23 12.09 11.9 12 12.22 12.39 14.14 12.87 

March 2012 12.14 12.21 11.94 12.72 12.4 12.49 14.92 13.01 

April 2012 12.18 12.09 11.92 12.01 12.27 12.5   -   13.32 

May 2012 12.12 12.22 11.89 12.66 12.46 12.62 16.44 13.43 

June 2012 12.12 12.26 11.86 12.76 12.31 12.59 17.58 13.9 

July 2012 12.27 12.26 11.85 12.66 12.33 12.78  13.83 

August 2012 12.14 12.22 11.86 12.63  12.88   

September 2012 12.23 12.41 11.88 12.8 12.72 13.37 20.69 14.8 

October 2012   -  12.39 11.91 12.76 12.76 13.21 21.19 15 

November 2012 12.19 12.5 11.95 12.88 12.72 13.49 21.74 15.29 

Table 15.  Horizontal Thermal Gradients across the Phase 1 Fields (70 m) 
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Horizontal Flow: 108 m (355 ft) 

 North Field (°C) South Field (°C) 

 N1 N2 N3 N4 N5 M1 M2 M3 

October 2011 12.05 11.99 11.9 11.84 11.99 12.12   -    -  

November 2011   -    -    -  -   -    -  12.28 12.01 

December 2011 12.05   -  11.89 11.86   -  11.96 12.77 12.07 

January 2012 12.05 11.99 11.91 11.88 11.97 11.99 13.62 12.27 

February 2012 12.06 12.01 11.9 11.87 12.05 12.03 13.99 12.4 

March 2012 12.08 12.01 11.89 11.87 12.01 12.21 15.38 12.53 

April 2012 12.08 12.03 11.88 11.88 12 12.07   -   12.79 

May 2012 12.06 12.05 11.92 11.88 12.21 12.12 16.26 12.94 

June 2012 12.06 12.06 11.9 11.9 12.05 12.18 17.09 13.1 

July 2012 12.11 12.07 11.88 11.9 12.14 12.35  13.21 

August 2012 12.12 12.06 11.89 11.9  12.39  13.95 

September 2012 12.13 12.07 11.9 11.92 12.25 12.51 20.37 13.95 

October 2012   -  12.09 11.91 11.92 12.23 12.74 20.74 14.07 

November 2012 12.09 12.12 11.93 11.94 12.3 12.79 20.59 14.35 

Table 16.  Horizontal Thermal Gradients across the Phase 1 Fields (108 m) 
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Geochemical Constituents: BSU Geothermal Phase 1 Site  

Sites pH Lithium  Sodium Ammonium Potassium Magnesium Calcium Fluoride Chloride Nitrite Bromide Nitrate Phosphate Sulfate 

SSE 

Limestone 

6.56 0.000375 0.545665 0.003709 0.034667 0.802543 1.348470 0.024771 0.096096 0.000007 0.000098 0.010132 0.000104 0.417144 

SSE Black 7.14 0.006643 0.697343 0.018776 0.263454 0.554849 3.225560 0.050890 0.109221 0.000035 0.002160 0.009341 0.000158 0.201406 

SNE 

Limestone 

7.72 0.000360 0.794257 0.004352 0.031892 0.654474 1.034755 0.032682 0.135199 0.000057 0.000028 0.003456 0.000764 0.198802 

SNW 

Limestone 

7.40 0.000432 0.394604 0.004945 0.031641 0.625526 4.818100 0.030945 0.073066 0.000007 0.003025 0.081051 0.000363 0.127921 

SSW 

Limestone 

7.63 0.000303 0.333696 0.011492 0.249454 0.450327 3.644875 0.028756 0.064403 0.000024 0.000024 0.000389 0.000193 0.134444 

Duck 

Pond 

7.69 0.000317 0.318417 0.000460 0.061731 0.555063 4.667785 0.010480 0.384457 0.000080 0.001700 0.009657 0.000177 0.254492 

NNE 

Black 

7.56 0.000274 0.516317 0.001070 0.034392 0.749607 1.186300 0.021813 0.034553 0.000170 0.000979 0.004000 0.000240 0.230500 

NNE 

Caverned 

7.98 0.000562 0.372613 0.000211 0.045741 0.642781 4.237970 0.032919 0.131834 0.000070 0.000078 0.011140 0.000158 0.262717 

NNW 

Limestone 

7.12 0.000274 0.358504 0.005388 0.030079 0.502333 3.903535 0.025971 0.154533 0.000100 0.000019 0.021300 0.001197 0.145246 

NSCenter 

Cavern 

7.51 0.000461 0.441478 0.000632 0.028321 0.702078 4.125750 0.028529 0.160477 0.000015 0.000156 0.001023 0.000092 0.137125 

NSE 

Limestone 

7.02 0.001210 0.259857 0.009014 0.121831 0.242477 1.656220 0.007443 0.024584 0.001632 0.018680 0.145362 0.117735 0.184167 

Table 17.  Geochemical constituents found from sample analysis from geothermal monitoring wells (mEq/L except for pH) 
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Figure 1. Phase 1 and Phase 2 Geothermal Fields with geothermal exchange loops. 
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Figure 2: Phase 1 Geothermal Borehole Site with North and South Fields. 
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Figure 3 : Geochemical Piper Diagram: Delaware County (Indiana DNR 2002) 
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Figure 4: IDNR well locations.  Circles indicate wells in Delaware County (2002) 
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Figure 5. Monitoring wells of the Phase 1 Geothermal System. 
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Figure 6. General Groundwater Flow. 
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Figure 7: Geochemical Piper Diagram:  BSU Geothermal Well Fields. 



80 
 

South Field, Center
(M2)

Temperature (oC)

12 14 16 18 20 22 24

D
e

p
th

 (
m

)

0

20

40

60

80

100

120

November 2011

December 2011

January 2012

February 2012

March 2012

May 2012

June 2012

September 2012

October 2012

November 2012 

 

Figure 8.  South Field: Center Metal Temperature Profile. 
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Figure 9: North Field: North-East Nested Temperature Profile. 
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Figure 10: North Field: Center Edge Nested Temperature Profile. 
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Figure 11. South Field: South-East Metal Temperature Profile. 
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Figure 12:  Geochemical Piper Diagram: Delaware County-Selected for Muncie, IN only. 
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Figure 13:  Geochemical Piper Diagram: BSU Geothermal Well Fields-Selected for wells ~30.5 m. 
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Figure 14:  Geochemical Piper Diagram: Delaware County-Selected for wells ~30.5 m. 

 


