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ABSTRACT 

 

 This study focuses on a portion of the Valley and Ridge Province of Pennsylvania 

and is centered on Roaring Spring, PA, the objective of which is to identify 

hydrogeologic factors that influence well yield and permeability.  Non-parametric tests 

(Mood’s Median, Kruskal-Wallis, and Mann-Whitney) were conducted on two data sets 

consisting of information derived from 2327 and 66 water wells, respectively.    Eleven 

suspected permeability influencing factors were of initial interest including formations, 

lithology, faults, formation contacts, depth to bedrock, depth to static-water-level, 

topography, fold structures, bedding dip, zones of fracture concentration revealed by 

fracture traces and/or lineaments, and soil type.  All factors were successfully tested with 

the exception of fracture traces, lineaments and soil type as a result of data limitations.  

Formations are important factors influencing well yield and permeability with the most 

prolific aquifers yielding more than 7 times the least.  The best estimated order of 

decreasing aquifer importance by formation is as follows:  Warrior, Gatesburg, 

Onondaga/Old Port, Keyser/Tonoloway, Conemaugh, Coburn/Loysburg, Reedsville, 

Nittany/Stonehenge, Wills Creek, Clinton, Pocono, Hamilton, Bloomsburg/Mifflintown, 

Bellefonte/Axemann, Foreknobs, Mauch Chunk, Allegheny, Bellefonte, Wills 

Creek/Mifflintown, Brallier/Harrell, Scherr, Catskill, and Tuscarora, respectively.  The 

presence of carbonate, thin-bedding/inter-bedding and coarse-grain size are identified as 

being key influential properties favoring higher aquifer yield.  Lithology is also found to 

be a significant factor.  The order of decreasing aquifer importance by lithology is as 
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follows:  limestone and dolomite, coarse/sandy dolomite, limestone, shale and limestone, 

sandstone, fine/pure dolomite, shale and sandstone, and shale, respectively.  With regards 

to faults, fracture-enhanced areas are identified with the hanging-walls of major thrust 

faults extending up to 1500 meters from their surface traces.  Formation contacts also 

positively influence well yield and permeability; however, their effect is only of localized 

importance.  Wells must directly intersect the contacts to gain any yield benefit.  

Generally, greater depths to bedrock and shallower depths to static-water-level indicate 

areas of greater permeability and well yield.  Wells located within areas of lower 

topography on both regional and local scales typically yield more than wells located in 

higher topography.  Wells situated within close proximity to anticline axial traces 

typically yield more than those situated in syncline axial traces.  Finally, lower bedding 

dips favor greater yield and permeability with respect to higher bedding dips.  Cross-

correlations between tested hydrogeologic factors are not explored in this study.  

Therefore, it is not possible to completely isolate the individual effects of each factor.  

This would help determine whether it is linked by process and causes greater 

permeability or if it only serves as a proxy for another factor.  However, differences in 

well yield indicate that the most prolific formations and areas associated with thrust 

hanging-walls are associated with the greatest yield in comparison to the other tested 

factors.
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CHAPTER 1 
 

Introduction 

1.1 General Statement 

 Water is among our most important natural resources.  Industry uses this resource 

for cleaning, processing, cooling, and for the disposing of industrial waste.  It provides 

hydroelectric energy to both under-developed and highly industrialized nations.  

Agriculture is largely dependent upon water irrigation, which constitutes the majority of 

water consumption in the world.  Domestic use includes household cleaning, cooking, 

yard and lawn care, and most importantly, consumption.  For the most important of uses, 

water must remain uncontaminated.  Uncontaminated water is not only necessary for our 

survival, but is also necessary for the proper functioning of our environment.  This said, it 

is imperative that our civilization strives to understand, appreciate, and protect all 

portions of our hydrologic systems. 

 The U.S. Census Bureau (2004) projects that the United States’ population will 

reach 392 million by 2050, which is more than a 50% increase from the estimated 

population in 1990 (249 million), now approaching 300 million.  Additional water-

resources will be required as a result and the amount of water required will increase 

thereafter.  It should also be understood that increased human activity could negatively 

impact surface water in terms of availability and quality, posing a problem when trying to 

develop this resource into a viable water-supply.  As a result, communities would be 
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forced to rely more heavily on subsurface water sources, which have a less likelihood of 

being contaminated from surface pollutants and can provide sufficient quantities of water 

for community growth.  This prompts the need for a better understanding of the factors 

controlling storage, availability, and flow of subsurface water, critical to the 

understanding and development of a potable, productive ground-water supply.  

Knowledge of the spatial distribution of porosity and permeability within unconsolidated 

overburden deposits and bedrock strata are important prerequisites. 

Understanding bedrock permeability spatially and with depth is also critical for 

assessing ground-water pollution potential.  Since ground-water flow paths preferentially 

follow zones of enhanced permeability and porosity, identifying these areas requires 

understanding the processes responsible for their more permeable nature.  Releases of 

contaminants can be expected to migrate by means of dispersive and advective forces 

more profusely in the zones of increased permeability.  Hence, the understanding of 

permeability impacting factors is pertinent in the planning of municipal waste treatment 

plants, industrial complexes, and public water supplies, in addition to others.  In the case 

of existing areas of contamination, understanding permeability variations is critical in 

determining appropriate investigative and remedial techniques. 

 Ground-water modeling of an area also relies heavily on the understanding of 

permeability-influencing factors, both regionally and locally.  Understanding an area’s 

stratigraphy, the range of aquifer properties, structural influences, and topography all play 

important roles in developing sound conceptual models on which numerical models may 

be based.  Most crucial is understanding their influence on permeability and ground-

water flow.  Without the consideration of these relationships, numerical ground-water 
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models can yield erroneous results of the natural hydrologic systems they are intended to 

represent. 

 

1.2 Thesis Objectives 

The general objective of this study is to identify geologic and hydrologic factors 

that enhance or curtail aquifer permeability and well yield in the complexly folded and 

faulted bedrock strata within south-central Pennsylvania.  These strata range in age from 

Cambrian to Pennsylvanian and are located within and near the western-most valley of 

the Valley and Ridge Physiographic Province.  The yield characteristics of wells are good 

indicators of aquifer permeability.  Therefore, these characteristics are used in this study 

to infer variations in permeability and identify the influencing hydrogeologic factors. 

Specific key interests include: 

1. Identifying bedrock formations that serve as more or less prolific aquifers,   
 
2. Assessing the generalization of bedrock formations into lithologic classes and 

examining their well yield characteristics, 
 
3. Understanding the effects that different fault types have on yield given 

their proximity to wells, 
 
4. Examining the effects of well proximity to formation contacts with regards to 

yield, 
 
5. Determining whether depth to bedrock or depth to static-water-level 

measurements at well sites can serve as predictors of well yield,  
 
6. Gauging the impact of a well’s topographical position (i.e. hilltop, slope, & 

valley) on its yield,   
 

7. Determining any differences in well yield due to a well’s placement within a 
syncline or anticline, 

 



4 

8. Examining bedding dip as a possible major control of permeability and well 
yield, 

 
9. Analyzing well yield at various proximities to zones of fracture concentration 

revealed by fracture traces and/or lineaments and, 
 

10. Revealing any relationship between the overlying soil type and the underlying 
bedrock permeability.   

 
 There are many reasons why the factors listed have been chosen for testing.   

 1. Formations:  Formations have been studied within the Valley and Ridge and 

elsewhere with regards to their influence on well yield (Becher, 1996; Daniel, 1989; 

Hollyday and Hileman, 1996; Landon, 1963; Meiser, 1975; Moore et al., 2002; Mundi, 

1972; Siddiqui and Parizek, 1971; Parizek, 1976; among others).  However, this study 

targets a more comprehensive list and also aims to identify specific formation attributes 

that favor greater or lesser permeability and well yield.   

 2.  Lithology:  Specific information regarding formations and their properties is 

not always available.  Therefore, it is of interest to assess general lithologic categories for 

their impact on well yield and permeability.   

 3.  Faults:  Faults are commonplace throughout the Ridge and Valley; however, 

little is known with regards to the relationships between faults, well yield and 

permeability.   

 4.  Formation contacts:  Formation contacts have not been researched as potential 

permeability factors in previous studies.  Previous research by Parizek et al. (1971) 

indicates that permeability and flow is preferentially parallel to bedding planes, at least as 

observed in the Valley and Ridge.  Formation contacts represent an abrupt or cyclic 

transition of bedrock with differing physical and/or chemical properties that makes it 
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distinguishable from other strata.  Therefore, it is conceivable that the bedding planes 

making up the formation contacts compound and preferentially promote flow parallel to 

those planes as a result of their differing properties.  Solution depressions and sinkholes 

have been observed along carbonate rock contacts indicating that differences in 

weathering can be expected.  This is a commonplace occurrence along carbonate valleys 

within the Valley and Ridge (Parizek, 2005). 

 5.  Depth to bedrock and depth to static-water-level:  It is possible that greater 

depths to bedrock indicate zones of enhanced physical and/or chemical weathering with 

greater internal drainage, suggesting greater permeability of the underlying bedrock.  

Shallow depths to static-water-level also could potentially identify zones of increased 

well yield and permeability.  Areas of elevated saturation have greater opportunity for 

both physical and chemical weathering.  There is also greater availability of water in 

these areas, likely to positively impact well yield. 

 6.  Topography:  Lowland settings have been consistently identified in numerous 

studies as areas of higher well yield and permeability, regardless of the geologic terrane 

(Becher, 1996; Daniel, 1989; Hollyday and Hileman, 1996; Landon, 1963; Meiser, 1975; 

Moore et al., 2002; Mundi, 1972; Siddiqui and Parizek, 1971; Parizek, 1976; among 

others).  Recharge is focused in these areas, promoting well yield and permeability.  

Lowland settings can also be indicators of more weatherable and more permeable 

bedrock as a result of its primary properties or due to the presence of secondary structures 

correlated with fracture enhancement (i.e. lineaments, fracture-traces, faults, etc.).  

Stress-relief fractures are also present near the bedrock surface, more of which are 

saturated within lowland settings in comparison to those in more upland settings. 
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 7.  Fold structures:  Enhancement in well yield is possible given close proximity 

to an anticline’s axial trace.  This is due to the presence of joints and fissures associated 

with greater flexure and extension within an anticline’s crest with respect to other fold 

structures. 

 8.  Bedding dip:  Ground-water flow is preferential along bedding and along the 

natural fabric of bedrock, hence steeply dipping beds can act as a ground-water dam, 

where topography does not favor an outlet in the bedding direction.  Conversely, gentle 

dipping beds should promote ground-water flow, well yield, and permeability (Parizek, 

2005). 

 9.  Fracture traces/lineaments:  Fracture traces and lineaments have been shown in 

past studies to be important permeability-enhancing features, the exploitation of which 

can result in significant well yield (Moore et al., 2002; Parizek, 1976; Siddiqui and 

Parizek, 1971).  This study aims to further evaluate this concept. 

 10.  Soil type:  Residual soil reflects the physical and chemical properties of the 

bedrock from which it formed, in addition to the weathering processes it has been 

subjected to.  Therefore, soil classifications may be good predictors of the underlying 

bedrock and its permeability as long as the soil is predominantly residual.  The presence 

of thicker residual soil also suggests that infiltration and recharge dominate over 

erosional processes that strip residual soil.  

 The number of hydrogeologic factors being tested is quite extensive; however, it 

is initially necessary to include a number of potential factors suspected to enhance 

porosity and permeability development.  Later, this number may be shortened due to data 

limitations, well distribution, and well abundance for which yield information is 
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available.  The factors of interest are not an exhaustive compilation of possible influences 

on permeability, but are a mix that can be readily tested due to large quantities of existing 

or easily obtained well yield data.  Some of the factors have been studied previously in 

other areas, while others remain largely unknown with regards to their relationship with 

bedrock permeability.  This offers an opportunity for both scientific discovery and for 

comparison with findings from similar studies.  Results obtained from this study are 

expected to contribute new information to hydro-scientists, help guide ground-water 

exploration and development projects and provide insights useful when developing 

numerical ground-water flow and transport models. 

 Given the close interactions of all these investigated factors, it is very difficult to 

differentiate between those that are linked by process and therefore cause greater 

permeability and which ones serve as proxies and help predict greater permeability.  All 

of the factors of interest have the potential to be a direct impact, individually.  However, 

many of these are likely to cross-correlate, which would accentuate their effect. 

 

1.3 Study Area Selection and Location 

 The study area was initially centered and concentrated near Roaring Spring, PA 

(Figure 1.1) due to the abundance and high accessibility of hydrologic and geologic data.  

This information was provided in cooperation with New Enterprise Stone and Lime 

Company, Inc. (NESL) and their environmental consultant, Meiser and Earl, Inc. (M & 

E).  M & E have conducted environmental investigations for NESL’s Roaring Spring, PA 

aggregate quarry for over a decade and have accumulated extensive data and 

understanding on the controlling factors influencing ground-water flow in the localized 
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region.  A M.S. thesis has also been completed by Richard A. Sucher (1997), providing 

additional information for the immediate area within and surrounding the quarry.  These 

studies provide a superb conceptual foundation and facilitated further synthesis and 

collection of thesis data.  This study area is also very attractive for research due to its 

geological and hydrological similarities with the Nittany and Penns Valley areas of 

Pennsylvania.  These areas have been studied in detail in an attempt to define 

hydrogeologic factors that influence well yield. 

 The field area was later expanded to include sections of the Allegheny Front 

transitional zone and the Ridge and Valley Physiographic Province of Blair, Bedford, 

Huntingdon, and Fulton counties, Pennsylvania (Figure 1.2).  This was done to 

incorporate data obtained through various state agencies including the Pennsylvania 

Department of Environmental Protection (PADEP) and the Pennsylvania Geological 

Survey (PAGS).  The majority of data was obtained from the PAGS’s Pennsylvania 

Groundwater Information System (PaGWIS).  This data is derived from approximately 

2300 additional wells, screened from 5900 wells to fit certain critical criteria, such as the 

availability of a well’s total depth, static water level, blown yield, casing depth, and 

geographic coordinates. 
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Figure 1.1:  Initial/local study area (U.S. Geological Survey, 1981). 
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Figure 1.2:  Expanded/complete study area (U.S. Geological Survey, 1969). 

 

1.4 Previous Related Research

 Similar earlier research consists of 2 types:  statewide/regional approaches, which 

are focused on larger areas such as New Hampshire, North Carolina, Northern Illinois 

and localized studies that concentrate on specific areas such as the folded and faulted 

carbonate region of central Pennsylvania.  This study is essentially a hybrid between 

these two end members in the sense that it strives to utilize methodologies favorable to 
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analyzing large amounts of data (typical of statewide/regional studies), yet focuses on an 

area that is similar to those studied in central Pennsylvania with regards to geologic 

complexity, diversity, and setting.  Therefore, both types of research need to be 

considered and reviewed to address the goals and interests of this study. 

 

1.4.1 Statewide/Regional Studies 

Several examples of regional-scale ground-water studies are provided for 

comparison of results and to further justify the factors chosen for research in this study.  

Walton (1962) summarizes some of the earliest attempts in examining well specific 

capacity data and hydrogeologic controls through statistical analyses.  In his Illinois 

water resources report, a study conducted by Zeizel et al. (1962) is included specifically 

pertaining to DuPage County, Illinois.  The area of study is dominated by glacial drift 

underlain by Silurian and Ordovician-age carbonates.  Zeizel et al. (1962) found that the 

majority of prolific wells are within the Silurian-age Niagaran and Alexandrian Series 

dolomite aquifers.  Ground-water within this region is accessible mostly through joints, 

fissures, and solution cavities, which are irregularly distributed spatially and with depth.  

Zones where the Silurian bedrock is thicker and has not been eroded typically produce 

greater yielding wells.  Well yield also increases with depth and with increasing number 

of units penetrated.  The Ordovician-age Maquoketa Formation is the least prolific 

aquifer and has a much higher degree of inconsistency with regards to yield than the 

Silurian aquifers. 
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Daniel (1989) conducted one of the earliest studies to investigate geologic, 

topographic, and well construction factors associated with high yielding wells in the 

Piedmont and Blue Ridge provinces of North Carolina.  Statistical analyses (descriptive 

statistics, multiple regression, and ANOVA) were conducted on data obtained from 

nearly 6,200 wells, predominantly sited in crystalline rock.  Major findings include:  1. 

wells in draws/valleys have average yields three times those on hills/ridges, 2. wells in 

the most productive geologic units have average yields twice those in the least productive 

geologic units, 3. wells in draws/valleys and in the most productive geologic units have 

average yields five times those located on hills/ridges and in the least productive geologic 

units, 4. well yield is directly proportional to well diameter, 5. well yield decreases as the 

ratio to well depth (up to an optimum depth) and 6. average well yield decreases with 

increasing depths to static-water-level. 

A more recent and comprehensive study has been conducted by Moore, Schwarz, 

Clark, Jr., Walsh, and Degnan (2002), who investigated a multitude of possible factors 

influencing well yield in the fractured, crystalline bedrock of New Hampshire.  Multiple 

regression is used as the primary statistical method to analyze data from over 20,000 

wells, collected by the New Hampshire Department of Environmental Services 

(NHDES).  Forty three total variables are included in the final regression equation, most 

of which represent localized geologic units.  Table 1.1 summarizes the main findings of 

the multiple regression analysis.   
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Table 1.1:  Summary of the multiple regression analysis of factors influencing well yield 
(Moore et al., 2002). 
 

Negative Factors Influencing Well Yield
1. Increasing total well depth 1. Increasing surface slope
2. Increasing proximety to waterbodies 2. Increasing surface elevation (uplands)
3. Increasing upgradient drainage area 3. Foliated plutons
4. Swales/Valley bottoms 4. Select geologic map units
5. Sites within 100 ft of lineaments

(fracture correlated)
6. Cable tool drilling
7. Select geologic map units

Postive Factors Influencing Well Yield

 

 

A GIS was also implemented to store, analyze, and display the data.  Yield 

probability maps produced through the GIS allowed spatial trends of high yield 

probability to be detected.  Notable findings include:  1. decreasing trends of high yield 

on slopes, 2. select categories of lineaments correlating with zones of higher yield, 3. 

noticeable trends of higher yield associated with anticlinal axes, 4. negative and positive 

trends of higher yield associated with different bedrock units, and 5. better differentiation 

of higher and lower yielding zones by including variables obtained from detailed 

geologic mapping (Moore et al., 2002). 

 

1.4.2 Localized Studies 

 The earliest and most pivotal study investigating hydrogeologic factors that 

influence well yield within the Ridge and Valley Province of the central Appalachian 

mountain region was conducted by Siddiqui and Parizek (1971).  Siddiqui and Parizek 

focused on the Nittany and Penns valleys of central Pennsylvania, which have strikingly 

similar geologic and hydrologic settings to Roaring Spring, PA and its vicinity.  Their 
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research is especially significant since it allows a direct comparison of its findings with 

those of the current study.  The rationale is that areas that have undergone similar 

topographic, geologic, and hydrologic processes should also have similar permeability 

development, which directly influences well yield.  This hypothesis justifies further 

testing so that one can judge the potential limitations of site-specific data when 

attempting to obtain more universal relationships among hydrogeologic variables that 

contribute to permeability development.  Tests on high capacity wells and well fields 

have been conducted in central Pennsylvania and elsewhere to address growing water 

demands.  The findings from these tests were also used to help constrain hydraulic 

parameters included in numerical transport and flow models. 

 Eighty wells were analyzed by Siddiqui and Parizek (1971) by means of both 

parametric and non-parametric statistical methods, although non-parametric methods 

were deemed more suitable and efficient for analysis.  However, both methods produce 

results suggesting that fracture traces, rock type, dip of bedrock, topography, and 

structure (anticlines, synclines) control well yield (in order of importance).  Table 1.2 

summarizes the productivity values of the wells with respect to the tested variables.  Data 

were included in their analysis only when wells were tested under controlled conditions 

and construction records were known. 

 Data provided in Table 1.2 were expanded upon by Parizek (1976) to include 

other stratigraphic units for which control was either limited or nonexistent in 1971.   
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Table 1.2:  Productivity values (103 gpm/ft/ft) of wells categorized by well yield 
influencing factors (adapted from Siddiqui and Parizek, 1971). 
 

n Min. Max. Median Geom. Mean
Fracture trace wells 53 0.31 4360.68 79.59 72.20

Intentionally located 35 0.31 2271.71 34.26 34.43
Accidentally located 18 10.72 4360.68 148.12 194.10

Nonfracture trace wells 27 0.11 52.64 1.45 1.74

All randomly located wells 45 0.11 4360.68 8.43 11.69

Rock type
Shale 10 0.56 85.65 3.10 3.98
Bellefonte dolomite 22 0.11 180.14 4.45 3.51
Limestone 11 0.31 323.73 7.89 11.09
Nittany dolomite 15 0.85 4360.68 68.30 79.43
Upper Sandy dolomite 22 0.70 2202.56 122.35 123.30

Topography
Valley bottom 23 0.31 4360.68 120.81 70.47
Valley wall 13 0.13 491.45 53.64 45.08
Upland 44 0.11 2202.56 7.95 8.55

Structure
Anticline 45 0.11 4360.68 52.64 45.20
Syncline 35 0.14 930.00 7.00 7.41

Dip of bedrock strata (degrees)
<15 30 0.31 4360.68 128.25 125.90
15-30 27 0.14 193.30 12.43 8.72
30-60 13 0.11 491.45 2.00 3.78
60-90 10 0.70 323.73 5.87 10.00

Depth to water table (feet)
<50 35 0.11 4360.68 10.72 16.37
50-100 16 0.13 232.42 14.04 13.34
100-150 16 0.41 172.34 28.18 15.42
>150 13 0.85 2202.56 111.89 91.62  
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Table 1.3:  Guide to groundwater prospecting, summary of conditions favoring 
groundwater occurrence and movement within folded and faulted carbonate rocks of the 
central Appalachians, ordered by degree of aquifer enhancement (adapted from Parizek, 
1976). 
 
Rock Type Structure Topographic Setting

(1) Nealmont Formation
Center Hall Member
Rodman Member

(2) Benner Formation Normal and thrust faults
Valentine
Valley View
Oak Hill
Stover

(3) Hatler Anticlinal crests
Graiser

(4) Gatesburg Formatoin Beds with dips of <15 degrees Underdrain valleys
Upper Sandy Dolomite Member

(5) Nittany Dolomite Synclinal trough Valley walls

(6) Limestones Beds with dips >15-90 degrees Uplands
Axemann
Stonehenge
Warrier

(7) Bellefonte Dolomite

(8) Reedsville and Antes Shale

(9) Coburn-Salona Limestones

Fracture trace intersection 
combined with lineament 
intersection

Valley bottoms opposite wind and water gaps 
controlled by zones of facture concentration 
and faults

Valley bottoms with rivers and creeks, 
shallow water tables, and saturated 
overburden deposits

Base of mountain slopes favoring high rates 
of recharge and conduit development

 

 

Table 1.3 summarizes the stratigraphic unit ranks, based on the understanding of cave 

passage abundance measured and reported by Rauch (1972), the difficulty obtaining 

water from drilled wells that were abandoned due to poor or inadequate yield, and other 

similar observations. 

 Chin (1996) used data obtained by Siddiqui and Parizek (1971), Parizek (1976), 

and other sources as the developmental basis for a numerical flow and transport model of 

a 93 square kilometer region surrounding the Pennsylvania State University’s wastewater 

irrigation sites (Living Filter Project).  The model considers nitrate transport and was 
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calibrated using the regional water table configuration along with predicted water level 

data.  Conceptually, the 2-D model integrated findings related to well yield and important 

hydrogeologic and topographic controls, such as variations in rock type, proximity to 

thrust and transverse faults, topography, proximity to anticlinal axes, bedding dips, and 

other attributes.   

 A more detailed 3-D numerical flow model was developed for a region 

surrounding a proposed limestone mine near Filmore, PA (Parizek, 2005).  Valentine 

Limestone with its nearly vertical bedding dip was proposed to be mined by subsurface 

methods to a depth of 425 meters, leaving overlying limestone and overburden of 

variable thickness in place.  Well yield data correlated with geological factors included in 

Siddiqui and Parizek (1971) and Parizek (1976) were used to develop a hydrogeologic 

conceptual model for the 3-D numerical model’s domain.  Model calibration used 

observed hydraulic heads, the region’s water table configuration, and the base-flow of 

nearby streams.  Predicted inflows to the hypothetical mine were comparable to the 

nearby abandoned Bell Mine, located immediately west of Bellefonte, PA.  The Bell 

Mine was used as a good analogue of the proposed Bald Eagle Mine, near Filmore, PA.  

It is open to a depth of 290 meters, extends along strike of the nearby, vertically dipping 

Valentine Limestone and has many other similar hydrogeologic attributes. 

 Mundi (1972) conducted a project in the Altoona – Hollidaysburg area of Blair 

Co., PA. to evaluate the area’s hydrogeologic framework and to digitally model the 

principal carbonate aquifer’s maximum sustained yield.  Mundi’s hydrogeologic 

evaluation of the Altoona – Hollidaysburg area is important since it is within the region 

currently being studied; it also utilizes well data from similar sources (PAGS) and 
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analyzes some of the potential factors affecting well yield in a similar manner, although 

to a more limited extent. 

 Multiple regression is the principal method used by Mundi (1972) to analyze the 

yield of wells located in four principal bedrock formations, present throughout his field 

area.  Findings indicate that well yields from different formations in this area are 

significantly different at a 95% confidence level.  Mean specific capacities of these 

formations are as follows. 

- Oriskany (lower Devonian limestone/sandstone):  10 m2/day 
- Hamilton (middle Devonian fractured shale):  8.9 m2/day 
- Keyser (upper Silurian limestone/interbedded shale):  3.9 m2/day 
- Catskill (upper Devonian sandstone/shale):  2.7 m2/day   

 
 Meiser (1975) conducted a study in a similar manner as Mundi (1972), further 

defining the hydrogeologic framework of the Altoona, PA. area, evaluating factors 

influencing well yield, and estimating the sustained yield of the local area via digital 

modeling.  Four hydrological variables of 63 wells were tested:  lithology, presence or 

absence of fracture trace structures, topographic setting, and bedrock dip.  These were 

analyzed through probability plots and non-parametric statistical methods (Mann-

Whitney U and Kruskall-Wallis analyses). 

 Well yields classified by aquifer lithology were found by Meiser to be statistically 

different at a 95% confidence level.  Conversely, analyses of fracture trace related 

structures, topography, and bedrock dip categories indicated no statistical differences.  

However, graphical separation of well yield categorized as fracture trace or non-fracture 

trace, suggests that these features positively influence well yield.  Similarly, wells in 
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areas with lower bedrock dips have a higher median yield; wells situated in valleys have 

a higher median yield when compared to wells located in upland areas (Meiser, 1975). 

 All of these studies support the relevance of testing the hydrogeologic factors 

considered by this research. 
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CHAPTER 2 
 

Physiography, Geology, and Hydrogeology 

 
2.1 Regional Setting 

 The regional setting consists of the area defined by Figure 1.2, which includes 

portions of Bedford, Blair, Fulton, and Huntingdon counties, Pennsylvania.  A distinction 

is made between this and the localized area of Roaring Spring, PA.  The latter is included 

in the regional setting, but requires a more detailed description due to its uniqueness and 

high concentration of well control. 

 

2.1.1 Physiography 

 The study area is located in the Appalachian Mountain section of the Ridge and 

Valley Physiographic Province.  It begins in the west at the edge of the Allegheny Front 

and extends east into Broad Top Basin, defined as a “high, dissected tableland of low 

relief.”  It is very similar in character to the Allegheny Plateau (Way, 1999).  To the north 

and south, it covers the expanse between the termination of Nittany Valley and the 

vicinities of Bedford and Everett, PA. 

 The topography consists of long, narrow ridges with moderate to high relief and 

broad to narrow valleys, some of which have a karstic expression.  Ridge elevations 

typically decrease eastward (760-610 meters msl) and northward (760-580 meters msl); 

valleys display similar trends (Way, 1999).  The elevation maximum and minimum for 
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this area are approximately 760 and 180 meters msl, respectively.  Multiple processes 

have formed this topography including `structural deformation of strata, fluvial erosion, 

periglacial mass wasting, and the dissolution of carbonates (Sevon, 1991). 

 Bedrock formations are sedimentary and generally consist of sandstone, siltstone, 

shale, conglomerate, limestone, or dolomite.  However, Broad Top Synclinorium is 

unique due to the presence of Pennsylvanian-age coal-bearing strata typical of the 

Allegheny Plateau (Way, 1999).  Open and closed plunging folds with narrow hinges and 

planar limbs dominate the landscape; this and the presence of thrust, normal, and strike-

slip faults along with major lineaments and other structures provide for a study area high 

in structural diversity. 

 The study location is a part of the Susquehanna River Basin and Juniata Sub-

basin, which drains approximately 8816 km2.  Drainage is to the east, with a dominant 

trellis drainage pattern.  Exceptions include the dendritic pattern seen in the Broad Top 

Basin and karstic drainage present in the carbonate valleys.  It is apparent that many 

major stream segments transverse structural features (Kaktins and Delano, 1999), which 

is especially evident in the southern portion of the study area.  Here the Juniata River 

nearly directly coincides with the major Bedford/Everett Lineament. 

 The climate of this portion of the Ridge and Valley Province can be generalized 

as being moist and temperate.  The maximum mean and minimum mean temperatures for 

January are 2oC and -7oC, respectively; the maximum mean and minimum mean 

temperatures for July are 28oC and 15oC, respectively.  The mean, annual precipitation 

throughout the region is approximately 100 centimeters with average annual snowfall 

between 100-125 centimeters (Rossi, 1999). 
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2.1.2 Stratigraphy 

2.1.2.1 Cambrian 

 Cambrian-age bedrock within the boundaries of the study ranges from the 

Waynesboro (oldest) to Gatesburg (youngest) formations.  The Waynesboro and Pleasant 

Hill formations are only exposed locally, brought to surface by major thrust faults present 

in Morrison Cove Valley near Martinsburg, PA.  The Warrior and Gatesburg formations 

are widespread throughout all of Morrison Cove Valley and also outcrop in the Snake 

Springs Valley between Bedford and Everett, PA.  These formations are all valley-

forming carbonates.  Table 2.1 gives their lithologic description. 

 The Waynesboro Formation originated from deposits of red and green mud, sand, 

and fine gravel.  Presence of red mud indicates erosion of clastics in a fairly arid climate.  

Quartz pebbles found in the conglomerate can be traced in origin to the Piedmont 

Physiographic Province, 160 kilometers away to the east (Butts, 1945). 

 A shallow marine shelf is the best depositional environment interpretation for the 

Pleasant Hill and Warrior formations.  The presence of bacteria and algae resulted in 

precipitation of calcium carbonate.  This and rapid evaporation of sea water helped 

concentrate magnesium salts and form the dolomite composition of the Warrior 

Formation.  The sandy layers within the Warrior also suggest a shoreline within close 

proximity to sediment deposition (Butts, 1945). 
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Table 2.1:  Stratigraphic column for Cambrian-age lithologies, not to scale (Becher, 
1996; Butts, 1945; Knowles, 1966; Landon, 1963). 
 

Series Thickness (m) Description

Mines Mbr. Cm 45 dark-gray, coarse-grained dolomite

Upper Sandy Mbr. Cus 180
dark-gray, thin-bedded, fine-grained, silty 
dolomite; interbedded, coarse-grained, quartzose 
sandstone

Ore Hill Mbr. Coh 40-95 thin-bedded limestone

Lower Sandy Mbr. Cls 180
dark-gray, thin-bedded, fine-grained, silty 
dolomite; interbedded, coarse-grained, quartzose 
sandstone

Stacy Mbr. Cs 20-150 dark-gray, medium/coarse-grained dolomite; 
interbedded oolitic & cryptozoan-bearing dolomite

180
dark-gray, fine-grained, fossiliferous, oolitic, 
layered limestone; interbedded conglomerate & 
micaceous shale
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Stratigraphic Designations

380

Symbols

Cw

Cg

greenish-gray & grayish-purple shale, sandstone, 
quartzite, & conglomerate>60

Gatesburg Fm.

dark-gray, interbedded limestone & dolomite; 
interbedded oolitic, stromatolitic, shale, & 
sandstone layers

Cph

Cwb

Warrior Fm.

Pleasant Hill Fm.

Waynesboro Fm.
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 Further regression of the marine basin and persistent arid conditions formed the 

general coarse-grained dolomitic composition of the Gatesburg Formation.  Episodic 

floods resulted in the deposition of sandier beds (Upper Sandy and Lower Sandy 

Members.), while brief limestone-forming conditions resulted in the formation of the Ore 

Hill Member (Butts, 1945). 
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2.1.2.2 Ordovician 

 Ordovician formations range from the Larke (oldest) to the Juniata (youngest).  

They dominate the valleys (Larke through Coburn) and mountain flanks (Reedsville 

through Juniata) of Morrison Cove and Snake Springs and initiate within the study area to 

the north near Williamburg, PA. and extend south between Bedford and Everett, PA.  

Bedding strike trends north-east/south-west and the formations as a whole cover a 

distance of 5 to 15 kilometers in width between Dunning, Evitts, and Tussey mountains.  

Table 2.2 provides their lithologic description. 

 Three main periods of sedimentation occurred in the Ordovician, which produced 

three dominant types of lithology.  The Lower and early Middle Ordovician was 

dominated by stable carbonate-platform deposition, resulting in dolomite/limestone 

lithologies.  Progressive submergence of this platform produced limestone dominated 

lithologies with some siliciclastic sedimentation during the later Middle and Upper 

Ordovician.  The remainder of the Upper Ordovician consisted of basin deposition of 

marginal marine and continental siliciclastic sediments (Thompson, 1999). 

 The Larke, Nittany, Axemann, and Bellefonte formations fall within the first 

mode of deposition in the Ordovician.  These formations are dominated by dolomite of 

varying bedding thickness (resulting from the secondary replacement of limestone) with 

interbedded limestone (Thompson, 1999).  Stromatolite beds are present throughout and 

are especially noticeable within the Bellefonte Formation. 

 

 

 

 



 

Table 2.2:  Stratigraphic column for Ordovician-age lithologies, not to scale (Becher, 1996; Butts, 1945). 

System Series Stratigraphic Designations Thickness (m) Description

Juniata Fm. 260 red/brown shale; fine-grained sandstone

Bald Eagle Fm. 245 gray, iron rust-speckled, medium-grained, thick-bedded 
sandstone; few sandy shale layers

Reedsville Fm. 305 black, fossiliferous shale; thin black limestone layers

M
id
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e

Bellefonte Fm. Obf 305 dark, fine-grained, thin to thick-bedded dolomite; few light 
gray beds; few nongranular limestone layers

Axemann Fm. Oa 60 dark, bluish-gray, nongranular to coarse-grained, thin-
bedded, fossiliferous limestone; few thin dolomite layers

Nittany Fm On 365 light/dark gray, fine to coarse-grained dolomite; siliceous 
oolites; sandy & cherty beds

Larke/Stonehenge Fm. Os 75 dark gray, coarse-grained dolomite; fine-grained, laminated 
dolomite; some fine-grained limestone

Symbols
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Obe

Or

Ocl
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n dark gray/black, thin to thick-bedded, fossiliferous 

limestone; includes Coburn, Salona, Nealmont, Linden Hall, 
Snyder, Hatter, & Loysburg formations

225Coburn-Loysburg Fms.
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 The Loysburg, Hatter, Snyder, Linden Hall, Nealmont, Salona, and Coburn 

formations are dominated by fine-grained limestone with some coarse-grained limestone, 

shale, and dolomite.  These facies are typical of the platform edge due to submergence 

and represent both shallow and deep-water depositional environments (Gohn, 1976). 

 The final phase of deposition within the Ordovician is represented by the 

Reedsville, Bald Eagle, and Juniata formations.  These lithologies are generally 

comprised of shale, siltstone, sandstone, and conglomerate.  The Reedsville typically 

consists of interbedded shale, sandstone, and limestone, sediments probably deposited in 

a shallow marginal-marine environment above wave base (Conrad, 1985).  The general 

compositions of the Bald Eagle and Juniata formations are sandstone and shale, 

respectively.  Meandering streams are interpreted as the best mode of deposition for these 

formations (Thompson, 1999). 

 

2.1.2.3 Silurian 

 Silurian-age formations consist of the Tuscarora, Rose Hill, Keefer, Mifflintown, 

Bloomsburg, Wills Creek, and Tonoloway (oldest-youngest).  These formations consist of 

clastics and/or carbonates and have vastly differing erosional resistances.  The Tuscarora 

is widely known as the region’s dominant ridge-forming unit and is present at the crests of 

Dunning, Evitts, and Tussey mountains.  The remaining units grade down one side of the 

mountains in sequence with the Tonoloway at their foot-slope.  Table 2.3 provides a 

detailed lithologic description of these units.

 



 

Table 2.3:  Stratigraphic column for Silurian-age lithologies, not to scale (Butts, 1945; Hollyday and Hileman, 1996; 
Laughrey, 1999). 
 

Thickness (m) Description

135 dark, fine-grained, thin-bedded & laminated limestone; 
dark/black thick-bedded limestone at top; few fossils

Swc 120 drab, fissile, calcareous clay shale; some calcareous 
dark/green shale; thin limestone at base; scarce fossils

15 red shale; gray limestone

McKenzie Mbr. 120 blue, thin-bedded, fossiliferous limestone; ostracodes

Rochester Mbr. 20 fossiliferous, gray mudstone; interbedded limestone

Keefer Fm.
brown/green/gray/red, fossiliferous shale & quartzite; 
thin-bedded limestone at top

Rose Hill Fm.
olive shale; purplish shale & thin-bedded hematitic 
sandstone; thin-bedded, fossiliferous limestone at top

120-185 gray quartziteSt

Swm
Bloomsburg Fm.

Symbols

DSkt

Sc

System/Series

220

Si
lu

ria
n

Mifflintown 
Fm.

Clinton Gp.

Tuscarora Fm.

Sbm

Stratigraphic Designations

Tonoloway Fm.

Wills Creek Fm.
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 Laughrey (1999) gives two main depositional periods for Silurian units:  1. the 

accumulation of Lower Silurian clastics, forming mostly sandstone, conglomerate, and 

mudrock and 2. the deposition of Upper Silurian carbonates, forming mostly limestone 

and dolomite.  The Tuscarora Formation resulted from the erosion of clastic sediments 

from the eastern highlands during the Taconic Orogeny, and their subsequent deposition 

on a coastal plain.  The Rose Hill, Keefer, and Mifflintown formations are composed 

chiefly of interbedded shale and limestone, the result of five large-scale cycles of sea 

transgression and regression during the Middle Silurian (Cotter, 1988).  Their depositional 

environment consisted of a submarine ramp, deepening from the southeast toward the 

basin’s axis (Allegheny Front) (Cotter & Inners, 1986).  The Bloomsburg, Wills Creek, 

and Tonoloway formations represent facies indicative of shallowing upward cycles of 

sediment deposition or repeated progradational events on large tidal flats (Lacey, 1960).  

Limestone is more prominent within these units. 

 

2.1.2.4 Devonian 

 The Devonian formations constitute the majority of the units studied.  There are 

numerous formations that originated from this system, ranging from the Keyser (oldest) to 

the Catskill (youngest).  Lower and Middle Devonian formations are primarily composed 

of shale and limestone, while those formed in the Upper Devonian are dominated by shale 

and sandstone.  Devonian units are most prominent west of Dunning and Evitts mountains, 

forming the Allegheny Front and transitioning into the Allegheny Plateau.  They are also 

present east of Tussey Mountain, forming the western and eastern edges of Broad Top 

Synclinorium.  Table 2.4 provides lithologic descriptions for these units. 

 



 

Table 2.4:  Stratigraphic column for Devonian-age lithologies, not to scale (Butts, 1945; Harper, 1999; Hollyday and Hileman, 
1996; Laughrey, 1999). 
 

System Series Thickness (m) Description

610-760 bright red shale; some red/brown, medium-grained, thick-bedded sandstone

Foreknobs Fm. Df

Scherr Fm. Ds

410-550 greenish gray, fine-grained, micaceous, sandy shale; thin laminations; green, 
fine-grained, thin sandstone at top

75 black/gray, fissile clay shale

Tully Limestone Dt 60 medium-gray, fine-grained, fossiliferous shaly limestone

Mahantago Fm. Dmh 230-365 green hackly shale; layers of fine-grained sandstone in middle

Marcellus Fm. Dm 45 black fissile shale

Ridgeley Mbr. Dor 30 calcareous sandstone; coarse sandstone & fine conglomerate; fossiliferous

Shriver Mbr. 60 thin-bedded siliceous limestone; black, calcareous, fossiliferous shale at base

Mandata Mbr. 6-30 dark gray/black, thin-bedded, fissile to blocky, siliceous shale
Corriganville Mbr. 3-9 fine-grained to crystalline, thick to thin-bedded limestone
New Creek Mbr. 3 coarse-grained, massive to thick-bedded, fossiliferous limestone

30 chert nodule layered limestone

730-1020

50

shale & sandstone; upper portion: brown clay shale & fine-grained, thin-
bedded brown sandstone; lower portion: gray clay shale with sandstone; 
green shale

dark, fossiliferous shale; thin limestone at top

DSkt

Catskill Fm.

Brallier Fm.

Harrell Fm.

Onondaga Fm.

Old Port Fm.

Keyser Fm.

Lock Haven Fm.
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 All formations of the Devonian were deposited in a prograding Catskill deltaic 

system, ranging from bioclastic shelf carbonates to very-coarse detrital sandstone 

(Harper, 1999).   

 Two stages are present within the Lower Devonian, including the Helderbergian 

and Deerparkian.  The Keyser, New Creek, Corriganville, and Mandata are apart of the 

first stage, the Keyser being more distinguished from the others by its darker color, 

higher chert content, and thinner bedding.  The second stage includes the Shriver and 

Ridgely, the later being distinguished by its coarser sandstone texture and thicker 

bedding.  Both members are calcareous, the Shriver being so to a higher degree (Harper, 

1999). 

 The Middle Devonian consists of four stages.  The Onondaga Formation was 

deposited during the first stage (Onesquethawan) and consists of marine shale and 

limestone.  The Cazenovian and Tioughniogan Stages consist of the Marcellus and 

Mahantango Formations, dominated by marine-shelf shale.  Finally, the marine Tully 

Limestone constitutes the upper-most or Taghanican Stage (Harper, 1999). 

 The Upper Devonian units formed from sediment deposited east to west during 

progradation of the Catskill delta.  Harper (1999) divides these formations into five main 

depositional facies, four of which represent the Upper Devonian units present in the field 

area.  The Harrell Formation, consisting mostly of clay shale, represents a depositional 

environment characterized by anoxic basin bottom mud.  The overlying graded, shale, 

and sandstone Brallier Formation is typical of submarine slope turbidites.  The Scherr and 

Foreknobs formations and their laterally equivalent Lock Haven Formation represent 

deltaic detrital sediments resulting in shale and sandstone sequences.  Lastly, the Catskill
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 Formation consists mostly of red shale and sandstone, representing a mixture of fluvial 

and marginal-marine environments (Harper, 1999). 

 

2.1.2.5 Carboniferous 

 Carboniferous formations used for this study comprise Broad Top Synclinorium, 

including the Rockwell, Burgoon, Mauch Chunk, Pottsville, Allegheny, Glenshaw, and 

Casselman formations (oldest-youngest).  These units typically are composed of shale, 

claystone, sandstone, and for Pennsylvanian-age units, coal.  Table 2.5 provides 

lithologic descriptions for these units. 

 The Rockwell Formation marks the beginning of the Mississippian, whose lower, 

middle, and upper sections consist of sandstone, a mixture of interbedded sandstone, 

siltstone, and shale, and a combination of sandstone and red shale, respectively.  Sinuous 

fluvial and marginal-marine systems are deemed the primary depositional environments 

(Brezinski, 1999).   

 The Burgoon Sandstone and Mauch Chunk formations comprise the remainder of 

Mississippian-age units.  Cross-bedded, coarse-grained sandstone characterizes the 

Burgoon, while the Mauch Chunk remains one of the most recognizable units, consisting 

of red to red/brown mudstone.  The Burgoon and Mauch Chunk formed from high-

gradient, braided stream (Cotter, 1978) and alluvial plain environments, respectively 

(Brezinski, 1999). 

 



 

Table 2.5:  Stratigraphic column for Carboniferous-age lithologies, not to scale (Berg, 1999; Brezinski, 1999; Butts, 1945; 
Edmonds, Skema, and Flint, 1999; Hollyday and Hileman, 1996). 
 

System Series Thickness (m) Description

Casselman Fm. 70-150 alternating sandstone, claystone, shale, coal & limestone

Glenshaw Fm. 85-120 dark shale & limestone

Pa 80-100 shale, sandstone, & coal; minor amounts of limestone

Pp 40-90 gray, coarse-grained, thick-bedded, sandstone with shale, 
coal, and clay

U
pp

er

55-305 red/red-brown mudstone & siltstone; brown/reddish-
brown/greenish-gray sandstone & conglomerate

Mb 90-150
yellow/greenish-gray, coarse-grained, thick/cross-bedded, 
micaceous sandstone; lateral equivalent to Mount Carbon 
Mbr. of Pocono Fm.

Mmc

upper: red shale; middle: interbedded olive-gray/greenish-
gray sandstone, siltstone, & shale; lower: sandstone; 
lateral equivalent to Beckville Mbr. of Pocono Fm.

Stratigraphic Designations Symbols
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 The Pottsville, Allegheny, and Conemaugh formations constitute the 

Pennsylvanian-age units.  These represent marginal-marine, alluvial plain, and alluvial 

plain/delta plain/shallow-marine environments, respectively.  The Allegheny is 

economically significant due to its bearing of coal (Brezinski, 1999). 

 

2.1.3 Structure 

 All major structures present in the thesis area developed in the Alleghenian 

Orogeny, due to the collision of Laurentia and West Gondwana.  Most obvious are the 

characteristic folds of the Valley and Ridge Province; however, Faill and Nickelson 

(1999) attribute the commonly blind, southeast-dipping thrust faults as the “most 

fundamental tectonic elements.” 

 Faill and Nickelson (1999) denote four major stages of deformation:  1. pre-

tectonic hydraulic jointing, 2. extensional jointing perpendicular to folding and layer-

parallel shortening, manifested as thrust faulting, 3. flexural-slip folding leading to layer-

parallel extension on fold limbs, and 4. transverse faulting, such as the major Breezewood 

Fault.  During this sequence of events, evidence provided by Nickelsen and Engelder 

(1989) suggests a counterclockwise rotation of stress axes in the study region. 

 

2.1.3.1 Folding and Joints 

 Anticlinal and synclinal folds range from first to fifth order in the study region 

(Nickelson, 1963).  Slippage along bedding planes is a main folding mechanism, 

commonly producing slickenslides perpendicular to fold axes as evidence.  The layer 

thicknesses are also typically uniform throughout the limbs and hinges, indicating the 
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lack of ductile deformation.  Most of the folding adheres to kink fold geometry, where 

narrow hinges and long, narrow, planar limbs constitute the anticlinal and synclinal 

structures (Faill and Nickelson, 1999).  The dominant fold structures are also extensively 

longer than they are wide, giving rise to the characteristic long narrow ridges that 

dominate and distinguish the Ridge and Valley Province.  Tussey Mountain is one such 

example. 

 The folds accommodate crustal shortening and are related to thrusts that sole into 

an underlying decollement.  Folding in the Valley and Ridge Province of Pennsylvania 

reaches its maximum in the Juniata Culmination.  Folds plunge eastward and to the 

southwest of this belt that trends north-south.  Additionally, first order folds decrease in 

amplitude with increasing distance away from the culmination.  The greater relief in the 

Juniata Culmination reflects its accommodation of greater crustal shortening in 

comparison to areas east and southwest (Faill and Nickelson, 1999). 

 Bedrock fractures in the study region resulted from various events.  Pre-

Alleghanian joints are particularly visible in coal present on the Allegheny Plateau (Stage 

1).  They can also be seen in the Valley and Ridge, although subsequent overprinting 

partially obscures their identification.  Increasing tectonic stress led to the development 

of extension joints, cleavage, and fissures associated with minor folds, and wrench and 

thrust faults (Stages II-IV).  Major folding occurred in Stage V, leading to layer-parallel 

extension.  This produced joints in the outer anticlinal crests (Stage VI).  Strike-slip faults 

formed last (Stage VII), shearing and cross-cutting previously formed structures 

(Nickelsen, 1983). 
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 Four main joint sets are distinguishable, based on local mapping of New 

Enterprise Stone and Lime Co.’s Roaring Spring quarry.  Joints present are generally 

perpendicular and parallel to the structural fold axis and include a conjugate set of shear 

fractures.  Two other sets were also identified but are thought to represent scatter of 

previously identified joints (Elsworth, 1993). 

 

2.1.3.2 Faults 

 The Allegheny Decollement is perhaps the most important feature formed as a 

result of the Allegheny Orogeny.  This structure is a southeast-dipping blind thrust fault, 

ramping upwards from the east in the Lower Cambrian Waynesboro Formation to the 

west in the Upper Silurian Salina Formation.  The upward thrusting produced the 

prominent Allegheny Front and terminates in the Allegheny Plateau.  The halting of 

decollement movement is attributed to the presence of salt within the Silurian Salina 

Formation, the ductility of which impeded further decollement displacement and the 

formation of fold/thrust structures above it.  Structural deformation is dominant in the 

hanging-wall allochthon of the decollement, with little deformation in the foot-wall (Faill 

and Nickelson, 1999).   

 Allegheny deformation in the hanging-wall block of the decollement is 

dominantly expressed as imbricate thrust-splay faults that stem from the underlying sole 

thrust and form the characteristic fold geometries of the Ridge and Valley.  Every first-

order fold within the Ridge and Valley is underlain by a thrust-splay fault branching off 

from the decollement, most of which are blind and never reach the surface.  These 

thrust/fold structural features are produced by the brittle deformation of strata.  
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Specifically, the hanging-wall allochthon consists of two parts, a more ductile upper 

siliciclastic layer and a lower stiff carbonate layer (Faill and Nickelson, 1999).  

Predictably, the thrust-splay faults are most prevalent in the carbonate layers, while 

folding atop these commonly blind faults occurs within the siliciclastics. 

 Boyer and Elliott (1982) describe the north-central Appalachian’s thrust system as 

an antiformal stack duplex.  Figure 2.1 is a generalized sketch of a cross-section through 

the study area.  Within this type of thrust system, splay thrusts ramp up from the main 

floor thrust and fold onto the next forward-forming horse structure as duplex 

development proceeds along the decollement.  This process produces thrusts and major 

folds that are progressively younger towards the foreland (Boyer and Elliott, 1982).  

Subsequent erosion of the roof thrust and horse structure as depicted in Figure 2.1 

produces a landscape with major anticlinal folds and either blind or surface-exposed 

hinterland dipping thrust-splay faults towards the foreland side of the fold structure.  For 

this region, the southeast dipping thrust-splay faults lie immediately to the west of most 

major anticlines, such as the case in Morrison Cove. 

 The youngest features of the Allegheny Orogeny are the transverse faults and 

shear zones.  These faults are strike-slip in motion and at times shift into thrust faults in 

selective areas.  One such prominent transverse structure is located in the Transylvania 

zone located in the Bedford, PA area, trending east-west.  It is thought to be associated 

with the decollement movement and in part developed coevally with the thrust/fold 

features.  Evidence of this includes the intersection of some folds that are not offset by its 

displacement, such as the McConnellsburg Anticline, east of the study region (Faill and 

Nickelson, 1999).
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Figure 2.1:  Generalized structural sketch across study area and corresponding map view.  Not to scale.  AP:  Appalachian 
Plateau, DM:  Dunning Mountain, OHR:  Ore Hill Ridge, TM:  Tussey Mountain, BT:  Broad Top

Figure 2.1:  Generalized structural sketch across study area and corresponding map view.  Not to scale.  AP:  Appalachian 
Plateau, DM:  Dunning Mountain, OHR:  Ore Hill Ridge, TM:  Tussey Mountain, BT:  Broad Top
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2.1.3.3 Lineaments and Fracture Traces 

 Lineaments are morphological linear features that can be identified on both 

regional and local scales by means of satellite imagery or aerial photography.  

Orientations can be both parallel and transverse to structure.  Most of the strike-parallel 

features can be associated with traditional structures such as faults; however, cross-strike 

lineaments are much harder to correlate (Gold, 1999).  Lineaments by definition are 

greater than 1.6 km in length and can reach lengths of approximately 480 km, allowing 

these features to be seen on many scales (Lattman and Nickelson, 1958).  The smaller 

lineament features are most often manifestations of concentrated fractured bedrock, zones 

that can be as wide as 3 km and have no displacement.  Larger lineaments can be rift 

valleys, aulacogens, or possibly sutures between crustal blocks (subdivisions of larger 

tectonic plates) and reach widths of 95 km (Gold, 1999). 

 Fracture traces are manifested similarly to lineaments; however, they are much 

smaller features.  They are defined as linear or near-linear surface features that are less 

than 1.6 km in length, can have widths up to 30 m, and are most readily seen in large-

scale aerial photographs or other similar imagery.  The natural linear features can be 

attributed to natural occurrences such as soil tonal variations, vegetation patterns, surface 

sag or depression alignments, and straight stream segments, in addition to others 

(Lattman et al., 1958).  However, care must be taken since some of these linear features 

can be anthropogenic.   Similarly to lineaments, these patterns can represent surface 

expressions of underlying vertical or near-vertical fracture and/or joint concentrations.  

The fact that fracture traces cross-cut local structures, such as folds and faults indicates 

that these structures are the result of a different structural process.  Investigations 
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continue to identify the processes responsible for their origin since they are still not well 

understood (Parizek, 2005). 

 

2.1.4 Hydrogeology 

 Few regional hydrologic investigations of Pennsylvania’s south-central Valley 

and Ridge Province have been completed.  Becher (1996) conducted the only major 

regional report on the ground-water resources of the carbonate valleys within the Valley 

and Ridge Province of Pennsylvania.  However, many localized studies have taken place, 

including those located in the vicinities of Altoona and Roaring Spring, completed by 

Mundi (1972), Meiser (1975), and Sucher (1997). 

 Becher (1996) studied and compiled information from well records of the area 

and from prior studies and reports, in addition to original investigations.  Although not 

explicitly stated, the approximate number of wells used to investigate the hydrogeologic 

characteristics of the region is approximately 500-600.  These wells are distributed 

throughout Pennsylvania’s Valley and Ridge Physiographic Province and have records 

useful for relating hydrogeology with lithology, topographic position, and other 

potentially permeability-influencing factors that help serve to control ground-water 

occurrence and flow.   

 Becher (1996) found that the most prolific aquifers within the Valley and Ridge 

Province are as follows in decreasing order:  1. Gatesburg and Nittany; 2. Bellefonte and 

Axemann; 3. Benner-Loysburg (undivided), Coburn-Loysburg (undivided), Bellefonte-

Axemann (undivided), Nittany-Larke (undivided), Warrior, and Stonehenge; and 4. 

Rockdale Run, Shadygrove, and Coburn-Nealmont (undivided).  He also found that wells 
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in valleys have the greatest potential yield and that wells on hilltops have the least.  On 

average, other intermediate positions fell between these yield potentials.  Other important 

findings were that wells sited via fracture trace analysis have greater yields on average 

than non-fracture trace sited wells and that cave and conduit orientations coincided with 

major local joint orientations and fracture-trace feature orientations. 

 Another important aspect of Becher’s study (1996) is that it helps establish 

relationships between different areas within the Ridge and Valley Province.  One such 

relationship is the recognition of hydrogeologic regime similarities between Morrison 

Cove and the Spring Creek Basin.  This is very important as it allows investigators to 

draw by analogy, principles learned from one specific area and apply them to another.  

As a result, improvements in understanding the hydrogeology of this regional study area 

may be made by relating some studies completed in the vicinity of Spring Creek. 

 Konikow (1969) conducted a study on mountain runoff and its relationship with 

precipitation, valley stream flow, and recharge to Nittany Valley carbonate aquifers.  He 

found that approximately one third of precipitation that falls on ridges is lost to 

evapotranspiration and about one half of precipitation to ridges contributes to stream flow 

as a combination of direct runoff and base-flow.  Perhaps the most important finding is 

that more than 80% of mountain runoff sinks into carbonate bedrock at the mountain 

foot-slopes; however, only 25% of that amount becomes more regional aquifer recharge.  

The difference enters solution cavities and/or caves within the carbonate bedrock and 

then can reemerge to the surface via springs or streams down-gradient, bypassing 

infiltration into the aquifer below or more regional recharge within adjacent carbonate 

rocks.  As a result, carbonate aquifers lying along the bases of ridges typically do not 
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have significant yield properties, especially between mountain gaps.  Mountain runoff is 

concentrated in these locations and with its acidic chemistry, enhances cavity 

development, which minimizes diffuse flow and aquifer recharge.  Consequently, more 

prolific carbonate aquifers are found towards the valley centers.  These conditions are 

quite analogous to those present in Morrison Cove and surrounding valleys due to their 

nearly identical geologic and hydrologic similarities with Nittany Valley. 

 

2.2 Local Setting of Roaring Spring 

 The local setting concentrates on the northern portion of Morrison Cove, defined 

by Figure 1.1.  This area has been studied quite thoroughly due to numerous 

hydrogeologic investigations performed for NESL’s aggregate mine in Roaring Spring, 

PA by Meiser and Earl, Inc., Dr. David P. Gold, and Richard Sucher, in addition to other 

investigators.  There are scientific observations, specific to this research that deserve 

explicit attention and add considerable insight to the assessment of hydrogeologic factors 

influencing well yield, bedrock permeability, and bedrock porosity.  These key 

observations, including outcrop observations in and adjacent to the quarry, pump test 

observations, and findings from previous localized studies are summarized in this section.    

 Specific information with regards to lithology was obtained by examining 

Bellefonte exposures within and surrounding NESL’s Roaring Spring quarry.  Gypsum 

nodules are found to be quite prevalent within the Bellefonte rock matrix, the presence of 

which indicates low bedrock permeability.  Gypsum is very soluble; hence any fluid flow 

would have dissolved and taken the gypsum into solution.  The upper portion of the 

Bellefonte also has stylolites present parallel to bedding (Gold, 2002).  This is very 
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consistent with high-magnesium carbonates that have undergone significant 

compressional stress (Sucher, 1997).  This insoluble residue adds to the bedding features 

to impede flow perpendicular to those planes.  Within the quarry, bedding is near vertical 

to over-turned.  This and the presence of stylolites acts as a ground-water dam, helping to 

maintain remarkable dry quarry pit conditions.  To add perspective, the main quarry pit as 

of 1998 covered an area of 280,000 m2 and was approximately 75 meters deep.  This 

yielded approximately 820 m3/day of ground-water influx, a surprisingly low amount 

given the quarry dimensions (aquaFUSION, Inc. and Meiser and Earl, Inc., 2002). 

 Investigators have also found the Roaring Spring area to be structurally complex, 

revealed through detailed geologic mapping by Gold and Doden (2002a).  Figures 2.2 

and 2.3 illustrate the geologic mapping specific to the quarry and adjacent areas and 

cross-sections as indicated, respectively. 

 The Morrison Cove region is a breached anticline within Ordovician carbonate 

and shale that is approximately three miles in width in map view (Gold, 1993).  The 

anticlinal hinge line plunges northeast at 21 degrees and the axial plane strike/dip is 

018/54 degrees (Sucher, 1997).  As previously mentioned, the bedding within the 

anticline’s west limb is overturned with bedding dips ranging from 70-85 degrees.  Thrust 

faults bound the quarry walls and are particularly apparent throughout the axial hinge 

zone with displacements of a few meters (Gold, 1993).  Meiser and Earl, Inc. (1991) have 

reported cavernous and solution channeling observed in bedrock outcrops and well logs 

within the faulted, fold axis zone. 

 



 43

 

Figure 2.2:  Map view of detailed Roaring Spring and quarry geology by Gold and 
Doden (2002a), cross sections, local quarry monitoring wells, and identified high K zone 
(Sucher, 1997).  Oa:  Axemann; Obf:  Bellefonte; Ocl:  Coburn-Loysburg; On:  Nittany 
 
 
 
 Sucher (1997) has also documented a high hydraulic conductivity zone 

immediately east of the thrust fault, present within its hanging-wall (Figure 2.2).  This 

zone intersects an under-drained valley immediately north of the quarry and has been 

shown to be hydraulically connected through pumping test analyses.  This zone in its 

entirety is hydraulically isolated from the quarry which resides in the thrust’s foot-wall.

 



 

 

Figure 2.3:  Structural cross sections of Roaring Spring anticline as indicated by profiles in Figure 2.2 (Gold and Doden, 2002b).
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 Homeowners have also reported anomalous conditions with regards to well yield 

of private wells in areas of mapped thrust faults.  These areas lie immediately south of 

Roaring Spring, PA., along Route 867.  One homeowner indicated overburden with an 

approximate thickness of 10 meters and blown yield of approximately 165 m3/day for 

their well.  Seventy five meters away, another homeowner reported overburden thickness 

of a few meters and a blown yield of approximately 25 m3/day.  Both properties were 

developed within a year of these reports.  Unfortunately, no well logs were available for 

comparison; however, this information indicates highly variable hydrogeologic 

conditions within a remarkably small area, similar to the quarry vicinity.  It is likely, 

although not proven, that these contrasting homeowner well yield conditions are due to 

thrust faults, especially with reports of their presence within the immediate area mapped 

by Gold and Doden (2002a). 
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CHAPTER 3 
 

Methodology 

3.1 Dependent Variable Selection 

 Dependent variables are needed to distinguish areas of higher and lower well 

yield and permeability.  This is most easily done by using available yield data from 

existing wells; however, aquifer testing may be needed if data are inadequate for certain 

areas.   

 Ideally, it would be best to compare wells and areas by hydraulic conductivity, 

based on transmissivity values calculated from long duration aquifer testing.  This would 

provide the most accurate information for identifying zones of enhanced or curtailed 

aquifer permeability.  However, one major drawback to using this aquifer parameter is 

the difficulty in obtaining it.  Aquifer testing can be expensive and requires prolonged 

periods of time.  It can also be impractical for studies such as this, where a widespread 

area is of interest and would require hundreds, if not thousands of aquifer tests to be 

conducted. 

 The most accurate dependent variable used in past studies is productivity, defined 

as a well’s one-hour specific capacity, divided by the depth of its saturated aquifer 

penetration.  This variable is used in studies by Siddiqui and Parizek (1971), Parizek 

(1976), Mundi (1972), and Meiser (1975).  It is easier to obtain than hydraulic 
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conductivity; however, it still requires a minimum one-hour pump test which limits its 

use. 

 Daniel (1989) and Moore et al. (2002) use blown yield as their primary dependent 

variable, obtained from well driller’s records.  Blown yield is an estimated flow rate and 

is a parameter obtained from the air rotary drilling method.  Specifically, a well driller 

will force compressed air into the lower portion of a well, typically below the major 

water-bearing zones.  This displaces and forces the water to surface.  The well driller than 

estimates the flow and it is designated as the well’s “blown yield.”  This parameter is on 

record for most wells, allowing the inclusion of a maximum number of observations for 

the analyses of potential factors influencing permeability and well yield.  However, its 

major drawback is its lack of sensitivity to actual differences in well yield when 

compared to variables such as hydraulic conductivity and productivity.   

 Blown yield can heavily bias greater yielding wells by underestimating their 

actual yield.  This is because water is exhumed from the well by its displacement from 

injected compressed air.  This results in forcing water out of the well head, but can also 

force water back into the aquifer via solution cavities, fractures, or other similar 

openings.  In extreme conditions, complete well circulation can be lost and little, if any, 

water will make it to the surface.  Given these circumstances, actual well yield and 

permeability are significant, but unrealized based on the well’s blown yield. 

 This study defines and uses a new dependent variable (normalized blown yield) 

for well yield comparison.  It is defined as the blown yield of a well divided by the depth 

of its saturated aquifer penetration.  The static-water-level reported by the drilling 

contractor is used to make this determination.  Therefore, it is superior to using blown 
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yield in that it seeks to normalize wells according to their depth and degree of saturation.  

For example, if two wells have a blown yield of 2 m3/day and one penetrates an 

additional 30 meters of saturated aquifer, the well with lesser aquifer penetration is 

defined as the better producer.  This variable requires additional well record information 

(depth to static-water-level, well depth, and casing depth) and constrains the available 

observations.  However, it does offer a favorable balance between providing ample 

amounts of sensitivity to well yield differences, while retaining an adequate number of 

observations. 

 

3.2 Data Sets 

 Two sets of data were used for this study, including a localized set, specific to the 

Roaring Spring, PA area and a more extensive, regional set, spanning north-south from 

Hollidaysburg, PA to Bedford, PA and east-west from Broad Top Synclinorium to the 

Allegheny Front. 

 The local data set predominantly consists of information produced by Meiser and 

Earl, Inc. as a result of their hydrogeologic investigations of New Enterprise Stone and 

Lime Co.’s Roaring Spring quarry.  Additional information was gathered by Sucher 

(1997) for his M.S. thesis of the quarry.  Further development of well yield information 

was pursued for this study by conducting multiple 1-hour specific capacity tests on 

various wells throughout the locality of Roaring Spring.  Altogether, this produced 66 

wells with adequate information for yield comparison, measured by productivity.  

Unfortunately, testing of suspected permeability-influencing factors through analyses of 

this data set were not as revealing as had been anticipated.  As a result, other existing 
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well yield information was sought after to analyze and prompted the use of a more 

regional data set with a greater abundance of data. 

 The regional data set is derived from information provided by the Pennsylvania 

Ground-Water Information System (PaGWIS), which was created and is maintained by 

the Pennsylvania Geological Survey.  Approximately 5,900 wells were screened 

according to specific criteria, including coordinates, blown yield, casing depth, total well 

depth, and depth to static-water-level to be available in the well records.  This reduced 

the available observations to approximately 2,300 wells.  Optional categories that were 

desired include topography and depth to bedrock.  The information within the database is 

derived from water well completion reports, required of well drillers when they install a 

new well.  This database is sporadically updated, the last time of which was in 1994.  

Provided that this database is periodically updated, future studies may find additional 

information added to this database useful for reassessing or expanding the objectives of 

this study.  The PaGWIS is publicly available and can be accessed via the following 

website. 

http://www.dcnr.state.pa.us/topogeo/groundwater/pagwis/help.aspx 

If this link becomes inactive or outdated, the Pennsylvania Geological Survey can be 

contacted for assistance in accessing this information. 

 

3.3 Data Exploration and Organization 

 Some of the records within the data sets were directly used to help analyze a 

number of tested factors including bedding dip, depth to static-water-level, topography, 

and depth to bedrock.  However, other factors required additional spatial analysis, which 
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includes formation, lithology, fault, proximity to formation contact, fold structure, 

lineament, and soil type categories.  A geographic information system (GIS) was deemed 

as the most useful tool for spatially organizing and analyzing the data. 

 

3.3.1 Data Generation via. GIS 

 ArcView version 8.3 software was used to display and determine the spatial 

relationships between the well yield observations and the suspected permeability 

influencing factors of interest.  Numerous publicly available spatial data files exist that 

permit this and other similar studies to be conducted.  Formation, lithology, fault, 

proximity to formation contact, and structure categories were assessed using directly or 

indirectly the following spatial data sets in shape-file format: 

- Bedrock Geology of Pennsylvania 
- Soil Surveys for Blair, Huntingdon, Bedford, and Fulton Counties 
- USGS 7.5 minute DRGs for Blair, Huntingdon, Bedford, and Fulton Counties 
- USGS 1:100,000 DRG of Johnstown, PA. 
 

These data sets, in addition to others, can be accessed through the Pennsylvania Spatial 

Data Access (PASDA) website through the following address:  www.pasda.psu.edu.  In 

addition to the physical file, information with regards to the data’s origin, quality, 

attributes, spatial reference, and other important metadata are available from the PASDA 

resource.  The lineament category was assessed from GIS data produced by Cakir and 

Gold (2003).
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3.3.2 Statistical Analyses Procedures 

 Statistical analyses of the suspected permeability factors of interest were 

conducted using MINITAB® version 14 software, which has basic, parametric, and non-

parametric statistical functionality.  MINITAB® and MINITAB logo® are registered 

trademarks of Minitab, Inc.  This software also provides full documentation on its various 

procedures.  The summaries provided in Appendix G give the detailed steps involved 

with the statistical tests conducted for this study.  Figure 3.1 displays an example of a 

boxplot, commonly used in the following chapter to graphically display and compare 

sample distributions. 

 

3.4 Data Errors 

 There are various uncertainties pertaining to the analyses conducted on the 

regional data set.  In addition to those related to blown yield, which have been already 

discussed, other uncertainties affecting the data include well coordinates of varying 

accuracy, variable well diameters, variable drilling methods, varying degrees of well 

development, unknown differences in well efficiency, mapping errors, and digitizing 

errors associated with the digital data set that displays the geology. 

 Geographic coordinates are assigned to wells by employees from the 

Pennsylvania Geological Survey, which are based on well driller address descriptions and 

sketches that have variable degrees of accuracy.  Furthermore, these coordinates are not 

field checked.  As a result, assigned well coordinates typically range between 30 – 300 

meters from the actual well position.



 

 

52 Figure 3.1:  Boxplot description.



 53

 Well diameters are not taken into account in this study, which can affect well 

yield.  Municipal or public water wells typically have diameters of 20 cm or greater to 

accommodate greater pumping rates versus standard homeowner wells that are typically 

15 inches in diameter.  However, this is not viewed as a significant error in this study 

since nearly all wells analyzed are private residential wells with common diameters of 15 

cm. 

 Different drilling methods have been found by Daniel (1989) to affect well yield.  

Specifically, the cable tool drilling method was found to enhance well yield with respect 

to others.  However, this factor is not taken into consideration for this study, since nearly 

all wells were drilled using the air rotary method.  Exceptions are present in the regional 

data set where wells have been installed using other drilling methods, but are few in 

number.  This is not a significant source of error in this study. 

 Well development is a common practice by drillers to flush out a well to increase 

its sustained yield.  This practice can be associated more with municipal or public wells 

in an attempt to increase their yield for greater supply.  Although it is typically carried 

out to some degree with private residential wells, it is usually not to any great extent.  

Therefore, variable amounts of well development are performed on wells depending on 

the demand placed upon them.  Nearly all wells included within the regional data set are 

private and residential, likely to have undergone similar development.  Therefore, this is 

not considered a large source of error. 

 Differences in well efficiency can also significantly affect yield.  Well efficiency 

is defined as the ratio of the theoretical drawdown of a well divided by the actual 

drawdown.  Drawdown in excess of what is theoretically predicted occurs due to 
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inefficiencies related to well construction and design, including the presence of well 

screens that can impede flow or poorly developed wells.  In these cases, well yield can 

underestimate the actual aquifer potential.  Aquifer step testing is a procedure that can be 

used to recognize these circumstances.  However, this information is not readily available 

for the wells used in the analyses of this study.  Nearly all wells are open hole, meaning 

that there are no screens to restrict ground-water flow.  However, inadequate amounts of 

well development can leave rock fragments and debris within the borehole, impeding 

well yield. 

 Mapping errors inherently exist when interpreting the geology to create a 

corresponding map.  This is especially the case when small-scale maps are produced, 

which further generalize the geology with respect to the placement of formation 

boundaries, faults, and other geologic attributes.  This study uses the compiled geologic 

interpretation by Berg et al. (1980).  This work was then digitized at a 1:250,000 scale 

and provided by the Pennsylvania Geological Survey as a georeferenced spatial data set.  

Major geologic structures and formations are present in this data set.  However, it is 

important to understand that much of the detail present in a standard 1:24,000 scale 

geologic map is not represented at the 1:250,000 scale, introducing error into the analyses 

of this study.  Significant improvement can be made in the future by refining and 

digitizing the geologic interpretations at a larger scale.  This is viewed as one of the 

major limitations for this study. 
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CHAPTER 4 
 

Hydrogeologic Analyses Results and Discussion 

 
4.1 Statistics and Distributions of Dependent Variables 

 Two independent data sets are used for this study, each with a unique dependent 

variable or response factor.  These variables are referred to by this study as normalized 

blown yield and productivity.  These are discussed in detail in the preceding chapter; 

however, the statistical distributions are discussed in this section and are helpful in 

assessing the normality and characteristics of each data set.  These analyses help guide 

and determine which statistical procedures are most informative, reliable, and 

appropriate. 

 

4.1.1 Untransformed Variables 

 Multiple normality tests were applied to both dependent variables including the 

Anderson-Darling, Ryan-Joiner, and Kolmogorov-Smirnov tests.  All tests indicate that 

these variables are not normally distributed in their raw, untransformed state.  Results 

from the Anderson-Darling Normality Test, an empirical cumulative distribution function 

based test, are included in Appendix A.  Graphically, the data from each set should fall 

along a straight line on a probability plot, with a calculated p-value greater than 0.05 to 

be considered normally distributed at a 95% confidence level.  The data do not meet these 
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criteria.  Other normality tests (Ryan-Joiner and Kolmogorov-Smirnov) produced nearly 

identical results.  Therefore, these are not discussed nor included in appendix. 

 Appendix A also includes graphical summaries of the dependent variables for 

each data set.  These include traditional histogram plots of the data with a fitted normal 

distribution curve, boxplots, and confidence intervals for the mean, median, and standard 

deviation.  Table 4.1 summarizes the basic statistics of the untransformed dependent 

variables. 

 
 
Table 4.1:  Basic statistical summary of untransformed dependent variables. 
 

Normalized 
Blown Yield Productivity

(m^3/day/m) (m^3/day/m/m)
Total Count 2327 66
Mean 7.1 5.2
Median 2.2 0.15
Minimum 0.016 0.0045
Maximum 890 330
Range 890 330
Quartile 1 0.76 0.049
Quartile 3 5.7 1.1
Interquartile Range 4.9 1.1
Standard Deviation 26 42
Standard Error Mean 0.54 5.2
Variance 670 1800
Coefficient of Variation 360 470
Skewness 20 7.3
Kurtosis 610 56

Variable

 

 

4.1.2 Log-Transformed Variables 

 Dependent variables commonly fit a specific distribution type (i.e. normal, log-

normal, gamma, exponential, weibull, etc.).  It has been established that the raw data do 

not follow a normal distribution.  However, it is often possible to transform the variables 
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to conform to normality.  Fourteen distributions were tested including the normal, log-

normal, gamma, exponential, extreme-value, weibull logistic, log-logistic, and variations 

of these distribution types.  The same normality tests used for the untransformed 

variables were applied to the transformed data sets.  The normalized blown yield and 

productivity variables best conform to a log-normal distribution, although adherence to 

this cannot be established at a 95% confidence level.  Appendix B provides similar 

summaries as Appendix A, except uses the log-transformed data.  A significant 

improvement can be seen on the data sets’ conformance to normality in comparison to its 

raw, untransformed state in Appendix A.  Table 4.2 summarizes the basic statistics for 

both log-transformed dependent variables. 

 
 
Table 4.2:  Basic statistical summary of log-transformed dependent variables. 
 

Log Normalized 
Blown Yield Log Productivity

(m^3/day/m) (m^3/day/m/m)
Total Count 2327 66
Mean 0.72 -1.3
Median 0.79 -1.9
Minimum -4.1 -5.4
Maximum 6.8 5.8
Range 11 11
Quartile 1 -0.27 -3.0
Quartile 3 1.7 0.14
Interquartile Range 2.0 3.2
Standard Deviation 1.6 2.5
Standard Error Mean 0.032 0.31
Variance 2.4 6.2
Coefficient of Variation 220 -200
Skewness -0.02 0.74
Kurtosis 0.04 0.16

Variable
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4.1.3 Statistical Procedure Selection 

 Statistical tests generally fall into two main categories, parametric and non-

parametric.  The fundamental difference between the two is that parametrics rely on the 

underlying principle that the observations being tested conform to a normal distribution, 

whereas non-parametric tests make no such assumption.  There are advantages to both 

types; however, non-parametric methods have a wider range of applicability and many 

advantages over parametrics. 

 If normality is satisfied by a set of observations, parametric methodologies offer 

the best variety of tests that most accurately estimate the statistical parameter unknowns, 

while maintaining the smallest error in hypothesis testing.  However, parametrics can be 

dangerously misleading if the underlying assumptions are violated.  Any asymmetry of 

the spread of observations implies at least some degree of non-normality.  Conditions 

also exist where observations follow a definitive symmetry, yet cannot be explained by 

the normal distribution (Noether, 1971).  Therefore, parametric tests are useful, but care 

needs to be taken to ensure their overall applicability and proper implementation. 

 Non-parametric based statistical procedures are commonly described as being 

robust, since many of the underlying assumptions are simplified or eliminated with 

respect to their parametric equivalents, yet much of the statistical power is retained.  The 

primary assumption with non-parametric methods is that observations being tested have 

come from a random and continuous population.  Non-parametric methods do not require 

any underlying assumptions with regards to the data distribution.  Other advantages 

include the exact calculation of experiment error rates, confidence interval probabilities, 

and p-values.  Non-parametrics are also commonly easier to apply and understand with 
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respect to their parametric counter-parts, in addition to being relatively insensitive to 

outlying observations.  Most profound, recent theoretical studies have shown that non-

parametric methods are only slightly less efficient when analyzing normally distributed 

data and can be vastly more efficient than the parametric methods when the populations 

follow non-normal or unknown distributions (Hollander and Wolfe, 1999). 

 Statistical methodologies chosen for this study were guided by the preceding 

understanding of non-parametric and parametric limitations and advantages, by the nature 

and statistical distribution of the data sets, and by the successful application of statistical 

methodologies used in similar past studies.  The primary statistical tests chosen for this 

study include the non-parametric Mood’s Median, Kruskal-Wallis, and Mann-Whitney 

tests.  These procedures compare the significance of two or more independent levels with 

regards to a single factor.  Formations, lithology, faults, structure, etc. all constitute 

individual factors, whereas independent levels are sub-divisions of these categories.  

Further break-down of levels will be referred to as sub-levels.  Therefore, the hierarchy 

used hereon is factor, level, and sub-level. 

 For example, when testing the factor, “faults”, each fault type or level (i.e. strike-

slip, thrust, etc.) is tested against the others for significant differences in median or rank, 

depending on the type of test.  Additionally, some fault types (thrusts) can be further 

broken down into sub-levels (hanging-wall and foot-wall).  This has a significant 

disadvantage when compared to the parametric method of multiple linear regression in 

that all factors, levels, and sub-levels contained within can not be compared 

quantitatively against one another.  However, some sense of each factor’s importance can 

be gained by examining its range of level and sub-level measures of center. 
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 All three tests are not necessarily used for each factor of interest.  The Mann-

Whitney Test is more applicable for comparing categorical type factors (i.e. formations, 

lithology, etc), whereas the Mood’s Median and Kruskal-Wallis tests are adequate for 

continuous types (depth to bedrock, depth to static-water-level, proximity to formation 

contact, etc.).  In accordance, Mann-Whitney testing procedures can adequately answer 

questions such as, “How does the yield of one specific formation compare statistically 

against the remaining formations of interest?”  Mood’s Median and Kruskal-Wallis tests 

can not answer these types of questions.  However, they are simpler and can satisfactorily 

answer questions such as, “Does well yield generally increase or decline with increasing 

distance from formation contacts?”  In these cases, the interest is to know whether one or 

more levels are significantly different in terms of their median yield.  Once this is 

established, comparing the level measures of center can reveal pertinent trends. 

 The use of multiple linear regression (parametric method) to describe independent 

variable behavior was explored based on the suspected near log-normal distribution of 

yield observations presented in Appendix B.  The log-transformed dependent variables 

are not normally distributed at a 95% confidence level.  However, the graphical 

summaries do provide evidence that the normality distribution assumption may be 

satisfied sufficiently to permit the use of parametric methods.  Also, the data sets used for 

this study are relatively large and spatially random, furthering the chances of fulfilling the 

normality assumption.  Unfortunately, initial multiple linear regression analyses were 

only able to explain approximately 10-15 percent of the yield variations based upon the 

independent variables of interest.  This low percentage of explanation was deemed 
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insufficient for further development of this analysis type.  Therefore, multiple linear 

regression analyses are not used. 

 The following sections will present the results of all statistical tests.  Some basic 

interpretations are given for all the test results; however, the main discussion of the 

results will be provided after all tests are presented for interpretation conciseness and 

cohesiveness.  Fracture traces, lineaments, and soil type were originally included as 

potential permeability factors at the onset of this study.  However, limitations, including 

coordinate accuracies, spatial variability, and well yield data were too inadequate to 

effectively test these factors. 

 

4.2 Formation Assessment on Well Yield and Permeability 

 The first objective of this study is to identify which bedrock formations serve as 

more or less prolific aquifers.  This was accomplished by assessing the yield 

characteristics of wells penetrating different formations throughout the study region.  

Twenty-three formations or formation combinations were tested, based on adequate well 

yield information and sufficient spatial constraint.    The regional data set, consisting of 

2,327 wells was used for the assessment due to its superior spatial coverage and large 

number of observations.  All formations in this and in the following sections are referred 

to by their respective map symbols assigned in Chapter 2.  Table 4.3 in Section 4.3 also 

provides this nomenclature.  Appendix C provides a summary of the basic normalized 

blown yield statistics for each formation tested in the Mood’s Median, Kruskal-Wallis, 

and Mann-Whitney testing procedures. 

 



 62

4.2.1 Mood’s Median Test 

 Mood’s Median Test was the first procedure applied to the data to determine any 

significant differences in yield between varying formations.  It is the non-parametric 

equivalent to the One-Way Analysis of Variance and is similar to the Kruskal-Wallis 

Test.  This procedure is quite robust against significant outliers and data errors in 

comparison to the Kruskal-Wallis; however, it has a much wider confidence interval and 

therefore is less powerful for many population distributions.  Appendix D includes a 

summary of the results of this test with regards to formations. 

 Given 22 degrees of freedom and a calculated chi-square test statistic of 139.28, 

the alternate hypothesis that one or more level median yields are significantly different 

and can be accepted at a confidence interval greater than 99.9% as indicated by the 

calculated p-value of 0.000.  In summary, one or more formations have significantly 

different medians from the remaining population.  However, this test is not capable of 

specifying the statistical significance of different formations or levels individually.  One 

can gain a general relative sense of which aquifers are more prolific by comparing their 

individual medians and inter-quartile ranges from the test summary. 

 

4.2.2 Kruskal-Wallis Test 

 The next procedure used to test formation yields is the Kruskal-Wallis Test, 

which is a generalization of the Mann-Whitney.  Although it is less resistant to data 

outliers in comparison to Mood’s Median Test as previously mentioned, it is more 

powerful for most distributions and has a narrower confidence interval.  Appendix E 

includes the Kruskal-Wallis Test summary for this factor. 
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 The test statistic, H, is calculated by considering the number of level observations, 

the total number of sample observations, the average of level observation ranks, and the 

average of all ranks.  Therefore, the fundamental difference between the Kruskal-Wallis 

and Mood’s Median Test is that the first examines level ranks rather than the actual yield 

median.  The distribution of H can be reasonably approximated by a chi-square 

distribution if no level has fewer than five observations.  Since all levels tested have ten 

or more observations, this criterion is fully satisfied.  Considering an H test statistic of 

195.69, 22 degrees of freedom, and a calculated p-value of 0.000, the alternate hypothesis 

that one or more level yield medians are significantly different can be accepted at a 

confidence level greater than 99.9%. 

 Similar to Mood’s Median Test, this procedure does not single out which levels 

are significantly different.  However, the average rank and median of each level do 

provide a fairly good estimate of their relative significance.  Z-values listed in the test 

summary are meant to indicate the amount of level departure from the overall sample 

rank.  The smallest values would indicate the greatest amount of negative departure and 

the converse would be true for positive values.  However, this statistic is heavily 

dependent on individual level size.  Given that the range between the smallest and largest 

level is 390 observations, this value is probably bias and should not be heavily weighted 

in assessing the formations in terms of their yield characteristics. 
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4.2.3 Mann-Whitney Test 

 The Mann-Whitney Test is a 2-sample rank test and is the underlying basis for the 

Kruskal-Wallis.  This procedure allows the significance between levels to be determined 

by conducting multiple pair-wise comparisons.  The null hypothesis is that all level 

medians are equal based on their ranks.  Multiple alternative hypotheses can be tested 

including:  M1 > M2, M1 < M2, and M1 ≠  M2, where M1 and M2 are the medians of 

levels 1 and 2, respectively.  One alternative hypothesis is chosen for each test.  

Important underlying assumptions are that the data are independent random samples from 

two populations with the same distribution, equal variances, and on a continuous scale. 

 The Mann-Whitney Test procedure was used to compare every possible pair-wise 

combination of levels, amounting to 506 individual tests.  To establish a relative level 

order in terms of yield potential, the hypothesis M1 > M2 was tested.  Appendix F 

includes the summaries for these tests.  Shaded values indicate that M1 > M2 is accepted 

at a minimum 95% confidence level.  After the tests were conducted, the levels were 

ordered by two methods.  One orders the levels by the onset of the first obtainable p-

value at or below 0.5.  Fields that have stars indicate that M1 > M2 is rejected at all 

confidence levels less than 50%.  The second reflects a best fit ordering, solely based on 

p-values that meet a minimum 95% confidence level.  Given uniform and adequate 

sample sizes for all levels and significant differences between their medians, a perfect 

stair-stepping downward configuration would be seen from the shaded, minimum 95% 

confidence level p-values.  Both of these are included in Appendix F and labeled 

appropriately. 
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4.2.4 Formation Order of Aquifer Importance 

 Boxplots of formation normalized blown yields were constructed and ordered by 

median, decreasing average rank, Mann-Whitney p-value onset, and Mann-Whitney 95% 

confidence level best fit to help assess the relative importance of each formation with 

regards to aquifer importance.  These are included as Figures 4.1 – 4.4. 

 In general, three groupings stand out as being atypical from each other, based on 

formation normalized blown yields ordered by decreasing average rank (Figure 4.2).  

This is further represented as Figure 4.5.  The Warrior Formation, consisting of inter-

bedded limestone and dolomite, is by far the most prolific aquifer, standing apart from all 

remaining formations.  This is included in the high yield grouping of formations that 

share similar yields and represent the upper-end of aquifer significance.  These 

formations are typically composites of impure dolomite, limestone, and/or shale.  

Formations with an intermediate yield consist of inter-bedded clastics and limestone, 

although they tend to have less carbonate then those that are apart of the high yield group.  

Formations apart of the low yield group are dominated by sandstone and shale 

compositions. 

 The absolute order of formation importance according to normalized blown yield 

cannot be determined statistically between all levels; however, many relationships can be 

established at a minimum 95% confidence level based on the Mann-Whitney 

assessments.  For example, the median normalized blown yield of Cw (Warrior) is 

significantly greater (statistically), when compared to all other formations with the 

exception of Cg (Gatesburg).  However, Cw is significantly greater than Cg if the 

confidence level is dropped to 91.8% as indicated by the calculated p-value of 0.082.   
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 The ordering of formations by normalized blown yield rank probably reflects the 

best sequential order of aquifer importance, since it is a very robust measure of center and 

is relatively independent of sample size.  Although the non-parametric procedures are 

very powerful in their hypothesis-testing capabilities, some bias is present due to the 

large fluctuating number of observations for the different formations.  Naturally, a larger 

number of observations for a specific formation will increase the chances of being able to 

detect that it is significantly different from another.  Additionally, it is likely that some 

formations are nearly identical with regards to their yield characteristics.  Therefore, it 

should not be expected that statistically significant differences exist between every 

formation.  A more comprehensive discussion with regards to individual formation 

characteristics and their impact on well yield is provided after all factor analyses are 

presented. 

 

 

 

 

 

 

 

 

 

 



 

Figure 4.1:  Boxplot of normalized blown yield vs. formations, ordered by decreasing m
 

67edian (left to right). 
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Figure 4.2:  Boxplot of normalized blown yield vs. formations, ordered by decreasing average rank (left to right). 



 

 

Figure 4.3:  Boxplot of normalized blown yield vs. formations, ordered by Mann-Whitney P-value onset. 69



 

 

70Figure 4.4:  Boxplot of normalized blown yield vs. formations, ordered by Mann-Whitney 95% confidence level best fit. 



 

 

Figure 4.5:  Boxplot of normalized blown yield vs. formations, ordered by decreasing average rank (left – right) and  71

grouped by similar yield.
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4.3 Lithology Assessment  on Well Yield and Permeability

 The second objective of this study is to ascertain the role of differing lithologies 

on well yield and bedrock permeability.  This was accomplished by grouping the twenty-

three formations stated in the previous section into various generic lithologic categories:  

dolomite (D), limestone (LS), limestone and dolomite (LS&D), sandy dolomite (SD), 

shale (SH), shale and limestone (SH&LS), shale and sandstone (SH&SS), and sandstone 

(SS).  Thus, the regional data set consisting of 2,327 wells was used again.  Table 4.3 

summarizes the lithologic categories, included formations, and symbology.  A statistical 

summary of normalized blown yield categorized by lithology is included in Appendix C. 

 

Table 4.3:  Summary of tested lithologies and included formations within respective 
categories. 
 

Lithology Categories

Hamilton (Dh) Onondaga & Old Port 
(Doo) Reedsville (Or) Conemaugh (Pc)

Clinton (Sc) Wills Creek (Swc) Wills Creek through 
Mifflintown (Swm)

Shale (SH) Brallier & Harrell (Dbh) Catskill (Dck) Foreknobs (Df) Scherr (Ds)

Limestone (LS) Keyser through 
Tonoloway (DSkt)

Coburn through 
Loysburg (Ocl)

Bloomsburg & 
Mifflintown (Sbm)

Sandy Dolomite (SD) Gatesburg (Cg) Nittany & Stonehenge 
(Ons)

Sandstone (SS) Pocono (Mp) Tuscarora (St)

Dolomite (D) Bellefonte & Axemann 
(Oba) Bellefonte (Obf)

Shale & Sandstone (SH&SS) Mauch Chunk (Mmc) Allegheny (Pa)

Limestone & Dolomite (LS&D) Warrior (Cw)

Shale & Limestone (SH&LS)

Formations
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4.3.1 Mood’s Median Test 

 Mood’s Median Test was used to detect any significant differences in lithology 

level yield medians.  Given 7 degrees of freedom and a chi-square test statistic of 104.27, 

there are at least one or more lithologies that are significantly different at a confidence 

level greater than 99.9%, indicated by a calculate p-value of 0.000.  A summary for 

Mood’s Median Test for lithology is included in Appendix D.  The medians and inter-

quartile ranges provide good estimates of category magnitudinal differences and 

lithologic order of aquifer significance. 

 

4.3.2 Kruskal-Wallis Test 

 Following the same testing procedure progression as for formations, the Kruskal-

Wallis Test was next applied to the lithology categories.  Given 7 degrees of freedom and 

a calculated H test statistic of 156.34, the test indicates that at least one lithology level is 

significantly different from those remaining at a confidence level greater than 99.9% as 

indicated by a p-value of 0.000.  For these tests, the H test statistic approximates a chi-

square test statistic.  Appendix E includes the Kruskal-Wallis Test summary for this 

factor. 

 

4.3.3 Mann-Whitney Test 

 All possible pair-wise combinations of lithology levels were tested by the Mann-

Whitney Test for significant differences in median normalized blown yield.  The 

alternative hypothesis tested was M1 > M2.  Appendix F includes a summary of the p-

values calculated for each comparison.  Twenty different pair-wise comparisons of 
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lithology levels are proven to be significantly different in terms of their normalized 

blown yield.  The results can be interpreted from the table in the same manner as the 

Mann-Whitney comparative tests conducted for the formation levels.  The lithology 

levels are ordered by rank, which also happens to coincide with the order for the onset of 

the first obtainable p-value and best-fit order of the first obtainable 95% confidence 

levels. 

 
 
4.3.4 Lithology Order of Aquifer Importance 

 Two boxplots were constructed of normalized blown yield versus lithology and 

ordered by decreasing median and average rank (Figures 4.6 and 4.7, respectively).  The 

order based on average rank is the same for the orders based on the first obtainable p-

values at or below 0.5 and for the best-fit at a 95% confidence level (based on the Mann-

Whitney analyses).  Therefore, only the figure based on rank is presented to eliminate 

redundancy. 

 Figure 4.7 presents the most probable order of significance for lithology 

categories.  The orders based on median and rank are identical except for the SH&SS 

(shale and sandstone) and D (dolomite) levels.  The dolomite has a lower yield median 

than shale and limestone (1.55 vs. 1.7, respectively); however, the mean, interquartile 

range, upper limit, and third quartile are significantly higher for the dolomite, suggesting 

greater yield potential. 



Figure 4.6:  Boxplot of normalized blown yield vs. lithology, ordered by decreasing me
 

75dian (left to right). 



 

 

Figure 4.7:  Boxplot of normalized blown yield vs. lithology, ordered by decreasing average rank (left to right) 76
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4.4 Fault Assessment on Well Yield and Permeability 

 The third interest of this study is to determine what effects different faults have on 

well yield and permeability given their proximity to well locations.  Wells were 

categorized into four main levels, depending on their map view distance to the nearest 

fault.  Those beyond 3,000 meters from any known mapped thrust, suspected-thrust, or 

strike-slip fault structure were grouped as non-fault (NA) types.  Wells within 3,000 

meters from a thrust, suspected-thrust, or strike-slip fault were grouped accordingly (TH, 

STH, and SS, respectively).  In the case that a well fell within 3,000 meters of two or 

more faults, it was categorized according to the closest fault type.  Normal faults are not 

as prevalent as those just discussed and lacked the necessary well control to test.  Wells 

categorized as TH and STH were broken down further with regards to the well’s 

placement within the thrust hanging-wall or foot-wall to test for any significant 

differences.  Figure 4.8 displays the mapped structures and their classification used for 

the fault analyses. 

 The basic statistics for the various fault type levels just discussed are included in 

Appendix C.  However, these statistics are optimized according to the fault distance 

interval.  To clarify, the distance of 3,000 meters chosen for fault classification is 

arbitrary.  It ensures that all wells that have the highest probability of being under the 

influence of a fault are included.  However, the wells being influenced by a particular 

fault may be confined to a much smaller zone than 3,000 meters from its surface 

expression.  The 3,000 meter distance only serves as a starting point and is later refined to 

more appropriate distances according to fault type. 
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Figure 4.8:  Mapped faults and their classification used for faulting analyses.  STH:  
Suspected thrust fault; TH:  Thrust fault; SS:  Strike-slip fault (Berg et al., 1980; Cakir 
and Gold, 2003; U.S. Geological Survey, 1969). 
 
 
 
 The optimum intervals were found experimentally by examining the well yield 

statistics at various distances from the fault traces.  Pair-wise comparisons via the Mann-

Whitney testing procedure were deemed as the most efficient means of testing the thrust 

faults and their hanging-wall/foot-wall sub-levels.  Statistical tests were not conducted on 
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the strike-slip transverse faults due to the lack of any data suggesting an influence on well 

yield.  Also, the Mood’s Median and Kruskal-Wallis tests were not conducted for this 

factor as their results would not contribute any additional information to that provided by 

the Mann-Whitney.  Appendix C gives the summary statistics of wells within 150 meters 

of the mapped strike-slip features.  Summary well yield statistics are strikingly similar for 

non-fault and strike-slip fault categories, even at the 150 meter interval.  The regional 

data set consisting of 2,327 wells was used for this assessment. 

 

4.4.1 Mann-Whitney Test 

 The Mann-Whitney Test was conducted on four main fault comparisons, each 

with varying distance intervals.  These consisted of thrust vs. non-fault, hanging-wall vs. 

non-fault, foot-wall vs. non-fault, and hanging-wall vs. foot-wall wells.  A summary table 

of the comparative test results is included in Appendix F. 

 In general, thrust-related wells up to 3,000 meters from the fault’s surface 

expression have a median yield that is statistically greater at a confidence level exceeding 

99.9%.  However, more detailed analyses are needed to ascertain differences between 

hang-wall, foot-wall, and non-fault related wells and their varying distance intervals from 

the fault’s surface expression.  Figure 4.9 provides boxplots of the non-fault and general 

thrust categorized wells. 

 Wells present in the hanging-wall of a thrust have median yields statistically 

greater at a confidence level greater than 95%, when compared to non-fault related wells.  

This holds true for all distance intervals up to 1,500 meters from the major faults’ surface 
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expression.  Beyond 1,500 meters, wells do not receive any noticeable yield enhancement 

due to wells placed within the hanging-wall of a thrust.  Figure 4.10 illustrates boxplots 

of non-fault and hanging-wall categorized wells. 



 
 

Figure 4.9:  Boxplots of normalized blown yield vs. non-fault (NF) and thrust (G) level w
 

ells. 81



 
 

 
 
Figure 4.10:  Boxplots of normalized blown yield vs. hanging-wall (HW) sub-level and non-fault (NF) level wells. 82
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 Foot-wall related wells exhibit anomalous yield behavior.  Median normalized 

blown yield and statistical significance improve with increasing distance from the thrust 

on the foot-wall side.  This can be attributed to the likelihood that these wells are also in 

the hanging-wall of another splay-thrust.  Therefore, as the distance increases from the 

thrust expression on the foot-wall side, wells are increasingly closer to another thrust on 

the hanging-wall side.  Figure 4.11 graphically displays the yield statistics for tested 

intervals.  Figure 4.8 displays the faults used for the statistical analyses, although blind or 

unmapped faults could also be attributing to this anomalous yield behavior. 

 A comparison of foot-wall and hanging-wall wells reveals a doubling of median 

yield for the later category given proximities within 1,000 meters.  Statistical significance 

at or above 95% is limited to intervals within 500 meters.  However, the calculated 

significance of well yield within thrust hanging-walls is most likely hampered by the 

foot-wall phenomena previously discussed.  Figure 4.12 gives a graphical comparison 

between foot-wall and hanging-wall sub-level wells. 

 Suspected thrust faults revealed through satellite imagery as lineaments were not 

tested, despite the substantial dissimilarities between yields of hanging-wall and foot-wall 

sub-level wells.  However, the summary statistics are still included in Appendix C.  Tests 

for statistical significance were not conducted due to the interference of additional factors 

suspected of influencing permeability and well yield (topography and lithologic 

variations).  Wells within the foot-wall portion of the suspected thrust faults are 

consistently in more upland regions within less permeable strata when compared to 

hanging-wall classified wells.  This presents a problem when analyzing for hanging-

wall/foot-wall variations since these factors could compound the yield differences. 



 

Figure 4.11:  Boxplots of normalized blown yield vs. foot-wall (FW) sub-level and non
 

-fault (NF) level wells. 84



 

 
 
Figure 4.12:  Boxplots of normalized blown yield vs. hanging-wall and foot-wall sub-level wells. 85
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Proof of this occurrence is evident by the median normalized yields of the hanging-

wall/foot-wall sub-levels for suspected and confirmed thrust features (1.6/4.0 and 2.6/3.9 

m3/day/m, respectively).  Analyzing wells using confirmed thrust features does not 

produce the bias that suspected thrusts create, due to the confirmed features’ greater 

spatial variability. 

 

4.5 Formation Contact Assessment on Well Yield and Permeability 

 Formation contacts were analyzed for any significant effects on well yield and 

permeability.  Wells within 1,000 meters of a contact were used for the analyses, while 

those related to faults were eliminated.  The regional data set was used and reduced to 

2,094 wells using these criteria.  This factor is different from the previous three in that it 

is purely continuous rather than categorical.  There are no varying types of formation 

contacts considered, only their proximity to wells.  The Kruskal-Wallis and Mood’s 

Median tests were used for the analyses. 

 The observations were divided into 10, 100, and 200 meter intervals, ranging 

from 0-100, 0-1000, and 0-1000 meters, respectively from the formation contact and 

tested for significant differences amongst the intervals of each range.  This was done to 

investigate the factor effects at all scales.  Also, the coordinate accuracies of the 

observations could affect at what intervals significant differences are found.  The 

summary statistics are included in Appendix C for the varying interval ranges.  Figures 

4.13 – 4.15 give the boxplots of the 10, 100, and 200 meter interval ranges tested. 

 



 

Figure 4.13:  Boxplots of normalized blown yield vs. formation contact 10 meter distan
 

87ce intervals. 



 

 

Figure 4.14:  Boxplots of normalized blown yield vs. formation contact 100 meter distance intervals. 
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89Figure 4.15:  Boxplots of normalized blown yield vs. formation contact 200 meter distance intervals.
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4.5.1 Mood’s Median Test 

 Mood’s Median Test was first performed for wells divided into 10 meter intervals 

ranging from 0 to 100 meters from the closest formation contact.  Given 9 degrees of 

freedom, a chi-square test statistic of 3.31, and a p-value of 0.951, no statistically 

significant differences were found for median yield between any interval for all ranges.  

Non-statistical consideration of the interval medians and other measures of center 

suggests the same. 

 Wells ranging from 0 to 1,000 meters from formation contacts were also tested at 

100 meter intervals.  A chi-square test statistic of 11.03, 9 degrees of freedom, and a p-

value of 0.274 were the result, rejecting the alternate hypothesis that one or more level 

yield medians are significantly different.  Likewise, measures of center do not provide 

any evidence in support of yield medians being different with varying formation contact 

proximity.  One more test was conducted on 200 meter intervals ranging from 0 to 1,000 

meters from formation contacts.  Results were similar to the previous two tests.  The 

Mood’s Median tests for this factor are summarized and included in Appendix D. 

 

4.5.2 Kruskal-Wallis Test 

 The Kruskal-Wallis Test was conducted on the same interval classifications used 

for the Mood’s Median Test.  Wells divided into 10 meter intervals did not show any 

statistically significant differences in yield, given an H test statistic of 4.09, 9 degrees of 

freedom, and a p-value of 0.905.  However, tests conducted on the 100 and 200 meter 

classified wells detected statistically significant differences in yield median, based on 

average rank. 
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 Wells divided into 100 meter intervals have one or more levels that are 

statistically different at a 99.2% confidence level, given an H test statistic of 22.13, 9 

degrees of freedom, and a p-value of 0.008.  Upon examining the level average ranks, it 

is apparent that the 0-100 meter interval is receiving the greatest yield benefit with 

regards to formation contacts. 

 Wells divided into 200 meter interval levels were also found to have statistically 

different yield medians at a 99.4% confidence level, based on an H statistic of 14.39, 4 

degrees of freedom, and a p-value of 0.006.  The average ranks of the groups suggest a 

decline in yield median, given farther proximities of wells with respect to formation 

contacts.  Appendix E includes summaries of all three Kruskal-Wallis tests performed 

with regards to formation contacts. 

 

4.6 Depth to Bedrock Assessment on Well Yield and Permeability 

 Depth to bedrock as reported from water well completion reports was explored as 

a possible factor affecting well yield and bedrock permeability.  The regional data set was 

used.  However, not all wells within this set have reported values for depth to bedrock; 

Therefore, this data set was screened to 1,853 wells for testing purposes.  Wells were 

categorized by overburden depth every 5 meters, ranging from 0 to 20 meters.  An 

additional group includes wells with overburden thickness exceeding 20 meters, creating 

a total of 5 individual levels to test from.  The Mood’s Median and Kruskal-Wallis tests 

were used for the analysis of this factor, since the variables of interest are continuous.  

Appendix C includes a statistical summary of the depth to bedrock levels.  Figure 4.16 

displays the box-plots of the overburden thickness intervals and their yield statistics.  It 
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also illustrates an increasing median yield trend with increasing overburden thickness 

quite well. 

 

4.6.1 Mood’s Median Test 

 Increasing overburden thickness is directly proportional to well yield based on 

median yields and the outcome of this test.  A chi-square test statistic of 24.03, 4 degrees 

of freedom, and a p-value less than 0.000 indicates that the median yield of one or more 

intervals is statistically different at a confidence level exceeding 99.9%.  Upon examining 

the median yields, wells placed in areas with overburden thickness in excess of 20 meters 

have median yields more than double those that have 0 to 5 meters of overburden 

thickness.  The summary of these test results is included in Appendix D. 

 

4.6.2 Kruskal-Wallis Test 

 The Kruskal-Wallis Test produced identical results as the Mood’s Median.  An H 

test statistic of 34.7, 4 degrees of freedom, and a p-value less than 0.000 indicates that 

one or more level medians are significantly different at a confidence level exceeding 

99.9%, based on average level ranks.  Additionally, average level ranks and medians 

indicate that well yield increases with increasing overburden thickness.  The Kruskal-

Wallis Test summary is included in Appendix E. 

 

 

 

 



 

Figure 4.16:  Boxplots of normalized blown yield vs. depth to bedrock.
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4.7 Depth to Static-Water-Level Assessment on Well Yield and Permeability 

 Depth to static-water-level (SWL) is commonly reported in water well completion 

reports, as specified by the Pennsylvania Geological Survey.  This too was explored as a 

possible factor influencing well yield and permeability.  The regional data set was used 

for analysis.  However, 15 additional wells were added to the set that did not meet the 

necessary requirements for the previous investigated factors, but did meet those needed to 

test depth to SWL.  Observations of 2342 wells were used for the testing of this factor, 

divided into 5 depth intervals.  These range from 0 to 20 meters at 5 meter increments, 

while the last interval includes SWL depths beyond 20 meters from the surface.  The 

Mood’s Median and Kruskal-Wallis tests were used for detecting statistically significant 

differences between the level median yields.  Appendix C provides the basic statistical 

summaries.  Figure 4.17 presents boxplots for the tested levels. 

 

4.7.1 Mood’s Median Test 

 Mood’s Median Test indicates that one or more level yield median is significantly 

different at a confidence level greater than 99.9%.  This is indicated by a calculated chi-

square test statistic of 85.99, 4 degrees of freedom, and a p-value less than 0.000.  

Median yield decreases drastically given depths to SWL beyond 5 meters from the 

ground surface.  In fact, wells in areas with SWL depths beyond 20 meters yield less than 

half those that have SWL depths within 5 meters of the ground surface.  Appendix D 

includes the Mood’s Median Test summary for this factor.



 

Figure 4.17:  Boxplots of normalized blown yield vs. depth to static-water-level.
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4.7.2 Kruskal-Wallis Test 

 Results from the Kruskal-Wallis Test supports that median well yield decreases 

with increasing depth to SWL at a confidence level greater than 99.9%.  This is indicated 

by an H statistic of 96.07, 4 degrees of freedom, and a p-value less than 0.000.  The 

Kruskal-Wallis Test summary is included in Appendix E. 

 

4.8 Topography Assessment on Well Yield and Permeability 

 The role of topography on well yield and permeability was assessed by analyzing 

wells categorized as being in valley, slope, or hill dominated terrain.  This information is 

derived from the available PaGWIS records for wells within the regional data set, 

consisting of 1902 total well observations.  The Mood’s Median, Kruskal-Wallis, and 

Mann-Whitney tests were used to analyze this factor.  The summary statistics for the 

levels of this factor are included in Appendix C.  Figure 4.18 provides the boxplots of the 

valley, slope, and hill levels according to normalized blown yield. 

 

4.8.1 Mood’s Median Test 

 One or more levels for topography are significantly different at a confidence level 

exceeding 99.9% as indicated by a chi-square test statistic of 29.46, 2 degrees of freedom, 

and a calculated p-value less than 0.000.  Based on the median and the interquartile range 

values, wells within valleys have the largest average yields.  Slope and hill-situated wells 

have intermediate and low yields, respectively.  The summary for this test is included in 

Appendix D. 

 



 

Figure 4.18:  Boxplots of normalized blown yield vs. topography.
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4.8.2 Kruskal-Wallis Test 

 The Kruskal-Wallis Test produced identical results as Mood’s Median, indicating 

that one or more levels of topography are significantly different at a confidence level 

exceeding 99.9%.  The testing procedure produced an H test statistic of 35.16 and a p-

value less than 0.000, given 2 degrees of freedom.  All measures of center indicate that 

median yields decrease given valley, slope, and hill topographic settings, respectively.  A 

Kruskal-Wallis Test summary for topography is included in Appendix E. 

 

4.8.3 Mann-Whitney Test 

 Pair-wise comparisons of the valley, slope, and hill levels were made using the 

Mann-Whitney testing procedure.  Valley wells have statistically greater average yields 

than slope and hill levels at a confidence level exceeding 99.9%.  Also, slope wells have 

statistically greater average yields than hill wells at a confidence level greater than 

99.9%.  Appendix F includes a summary of the Mann-Whitney Tests conducted for 

topography. 

 

4.9 Fold Structure Assessment on Well Yield and Permeability 

 Anticlines and synclines were assessed for their influence on well yield and 

permeability by comparing wells within 1000 meters of each structure’s axial trace.  

Wells within this close proximity were used to ensure the structure’s influence if it exists.  

Figure 4.19 displays the anticline and syncline axial traces used for the analysis.  Well 

data were used from the regional data set and narrowed to 652 total observations based 

on the 1,000 meter criterion. 
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Figure 4.19:  Major anticline and syncline axial traces used for analysis of fold structures 
(Berg et al., 1980). 
 
 
 
Since there are only two levels of interest, the Mann-Whitney Test suffices to adequately 

determine any significant differences in median yield between the anticline and syncline 

located wells.  Appendix C includes the summary statistics for the fold structures.  Figure 

4.20 displays the normalized blown yield box-plots of the anticline and syncline 

categorized wells within 1,000 meters of each structure’s axial trace.



 

Figure 4.20:  Boxplots of normalized blown yield vs. fold structure.
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4.9.1 Mann-Whitney Test 

 Anticlines were found to have greater median yields than synclines at a 99.23% 

confidence level, as indicated by a calculated p-value of 0.0077.  The result of this Mann-

Whitney Test is consistent with all measures of center.  Appendix F includes a test 

summary of the fold structures. 

 

4.10 Bedding Dip Assessment on Well Yield and Permeability 

 Bedding dip was not assessed via. the regional data set due to the lack of data.  

However, dip is known for many localities in the vicinity of Roaring Spring.  Therefore, 

the local data set was used to explore differences between wells located in varying 

bedrock dips.  Two levels (0-60 and 60-90 degrees) were assessed based upon 58 out of 

66 observations included in the local data set.  The Mann-Whitney Test was used 

exclusively, being the easiest and most appropriate procedure.  Appendix C includes the 

statistical summaries of both levels.  Figure 4.21 provides box-plots of their productivity. 

 

4.10.1 Mann-Whitney Test 

 Neither level was found to have a median yield statistically greater at a minimum 

95% confidence level.  However, when considering the 0-60 and 60-90 degree categories, 

the first was found to be statistically greater at a 92.1% confidence level.  This outcome 

does not meet the minimum conditions necessary for statistical significance; however, it 

does corroborate with evidence provided by Figure 4.21,



 

Figure 4.21:  Box-plots of productivity vs. bedding dip.
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dip category measures of center summarized in Appendix C, and previous research 

indicating that lower bedding dips favor higher well yield and greater permeability. 

 

4.11 Discussion 

4.11.1 Formations 

 Formations throughout the entire study region exhibit a range of properties, as 

indicated by statistics performed on their yields.  Generally, formations with yield means 

closer to their yield median and inter-quartile range (IQR) can be identified as more 

diffuse aquifers.  Those with yield means well beyond their medians and IQRs may have 

substantial yield potential, but only in localized areas, reducing the aquifer’s yield 

predictability.  Smaller amounts of yield skewness and variance are also good indicators 

that aquifer yield is more consistent.  These statistical measures consider and help 

recognize the presence of yield outliers and their magnitudinal differences. 

 The Gatesburg (Cg) and Onondaga/Old Port (Doo) formations provide a good 

comparative example of diffuse vs. more localized ground-water flow.  The Gatesburg 

and Onondaga/Old Port formations both have similar IQRs (13 and 12 m3/day/m, 

respectively); however, the Gatesburg has a higher median yield (6.0 and 4.7 m3/day/m, 

respectively).  Additionally, the Onondaga/Old Port has a higher average mean (18 vs.15 

m3/day/m).  The higher yield mean for the Onondaga/Old Port indicates that it has more 

abundant higher yielding outliers in contrast to the Gatesburg.  However, these variations 

also indicate that the Gatesburg is more diffuse than the Onondaga/Old Port and produces 

higher yielding wells on a more consistent basis.  
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 It is useful to understand which formations serve as the more prolific aquifers in 

the region.  However, it is also critical to understand which aquifer attributes contribute 

most to their yield prolificacy.  By doing so, the understanding of yield influencing 

characteristics can be applied to other formations in different regions, similar in 

geological setting and climate. 

 Three basic primary formation properties are characteristic of those that comprise 

the most prolific aquifers, including the inclusion of carbonate, thin-bedding/inter-

bedding, and coarse-grained composition.  These features likely enhance the secondary 

permeability of their respective formations through both chemical and physical processes.  

The properties were recognized by examining the stratigraphic descriptions of the best 

and worst aquifers tested in this study.  A comparison between the Gatesburg (Cg) and 

Bellefonte (Obf) formations exemplifies these concepts well. 

 The Gatesburg and Bellefonte formations are both dolomitic; however, they have 

vastly different aquifer properties with the Gatesburg having a median yield four times 

greater.  The underlying principles controlling this phenomenon involve the primary 

composition and structure of each formation and its disposition to subsequent weathering 

and permeability development.  Overall, the Gatesburg is composed of thin-bedded, 

coarse-grained dolomite, inter-bedded with fine/coarse-grained sandstone.  The 

Bellefonte is essentially a fine-grained to non-granular dolomite, dominated by thick beds 

and sought after for aggregate mining due to its purity. 

 Carbonate is especially susceptible to chemical weathering and erosion within a 

moist or humid environment, such as south-central Pennsylvania.  Therefore, it is logical 

that a formation with at least a partial carbonate composition should exhibit enhanced 
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chemical weathering with respect to those that do not have any carbonate material.  

However, this alone does not explain differences in aquifer development, since the 

Bellefonte is entirely carbonate, yet poorly permeable. 

 Thin-bedding is a dominant component of the prolific aquifers studied.  This 

primary feature can result in the transmission of water along bedding plane partings, 

which act to allow enhanced chemical and physical weathering of bedrock and enhances 

aquifer permeability.  Naturally, formations with more abundant bedding planes have a 

greater possibility of developing enhanced secondary permeability.  This is especially the 

case with carbonate formations, where this can be a dominant mechanism in enhancing 

solution cavities and conduits. 

 The Bellefonte Formation is quite massive with relatively few bedding planes in 

comparison to the other formations within the region.  This characteristic helps prohibit 

fluid flow within the formation, significantly reducing its susceptibility to chemical and 

physical weathering.  It also helps explain why the formation serves as a poor aquifer.  In 

contrast, the Gatesburg Formation has relatively thin-bedding and interbedded siliceous 

material, contributing to its more prolific nature. 

 Coarse-grained bedrock can provide enhanced permeability in two manners.  

First, coarser-grained formations generally have greater primary permeability, which is a 

positive attribute for more prolific aquifers.  Secondly, larger pore spaces within the 

bedrock material can allow better water penetration, allowing increased chemical and 

physical weathering. 

 Formations that generally have all three of these attributes exhibit exceptional 

aquifer yield.  Examples include the Warrior (Cw) and Gatesburg (Cg) formations.  
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Conversely, formations with the fewest or none of these attributes exhibit relatively poor 

aquifer characteristics, including the Catskill and Scherr formations.  Formations that 

have one or two of these qualities typically fall in the low to intermediate range of aquifer 

yields, respectively.  The Bellefonte Formation falls within the lower intermediate range 

of aquifer yields, which can be anticipated since it has 1 out of the 3 positive aquifer 

characteristics just discussed. 

 

4.11.2 Lithology 

 Distinguishing areas by lithology is useful when trying to understand the region’s 

permeability development and distribution.  However, this is a generalization and should 

be only considered when little is known with regards to formations.  The generalization 

of grouping bedrock into lithology categories can be misleading.  For example, if the 

variety of dolomitic formations were to be grouped solely as dolomite, this classification 

could include both high and low yielding formations based on this study (i.e. Gatesburg 

and Bellefonte, respectively).  This difficulty was solved by sub-dividing dolomites into 

two categories, dolomite and sandy dolomite.  Other areas could possibly have similar 

difficulties in that the general lithology categories may not sufficiently differentiate 

certain bedrock compositions.  As with formations, lithologies are pertinent and need to 

be considered on both regional and local scales when trying to understand permeability 

development and distribution. 
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4.11.3 Faults 

 Thrust and strike-slip faults were tested for their control on permeability and well 

yield; however, only thrust faults are shown to be an influential factor from the results of 

this study.  This does not necessarily indicate that strike-slip faults have no influence on 

permeability, since it is possible that the bedrock fracturing due to faulting is strictly 

confined to the width of the fault trace and with depth.  If true, it would be necessary for 

wells to be situated directly on the strike-slip trace to gain any yield enhancement from 

these structures.  Unfortunately, the data sets used for this study are too limited in terms 

of the available well observations and with the coordinate accuracies of the wells and 

mapped faults.  Improvements in either or both limiting factors may reveal the impact 

that this fault type has on permeability development. 

 The hanging-wall portion of the thrust faults, revealed by the non-parametric tests 

as being statistically significant, are important on both regional and local scales within 

1,500 meters of the major fault traces.  Regionally, major individual faults that are 

mapped and visible at that scale are not the only thrust features of interest.  Their 

presence helps delineate the entire region as being highly dissected and sheared by the 

thrust system, consisting of multiple thrust zones of varying magnitude.  Blind thrust 

splays and minor faults that remain unmapped are likely to be present predominantly on 

the hanging-wall side of the major fault traces.  Hence, more localized mapping of these 

areas can provide a more accurate account of the various individual thrust zones which 

enhance bedrock permeability.  Therefore, at a regional scale, it is more important to 

identify the regions dominated by major thrust faults.  Afterwards, these regions can be 

studied on a more localized level to reveal more minor and/or unmapped thrusts. 
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4.11.4 Formation Contacts 

 Formation contacts are shown by the Kruskal-Wallis Tests as being a statistically 

significant factor with regards to well yield and bedrock permeability.  However, these 

contacts are localized and influence well yield and permeability strictly along its trace.  

Therefore, wells will receive little or no enhancement in yield from these structures 

unless they are directly situated within the contact itself.  Care needs to be taken when 

interpreting the tests conducted on this factor along with the boxplots presented in section 

4.1.5, since they can be misleading. 

 Significant differences in yield among wells were not identified within 100 meters 

of the contact trace, which can be attributed to inaccuracies associated with the well 

coordinates and the actual vs. mapped formation contact locations.  The fact that 

significant yield differences are recognized beyond this distance infers that the accuracy 

of the majority of well locations with respect to the closest formation contact is 

approximately 100 meters. 

 Careful interpretations of the interval boxplots and statistics must be made.  A 

comparison of these variables indicates that the medians and IQRs remain largely 

constant, lacking support for this factor’s significance.  However, a distinct trend can be 

recognized for the means of intervals at or exceeding 100 meters, suggesting a decline in 

yield with farther contact proximity.  This can be misinterpreted as a linear trend with 

increasing distance, when in fact wells must be placed directly within the structure to 

receive yield benefit.  The variance, skewness, and kurtosis statistics are much greater for 

the 0-100 and 0-200 meter intervals relative to those remaining.  This also supports the 
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conclusion that only wells immediately on the formation contact are receiving yield 

benefit. 

 The high yielding outliers of each interval likely represent those that actually 

intersect the formation contacts.  However, the varying coordinate inaccuracies of the 

well locations and mapped contacts place some of these wells in each of the intervals 

tested.  Naturally, the majority of these outliers are correctly placed within the 0-100 

meter interval, while subsequent intervals have progressively fewer outliers and are 

responsible for the downward shifting of each subsequent interval’s mean. 

 

4.11.5 Depth to Bedrock 

 This study establishes depth to bedrock as being strongly linked to well yield, 

revealed by a clear trend of increasing well yield with increasing thickness of overburden.  

It is also pertinent at both regional and local scales since it is an attribute that is spatially 

continuous.  However, there are various possible explanations as to how it correlates with 

well yield. 

 One possible explanation is that large depths to bedrock are a proxy for less 

competent bedrock and/or for zones weakened by structure (i.e. thrust faults, fracture-

correlated lineaments and fracture traces, etc.).  These areas weather more easily, 

producing abundant overburden, and have greater permeability.  Therefore, depth to 

bedrock could simply be an indirect means of identifying more prolific aquifers, rather 

than a direct influence. 

 Thick residual soils tend to be associated with carbonate strata enriched in 

insoluble residue.  A thicker regolith will form from these units in comparison to the 
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dissolution of a similar thickness of carbonate rock that has less insoluble residue.  

Bedrock with higher internal drainage, hence greater permeability favors infiltration and 

recharge.  Also, differential weathering often results in the formation of closed 

depressions that store storm-water and enhance recharge.  Conversely, carbonate bedrock 

with lower rates of internal drainage and weathering promote overland flow and soil 

erosion.  In this sense, the presence of thin or thick residual soils may indirectly predict 

variations in permeability (Parizek, 2005). 

 It is likely that all explanations just discussed, contribute to the depth to bedrock 

vs. permeability relationship.  However, other explanations are possible and may in 

combination accentuate the link between greater overburden thickness and greater 

underlying aquifer permeability. 

 One such explanation involves a relationship between topography, soil thickness, 

and the CO2 enrichment of water percolating through organic-rich overburden, discussed 

by Parizek et al. (1971).  Depths to bedrock are naturally greater in valley topographic 

settings with respect to others as a result of erosion and subsequent deposition.  This 

alone links the topography and depth to bedrock factors; however, other complex 

processes have additional impact on overburden thickness and its spatial variability. 

 Parizek et al. (1971) establish that more diffuse, dolomitic aquifers have greater 

overlying soil thickness than limestone aquifers.  Mechanisms responsible for the initial 

overburden thickness differential are discussed in detail within their publication.  

However, once this is established, water percolating through organic-rich soil with 

greater vegetation cover is enhanced in CO2, reacting to produce greater acidity, HCO3.  

This can help erode the bedrock surface.  However, an important point to make is that 
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this process takes place within the upper few meters of overburden, where organic-rich 

soil and vegetation are present.  This does not explain the correlation of increasing well 

yield with increasing overburden thickness as defined by the 5 meter intervals tested in 

this study.  These intervals extend well beyond the zone where this process takes effect.  

 

4.11.6 Depth to Static-Water-Level 

 Areas with shallow depths to static-water-level (SWL) have been shown to have 

higher average yields.  Depth to SWL is a factor present at all locations; therefore, it is an 

important consideration at both regional and local scales.  A few possible explanations 

exist as to why shallower depths to SWL correlate with bedrock zones of higher 

permeability.  The net effect of this factor is likely a combination of the following 

rationalizations or some others that are not yet understood. 

 The factor could be a proxy for valley topographic settings, which have been 

shown to yield more than other settings.  Water table configurations typically mimic 

topography variations, however at a more subdued level.  Also, SWLs are naturally much 

closer to the land surface in valleys. 

 Another probable explanation is that areas with shallow ground-water depths have 

more abundant bedrock fissures that are saturated.  These openings may be present in 

other locations, however they must be water-bearing to contribute to well yield.  

Therefore, areas with greater saturation will yield more, but not necessarily be more 

permeable than others.  If shallow ground-water levels are persistent, it is possible that 

greater physical and chemical weathering will result, especially in carbonate bedrock 

settings. 
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4.11.7 Topography 

 Topography is found to be a dominant factor in determining regions of enhanced 

permeability.  Valley settings are found to yield more than slope settings, which yield 

more than hilltop settings.   

 Topography is pertinent at all scales.  From a regional perspective, major ridges, 

their flanks, and valleys are of interest.  Locally, the presence of hills, knolls, hillsides, 

swales, and draws can help delineate more or less permeable zones. 

 Lower topographic settings act as collection basins, with more abundant bodies of 

water such as rivers, creeks, and lakes.  The greater availability and closer proximity of 

these bodies to wells can have a positive effect on their yield.  Lower topographic settings 

are also indications of less resistant bedrock that weathers more easily, leading to 

enhanced secondary permeability. 

 

4.11.8 Fold Structures 

 All measures of center and statistical tests used in this study indicate that wells 

situated in anticlines yield more than those positioned in synclines.  This is based on well 

yield within 1000 meters of each structure’s axial trace.  Primarily, there are two possible 

explanations for this occurrence. 

 It is possible that greater amounts of extension joints and fissures occur in the 

outer crests of anticlines with respect to synclines due to flexure, increasing the 

secondary permeability.  However, it is also highly likely that anticlines serve as proxies 

for heavily faulted regions.  This is due to the fact that all major anticlines in the Valley 

and Ridge are controlled and bounded by roof and floor thrusts.  Furthermore, the 
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anticline axial traces are commonly pushed or overturned to the west as a product of the 

westward thrusting.  As a result, the anticline’s axial trace is commonly within very close 

proximity to its bounding floor thrust.  Naturally, wells positioned in these areas will 

have a greater probability of intersecting heavily faulted and fractured bedrock, positively 

enhancing their yield.  These fault/fold structure relationships are discussed further in 

section 2.1.3.2. 

 

4.11.9 Bedding Dip 

 Although the statistical tests conducted in this study were not successful in 

detecting statistically significant differences between wells situated in lower and higher 

bedding dips, there is still substantial evidence suggesting a relationship between lower 

bedding dips and greater yield.  The failure of these tests is attributed to inadequate 

amounts of data.  The basic statistics and graphical boxplots indicate that wells positioned 

in lower bedding dip have greater yield than those within higher bedding dip.  This also 

agrees with the previous studies discussed in section 1.4. 

 Geologically, these results make sense.  Wells located in bedrock with higher dip 

bedding will not intersect as many bedding plane partings and ground-water conduits that 

are aligned preferentially parallel to bedding.  Essentially, the more vertical nature of the 

bedding acts as a ground-water dam.  The NESL’s Roaring Spring quarry is a good 

example of near-vertical bedding preventing substantial ground-water movement into the 

quarry pit.  A more detailed account of this occurrence is provided in the thesis by Sucher 

(1997).  
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4.11.10 Study Comparison of Results 

 The results of this study are in close agreement with those reported from previous 

similar research, including studies within the Valley and Ridge and beyond.  Additional 

factors are also found to be significant from this study including the hanging-walls of 

thrust faults, formation contacts and depth to bedrock.  Moreover, this study furthers the 

understanding of formation significance and their yield variations for the central 

Pennsylvania portion of the Valley and Ridge Province. 

 The results for formations and lithology were quite similar to past studies.  Zeitzel 

et al. (1962) found that dolomitic aquifers are the most prolific of DuPage County, 

Illinois.  Siddiqui and Parizek (1971) provide a decreasing order of importance with 

regards to central Pennsylvania rock type including the Gatesburg Upper Sandy Member, 

Nittany Limestone, other limestones, Bellefonte Dolomite, and shales.  Parizek (1976) 

added to the previous work by Siddiqui and Parizek (1971) and provided a more 

complete list of formation rankings.  However, the order of importance has changed from 

Table 1.3 for this study due to the better availability of data and the inclusion of 

additional formations.   

 Depth to static-water-level was studied by Daniel (1989) and Siddiqui and Parizek 

(1971), which provide contradicting results.  Daniel (1989) found that well yield 

decreased with increasing depths to static-water-level.  However, Siddiqui and Parizek 

(1971) contend that greater depths to static-water-level are indicators of higher yield.  

This can be attributed to that fact that depths to static-water-level are extensive for the 

very prolific Gatesburg Formation, one of the major aquifers they studied.  This current 
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study produced results consistent with Daniel (1989), which are both likely to be more 

consistent with general conditions found elsewhere. 

 Topography is a common factor tested in nearly all studies.  Daniel (1989), Moore 

et al. (2002), Siddiqui and Parizek (1971), Parizek (1976), Mundi (1972), and Meiser 

(1975) all found that valley topographic settings yield more on average than upland 

topographic settings.  This study also agrees with these results. 

 Anticlines and synclines were analyzed by Moore et al. (2002), Siddiqui and 

Parizek (1971), and Parizek (1976) for differences in well yield.  All studies found that 

higher yielding wells were associated with anticline crests.  This study is in agreement as 

it compares wells within 1000 meters of each structure’s axial trace and reveals that 

anticline-situated wells do yield more on average. 

 Bedding dip was previously studied by Siddiqui and Parizek (1971) and Parizek 

(1976), both of whom found that lower bedding dip favors higher yielding wells.  

Although the current study did not find any statistically significant evidence in agreement 

with these previous findings, it does provide some support that areas of lower bedding 

dip do contribute to higher yielding wells. 

 Other additional factors widely studied were not included in this study due to 

limitations in data; however, the importance of these factors should not be dismissed.  

Fracture traces have been shown to be important prerequisites in identifying localized 

zones of higher permeability by Siddiqui and Parizek (1971) and Parizek (1976).  

Regionally, fracture-correlated lineaments were assessed by Moore et al. (2002), who 

found that wells situated within 33 meters of the lineament trace yielded more on 

average.  This was explored in the current study; however, coordinate inaccuracies and 
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inadequate well control resulted in the failure to detect any significant contributions from 

these structures. 

 

4.11.11 Correlation of Factors 

 It is likely that a number of the factors tested in this study correlate with one 

another.  Thrust faults and anticlines are recognized as being tightly linked in this study 

area, given the structural setting.  Anticlines within the Ridge and Valley are bounded by 

floor and roof thrusts and the crests of the anticline folds are consistently within close 

proximity to their bounding floor thrust.  Placement of the wells, axial traces, and the 

thrusts are compiled in Plate 1, which displays these spatial associations.  Also, these 

conditions persist throughout the entire study area, so there are no means of completely 

separating the individual effects of a single factor.     

 Additional correlations are likely to exist between formations, thrust faults, depth 

to bedrock, depth to static-water-level, topography, and fracture-correlated fracture traces 

and lineaments.  Associations between these variables are as follows: 

1. Carbonate formations, which are the more prolific aquifers in this study area, 

are more inclined to accommodate thrust faults as a result of their more brittle 

nature.  Formations that contain more insoluble residue are more inclined to 

form greater overburden.  More permeable formations that have greater 

interval drainage can curtail overland flow and erosion, resulting in greater 

accumulation of overburden.  More permeable formations are typically less 

resistant to weathering processes, resulting in their correlation with lower 

topography. 
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2. In addition to the correlations between thrusts, carbonate formations, and 

anticlines, thrust faults can enhance bedrock fracturing, which serves to 

increase bedrock weathering, resulting in lower topography and greater depths 

of overburden.  Other fault types may also have similar effects as thrusts. 

3. Besides the rationales just discussed, greater depths to bedrock can be 

correlated to fracture-enhanced areas, manifested as faults, lineaments, and 

fracture traces.  There is also a link between greater depths to bedrock and 

lower topography due to upland erosion and subsequent sediment deposition 

in more lowland settings. 

4. Converging recharge from upland to more lowland settings results in a 

correlation between lower topography and shallower depths to static-water-

level.  Also, large bodies of water (i.e. lakes, rivers, streams) dominate 

lowland settings, which can nourish underlying aquifers and raise static-water-

levels. 

 No attempt is made in this study to isolate the well yield effects of a single factor 

due to the complexity of the associations just discussed and the need for additional data. 

However, future studies could be designed to separate the effects.  For example, wells 

located in the crests of anticlines could be selected in areas where thrust faults are not 

present and compared with wells located elsewhere to gauge the anticline’s influence on 

well yield.  This same procedure could be repeated to ascertain the individual effects of 

other permeability factors.  A greater abundance of well yield data with lesser 

uncertainties may also be available in the future. 
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4.11.12 Hydrogeologic Factor Comparison 

 The individual effects of the hydrogeologic factors on well yield and permeability 

can not be completely separated as previously discussed.  However, an attempt is made to 

establish some relative importance among the factors tested.  The factors using 

normalized blown yield are compared by examining the statistics of the most positively 

influential level of each factor with regards to permeability enhancement.  Two measures 

are used for ranking including the highest level’s 3rd quartile (75% of observations have a 

yield less than this value) and the yield median of the top 20% of the highest level, 

chosen to compare the upper range of level yield.  However, this comparison excludes 

bedding dip since it uses the productivity dependent variable.  Table 4.4 gives the factor 

rankings according to the stated criteria.  Based on the yield comparison in Table 4.4, 

formations and thrust faults are likely to be the most influential factors tested in this study 

to impact well yield and permeability. 
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Table 4.4:  Upper yield comparison of investigated hydrogeologic factors. 

Rank Factor Level Used Normalized Blown 
Yield (m^3/day/m)

1 Formation/Lithology Warrior Formation/ 
Limestone & Dolomite 30

2 Faulting Thrust/Hanging Wall       
(0-1500m trace proximity) 9.9

3 Depth to Static Water Level 0-5m Interval 8.9

4 Depth to Bedrock >20m Interval 8.5

5 Topography Valley 8.0

6 Formation Contact 0-100m Interval 7.2

7 Fold Structure Anticline (0-1000m trace 
proximity) 6.7

Rank Factor Level Used Normalized Blown 
Yield (m^3/day/m)

1 Formation/Lithology Warrior Formation/ 
Limestone & Dolomite 70

2 Faulting Thrust/Hanging Wall       
(0-1500m trace proximity) 27

3 Depth to Bedrock >20m Interval 20

4 Topography Valley 19

5 Formation Contact 0-100m Interval 19

6 Fold Structure Anticline (0-1000m trace 
proximity) 18

7 Depth to Static Water Level 0-5m Interval 14

Factors Ranked by 3rd Quartile

Factors Ranked by Top 20% Median
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CHAPTER 5 
 

Conclusions 

 
5.1 Conclusions Directly Related to Objectives 

 Given the original objectives, all were accomplished with the exception of 

determining the impact of soil type on bedrock permeability and the assessments of 

lineament and fracture trace related structures.  With regards to the later, substantial 

evidence already exists attesting to their positive impact on bedrock permeability.  

Failure in establishing permeability relationships with these factors is attributed to data 

inaccuracies and observation limitations.  The following conclusions address the original 

objectives of this study. 

1. The most prolific formation with respect to median NBY yields over 7 times 

the least (Warrior vs. Catskill and Scherr, respectively).  The best estimated 

order of decreasing aquifer significance with regards to different formations is 

by rank:  Warrior, Gatesburg, Onondaga/Old Port, Keyser/Tonoloway, 

Conemaugh, Coburn/Loysburg, Reedsville, Nittany/Stonehenge, Wills Creek, 

Clinton, Pocono, Hamilton, Bloomsburg/Mifflintown, Bellefonte/Axemann, 

Foreknobs, Mauch Chunk, Allegheny, Bellefonte, Wills Creek/Mifflintown, 

Brallier/Harrell, Scherr, Catskill, and Tuscarora, respectively.  Three primary 

aquifer attributes are identified as being the most influential with regards to 

permeability and yield, including the presence or absence of carbonate, 



 121

bedding, and grain size.  Formations with greater amounts of carbonate 

bedrock, thin-bedding or inter-bedding, and coarse-grained texture tend to act 

as more prolific aquifers. 

2. The best estimated order of decreasing aquifer significance with regards to 

different lithologies is by rank:  limestone and dolomite, sandy dolomite, 

limestone, shale and limestone, sandstone, dolomite, shale and sandstone, and 

shale, respectively. 

3. Hanging-walls of major thrust faults serve as proxies for fracture-enhanced 

and more permeable zones of bedrock, particularly within 1500 meters of the 

fault traces.  Major individual thrusts are part of an entire thrust fault system 

and network of other minor and blind thrust faults that impact the area’s well 

yield and permeability.  Once major thrust faults are recognized, their 

hanging-wall can be explored to identify other subsequent permeabililty 

influencing structures.  Strike-slip faults are not identified as having any 

significant impact on bedrock permeability, although this may be due to 

limitations with available data. 

4. Formation contacts increase well yield and permeability, although their 

contribution is most likely confined to the actual contact plane and only of 

local importance.  However, well yield suggests that their impact can be 

substantial in their areas of influence. 

5. Greater depths to bedrock generally indicate zones of greater permeability.  

Shallow depths to static-water-level generally indicate zones of greater 

permeability. 
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6. Areas of lower topography generally yield more than areas of higher 

topography. 

7. Wells situated within close proximity of anticline axial traces yield more than 

those situated in syncline axial traces. 

8. Areas with lower bedding dip will yield more and be more permeable than 

those with higher bedding dip. 

 The individual effects of the tested hydrogeologic factors on well yield can not be 

separated.  However, a yield comparison of the factors does suggest that formations and 

thrust faults are the most influential of those tested in this study.  The comparison was 

conducted by ranking the factors by their 3rd quartile and by their top 20% median yield.

 Based on the results of this and previous studies by Siddiqui and Parizek (1971) 

and Parizek (1976), a top-down methodology for defining zones of enhanced 

permeability can be proposed.  For maximum effectiveness, it is best to begin at a 

regional level and work to more local areas, considering factors at their relevant scale.  

Factors should be super-imposed to the highest degree possible, while giving preference 

to those that are more influential.  The following methodology can be updated as 

additional information becomes available for known and other still to be evaluated factors 

influencing well yield and permeability. 
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Regional Assessments of Increased Permeability 

1. Identify and target the most prolific formations or lithology (if necessary). 

2. Identify and target major faults and their associated fault zones, concentrating on 

thrust faults and their hanging-walls in particular.  More permeable areas within the 

hanging-wall of major thrusts are likely to be concentrated up to 1,500 meters from 

the fault’s surface trace. 

3. Identify and target areas of lower topography, regional trends of shallow depths to 

static-water-level, and greater depths to bedrock. 

4. Identify fold structures, targeting zones within close proximity to anticline axial 

traces. 

 

Local Assessments of Increased Permeability 

1. Identify and target the most prolific formations or lithology (if necessary). 

2. Identify and target fracture-correlated lineaments and fracture traces. 

3. Identify localized faulting, targeting highly sheared zones associated with thrust 

hanging-walls.  Areas within hanging-walls and within 1,500 meters of major thrust 

fault traces should be mapped in detail to reveal unidentified structure. 

4. Identify and target areas of lower bedding dip, lower topography, greater depths to 

bedrock, shallower depths to static-water-level and formation contacts. 
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 This regional and local well yield and permeability assessment strategy should be 

of value when attempting to optimize the yield of water wells given the flexibility of 

choosing between multiple prospect areas.  Furthermore, favorable attributes identified in 

this study can be superimposed to draw attention to regions most likely to have high, 

intermediate, and low permeability.  This is important when developing hydrogeologic 

conceptual models of areas that require development of numerical flow and transport 

models.  Such conceptual models are helpful when undertaking hydrogeologic site 

characterization investigations. 

 

5.2 Conclusions Indirectly Related to Objectives 

 Numerous conclusions can be drawn that do not address the original objectives of 

this study, but are none-the-less valuable.   

1. Normalized blown yield (NBY) is a good dependent variable since it is well-

balanced in terms of adequately identifying areas of lower and higher 

permeability, yet retains a sufficient pool of observations. 

2. Discretion must be taken whenever using blown yield as part of a dependent 

variable.  Blown yield can bias detecting zones of greater permeability by 

underestimating actual well yield.   

3. Non-parametric statistical methods offer relatively easy, yet reliable 

assessments of identifying statistically significant differences between factor 

levels. 
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5.3 Continuing Research

 Continuing research with similar objectives can be improved in several areas.  

The availability of observations necessary to carry out assessments of this type will be 

increasing with time.  As a result, reevaluation of the factors tested in this and other 

similar studies can confirm their influence on permeability.  It also allows the possibility 

of other potential factors to be tested, which could have been overlooked or where unable 

to be analyzed due to insufficient data in this study.  

 Other improvements can be made with regards to data accuracy.  Some factors of 

interest were not successfully tested in this study as a result of coordinate inaccuracies, 

since wells used in this study were not field-checked.  Improvements in the quality of the 

dependent variable can also improve correlations and the success of the statistical 

procedures.   

 It is especially important for subsequent studies to strive to understand the 

processes affecting permeability, rather than their most obvious manifestation.  As an 

example, it is useful to know which formations are the most and least prolific with 

regards to their yield.  However, it is better to understand the underlying characteristics 

(i.e. petrographic properties, bed thickness, etc.) and processes that they have undergone 

that make them excellent or poor aquifers (i.e. degree of physical and/or chemical 

weathering, manner of deformation, etc.).  This should allow researchers to apply these 

principles elsewhere to understand their particular environment of interest. 
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APPENDIX A 
 
 

STATISTICAL DISTRIBUTIONS OF UNTRANSFORMED DEPENDENT 
VARIABLES 
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APPENDIX B 
 
 

STATISTICAL DISTRIBUTIONS OF LOG-TRANSFORMED DEPENDENT 
VARIABLES 
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APPENDIX C 
 
 

STATISTICAL SUMMARIES OF FACTORS TESTED FOR INFLUENCING 
WELL YIELD AND PERMEABILITY 
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Statistical Summary of Normalized Blown Yield (m3/day/m) 
Categorized by Formation 

 

All Cg Cw Dbh Dck Df Dh Doo Ds DSkt
Total Count 2327 50 21 384 211 155 400 181 166 127
Mean 7.1 15 28 3.9 2.5 4.2 7.3 18 2.7 8
Median 2.2 6.0 9.9 1.4 1.3 2.2 2.6 4.7 1.3 3.6
Minimum 0.016 0.085 0.17 0.016 0.066 0.025 0.062 0.066 0.043 0.063
Maximum 890 180 220 130 24 170 180 890 18 71
Range 890 180 220 129.98 24 170 180 890 18 71
Quartile 1 0.76 1.3 1.8 0.40 0.57 0.88 0.80 1.7 0.44 1.4
Quartile 3 5.7 14 30 3.6 2.5 4.3 7.1 14 3.5 9
Interquartile Range 4.9 13 28 3.2 1.9 3.4 6.3 12 3.1 7
Standard Deviation 26 29 49 10 3.4 14 17 70 3.4 14
Standard Error Mean 0.54 4.1 11 0.52 0.24 1.1 0.86 5.2 0.26 1.2
Variance 670 840 2400 103 12 190 300 5000 12 190
Coefficient of Variation 360 190 174 260 140 330 230 400 120 160
Skewness 20 4.3 3.4 8.4 3.1 11 6.7 11 2.2 2.9
Kurtosis 610 22 13 87 12 140 57 130 5.4 8.9

All Mmc Mp Oba Obf Ocl Ons Or Pa Pc
Total Count 2327 114 36 62 22 30 66 19 11 20
Mean 7.1 3.3 5.2 10 6.8 8.7 13 6.6 4.6 5.9
Median 2.2 1.6 2.4 1.5 1.5 2.9 4.0 3.1 1.7 3.5
Minimum 0.016 0.057 0.24 0.029 0.17 0.22 0.049 0.25 0.13 0.23
Maximum 890 54 25 220 58 64 270 24 26 22
Range 890 54 25 220 58 64 270 24 26 22
Quartile 1 0.76 0.67 1.0 0.51 0.66 1.4 0.73 0.96 0.36 1.0
Quartile 3 5.7 3.7 7.6 6.8 2.8 9.6 11 15 3.6 9.8
Interquartile Range 4.9 3.0 6.6 6.3 2.2 8.2 10 14 3.2 8.8
Standard Deviation 26 5.9 6.6 30 17 14 36 7.3 7.9 6.2
Standard Error Mean 0.54 0.56 1.1 3.9 3.5 2.7 4.4 1.7 2.4 1.4
Variance 670 35 43 930 280 220 1300 53 62 39
Coefficient of Variation 360 180 130 290 240 170 270 110 170 100
Skewness 20 6.2 1.9 5.8 3.0 2.8 6.1 1.1 2.5 1.3
Kurtosis 610 48 2.9 38 7.9 7.8 41 0.10 6.1 0.99

All Sbm Sc St Swc Swm
Total Count 2327 43 43 10 141 15
Mean 7.1 8.3 6.8 2.6 9.8 3.0
Median 2.2 3.5 2.9 1.7 2.6 1.9
Minimum 0.016 0.054 0.08 0.029 0.057 0.20
Maximum 890 110 54 10 220 14
Range 890 110 54 10 220 14
Quartile 1 0.76 0.78 0.99 0.17 1.5 0.29
Quartile 3 5.7 6.0 5.4 3.6 5.5 3.7
Interquartile Range 4.9 5.2 4.4 3.4 4.0 3.4
Standard Deviation 26 19 12 3.2 29 4.0
Standard Error Mean 0.54 2.9 1.8 1.0 2.4 1.0
Variance 670 352 140 10 830 16
Coefficient of Variation 360 227 170 120 290 130
Skewness 20 4.4 3.2 1.7 6.1 1.9
Kurtosis 610 21 10 2.4 40 3.3

.6

.1

.7
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Statistical Summary of Normalized Blown Yield (m3/day/m) 
Categorized by Lithology 

 
 

All 
Wells

Dolomite 
(D)

Limestone 
(LS)

Limestone & 
Dolomite 
(LS&D)

Sandy 
Dolomite 

(SD)

Total Count 2327 84 200 21 116
Mean 7.1 9.5 8.5 28 14
Median 2.2 1.55 3.6 9.9 5.1
Minimum 0.016 0.029 0.054 0.17 0.049
Maximum 890 220 110 220 270
Range 890 220 110 220 270
Quartile 1 0.76 0.53 1.3 1.80 0.9
Quartile 3 5.7 4.5 8.0 30 13
Interquartile Range 4.9 4.0 6.7 28 12
Standard Deviation 26 27 15 49 33
Standard Error Mean 0.54 3.0 1.1 11 3.1
Variance 670 760 220 2400 1100
Coefficient of Variation 360 290 170 170 230
Skewness 20 5.9 3.5 3.4 5.6
Kurtosis 610 42 15 13 36

All 
Wells Shale (SH)

Shale & 
Limestone 
(SH&LS)

Shale & 
Sandstone 
(SH&SS)

Sandstone 
(SS)

Total Count 2327 916 819 125 46
Mean 7.1 3.4 9.9 3.4 4.9
Median 2.2 1.5 2.9 1.7 2.55
Minimum 0.016 0.016 0.057 0.057 0.029
Maximum 890 170 890 54 25
Range 890 170 890 54 25
Quartile 1 0.76 0.52 1.1 0.57 1.1
Quartile 3 5.7 3.5 8.1 3.7 6.9
Interquartile Range 4.9 3.0 7.0 3.1 5.8
Standard Deviation 26 9.0 37 6.1 6.0
Standard Error Mean 0.54 0.30 1.3 0.55 0.89
Variance 670 80 1400 37 36
Coefficient of Variation 360 260 380 180 120
Skewness 20 12 17 5.5 2.0
Kurtosis 610 190 380 40 3.9  
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Statistical Summary of Normalized Blown Yield (m3/day/m) 
Categorized by Fault Type 

 
(Yield Optimized Distance Intervals; NA: Non-Fault, SS: Strike-Slip, STH: Suspected 

Thrust, TH: Thrust) 
 
 

Foot-Wall Hanging-Wall Foot-Wall Hanging-Wall
Fault Distance (m) > 3000 0 - 150 0 - 1500 0 - 1500 0 - 1500 0 - 1500
Total Count 730 66 256 177 79 158
Mean 7.3 4.2 4.9 13 9.9 13
Median 2.2 2.4 1.6 4.0 2.6 3.9
Minimum 0.029 0.085 0.031 0.031 0.07 0.049
Maximum 890 26 89 270 130 270
Range 890 26 89 270 130 270
Quartile 1 0.79 0.75 0.46 1.7 0.97 1.4
Quartile 3 4.8 4.8 4.1 13 10 9.9
Interquartile Range 4.0 4.1 3.6 11 9.0 8.5
Standard Deviation 37 5.4 11 28 19 33
Standard Error Mean 1.4 0.67 0.68 2.1 2.2 2.7
Variance 1400 29 120 760 370 1100
Coefficient of Variation 510 130 220 210 190 250
Skewness 19 2.2 4.8 6.1 3.9 5.5
Kurtosis 420 5.0 27 49 20 34

STH THNA SS

 

 

 

 

 

 

 

 

 

 

 



 146

Statistical Summary of Normalized Blown Yield (m3/day/m) 
Categorized by Proximity to Formation Contact 

 
(10 Meter Intervals Ranging from 0 – 100 Meters from Formation Contacts, Excludes 

Fault-Related Contacts) 
 
 

0-10 10-20 20-30 30-40 40-50
Total Count 2327 56 63 66 60 68
Mean 7.1 8.4 5.6 4.1 7.3 6.8
Median 2.2 2.2 3.0 2.1 3.5 2.9
Minimum 0.016 0.08 0.083 0.063 0.029 0.054
Maximum 890 54 45 32 60 110
Range 890 54 45 32 60 110
Quartile 1 0.76 0.70 0.91 0.79 0.94 0.82
Quartile 3 5.7 8.6 7.5 4.1 6.3 7.2
Interquartile Range 4.9 7.9 6.6 3.3 5.4 6.4
Standard Deviation 26 14 8.2 6.2 11 14
Standard Error Mean 0.54 1.9 1.0 0.77 1.4 1.7
Variance 670 200 67 39 120 210
Coefficient of Variation 360 170 150 150 150 210
Skewness 20 2.4 2.9 3.2 2.7 5.8
Kurtosis 610 5.0 9.7 10 8.4 40

50-60 60-70 70-80 80-90 90-100
Total Count 2327 50 54 57 47 58
Mean 7.1 9.8 25 7.8 11 8.6
Median 2.2 3.1 2.8 2.4 2.9 2.9
Minimum 0.016 0.13 0.029 0.049 0.11 0.016
Maximum 890 89 890 130 120 130
Range 890 89 890 130 120 130
Quartile 1 0.76 0.68 0.85 1.5 1.4 1.1
Quartile 3 5.7 8.8 11 5.9 10 7.9
Interquartile Range 4.9 8.2 10 4.4 8.6 6.8
Standard Deviation 26 18 120 18 22 19
Standard Error Mean 0.54 2.6 16 2.4 3.2 2.5
Variance 670 330 14000 330 480 370
Coefficient of Variation 360 190 490 230 200 230
Skewness 20 3.1 7.2 5.8 3.8 5.0
Kurtosis 610 10 52 39 16 28

All Wells
Formation Contact Interval (m)

All Wells
Formation Contact Interval (m)
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Statistical Summary of Normalized Blown Yield (m3/day/m) 
Categorized by Proximity to Formation Contact 

 
(100 Meter Intervals Ranging from 0 – 1000 Meters from Formation Contacts, Excludes 

Fault-Related Contacts) 
 
 

0-100 100-200 200-300 300-400 400-500
Total Count 2327 579 474 319 210 152
Mean 7.1 9.1 7.6 7.4 6.4 6.1
Median 2.2 2.7 2.2 2.2 1.9 2.2
Minimum 0.016 0.016 0.033 0.043 0.025 0.031
Maximum 890 890 270 270 220 110
Range 890 890 270 270 220 110
Quartile 1 0.76 0.89 0.88 0.76 0.61 0.66
Quartile 3 5.7 7.2 6.2 5.0 4.7 5.8
Interquartile Range 4.9 6.3 5.3 4.2 4.1 5.1
Standard Deviation 26 40 23 21 22 13
Standard Error Mean 0.54 1.6 1.0 1.2 1.6 1.1
Variance 670 1600 520 460 510 170
Coefficient of Variation 360 430 300 290 350 210
Skewness 20 19 8.1 8.0 8.4 5.4
Kurtosis 610 420 76 82 77 36

500-600 600-700 700-800 800-900 900-1000
Total Count 2327 131 74 76 46 33
Mean 7.1 5.9 4.0 5.1 3.0 4.9
Median 2.2 1.9 2.0 2.3 1.5 2.7
Minimum 0.016 0.051 0.031 0.048 0.041 0.14
Maximum 890 180 38 60 22 30
Range 890 180 38 60 22 30
Quartile 1 0.76 0.50 0.67 0.45 0.39 1.3
Quartile 3 5.7 4.5 4.6 4.7 4.2 6.8
Interquartile Range 4.9 4.0 3.9 4.3 3.8 5.5
Standard Deviation 26 19 6.0 8.9 4.0 6.0
Standard Error Mean 0.54 1.7 0.7 1.0 0.59 1.0
Variance 670 360 36 80 16 35
Coefficient of Variation 360 320 150 170 130 120
Skewness 20 7.4 3.5 3.9 2.8 2.7
Kurtosis 610 61 15 19 10 9.2

Formation Contact Interval (m)
All Wells

All Wells
Formation Contact Interval (m)
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Statistical Summary of Normalized Blown Yield (m3/day/m) 
Categorized by Proximity to Formation Contact 

 
(200 Meter Intervals Ranging from 0 – 1000 Meters from Formation Contacts, Excludes 

Fault-Related Contacts) 
 
 

0-200 200-400 400-600 600-800 800-1000
Total Count 2327 1053 529 283 150 79
Mean 7.1 8.4 7 6 4.6 3.8
Median 2.2 2.3 2.1 2 2.1 1.9
Minimum 0.016 0.016 0.025 0.031 0.031 0.041
Maximum 890 890 270 180 60 30
Range 890 890 270 180 60 30
Quartile 1 0.76 0.89 0.73 0.64 0.52 0.78
Quartile 3 5.7 6.7 4.8 5.4 4.6 5.3
Interquartile Range 4.9 5.8 4.1 4.8 4.1 4.5
Standard Deviation 26 33 22 16 7.6 5
Standard Error Mean 0.54 1 1.0 0.95 0.62 0.56
Variance 670 1100 480 260 58 25
Coefficient of Variation 360 390 310 270 170 130
Skewness 20 19 8.2 7.2 4 2.9
Kurtosis 610 490 79 63 21 11

All Wells
Formation Contact Interval (m)
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Statistical Summary of Normalized Blown Yield (m3/day/m) 
Categorized by Depth to Bedrock 

 
 

0-5 5-10 10-15 15-20 20+
Total Count 2327 779 687 197 80 110
Mean 7.1 5.1 7.2 11 7.4 8.4
Median 2.2 1.7 2.3 2.6 2.6 3.6
Minimum 0.016 0.047 0.048 0.057 0.080 0.029
Maximum 890 220 270 890 120 110
Range 890 220 270 890 120 110
Quartile 1 0.76 0.63 0.86 0.78 0.97 1.2
Quartile 3 5.7 4.3 6.5 7.6 7.7 8.5
Interquartile Range 4.9 3.7 5.6 6.9 6.8 7.3
Standard Deviation 26 15 19 64 16 15
Standard Error Mean 0.54 0.56 0.74 4.6 1.8 1.5
Variance 670 240 370 4100 260 240
Coefficient of Variation 360 300 270 580 210 180
Skewness 20 9.7 7.7 13 5.2 4.2
Kurtosis 610 120 76 180 32 21

All Wells
Depth to Bedrock Interval (m)
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Statistical Summary of Normalized Blown Yield (m3/day/m) 
Categorized by Depth to Static Water Level 

 
 

0-5 5-10 10-15 15-20 20+
Total Count 2327 686 598 276 251 531
Mean 7.1 10 4.5 6.5 6.7 6.3
Median 2.2 3.5 2.0 1.8 1.8 1.5
Minimum 0.016 0.029 0.016 0.033 0.065 0.025
Maximum 890 890 130 220 270 270
Range 890 890 130 220 270 270
Quartile 1 0.76 1.3 0.79 0.73 0.75 0.44
Quartile 3 5.7 8.9 4.2 3.8 5.4 4.4
Interquartile Range 4.9 7.6 3.4 3.1 4.6 4.0
Standard Deviation 26 39 8.8 21 20 21
Standard Error Mean 0.54 1.5 0.36 1.2 1.3 0.91
Variance 670 1500 78 420 420 440
Coefficient of Variation 360 370 200 320 300 330
Skewness 20 18 6.9 8.5 9.5 8.8
Kurtosis 610 380 75 83 110 90

All Wells
Depth to Static Water Level Interval (m)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 151

Statistical Summary of Normalized Blown Yield (m3/day/m) 
Categorized by Topography 

 
 

Valley Slope Hill
Total Count 2327 506 1234 162
Mean 7.1 10 5.7 3.1
Median 2.2 2.7 1.9 1.3
Minimum 0.016 0.016 0.029 0.025
Maximum 890 890 270 83
Range 890 890 270 83
Quartile 1 0.76 0.82 0.72 0.40
Quartile 3 5.7 8.0 4.6 3.3
Interquartile Range 4.9 7.2 3.9 2.9
Standard Deviation 26 45 16 7.4
Standard Error Mean 0.54 2.0 0.47 0.58
Variance 670 2000 270 55
Coefficient of Variation 360 430 290 240
Skewness 20 16 10 8.3
Kurtosis 610 300 140 85

All Wells
Topography
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Statistical Summary of Normalized Blown Yield (m3/day/m) 
Categorized by Folding Structure 

 
(Wells within 1000 Meters of Anticline or Syncline Axial Trace) 

 
 

Anticline Syncline
Total Count 2327 354 298
Mean 7.1 9.8 4.9
Median 2.2 2.9 2.3
Minimum 0.016 0.029 0.034
Maximum 890 270 110
Range 890 270 110
Quartile 1 0.76 1.0 0.80
Quartile 3 5.7 6.7 4.7
Interquartile Range 4.9 5.7 3.9
Standard Deviation 26 28 11
Standard Error Mean 0.54 1.5 0.65
Variance 670 800 130
Coefficient of Variation 360 290 230
Skewness 20 6.6 7.3
Kurtosis 610 48 61

Folding Structure
All Wells
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Statistical Summary of Productivity (m3/day/m/m) Categorized by 
Bedding Dip 

 
 

0-60 60-90
Total Count 66 25 33
Mean 5.2 19 1.9
Median 0.15 0.19 0.11
Minimum 0.0045 0.011 0.0045
Maximum 330 330 53
Range 330 330 53
Quartile 1 0.049 0.049 0.025
Quartile 3 1.1 3.7 0.35
Interquartile Range 1.1 3.7 0.32
Standard Deviation 42 67 9.1
Standard Error Mean 5.2 13 1.6
Variance 1800 4500 84
Coefficient of Variation 470 350 490
Skewness 7.3 4.6 5.7
Kurtosis 56 22 33

Dip (degrees)
All Wells
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APPENDIX D 
 
 

MOOD’S MEDIAN TEST SUMMARIES OF FACTORS TESTED FOR 
INFLUENCING WELL YIELD AND PERMEABILITY 
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Chi-square = 139.28 DF = 22 P < 0.000

Formation N <= N > Median Q3-Q1
Cg 13 37 6.0 12.7
Cw 6 15 9.9 28.2
Dbh 242 142 1.5 3.2
Dck 148 63 1.3 1.9
Df 80 75 2.2 3.4
Dh 193 207 2.6 6.3
Doo 60 121 4.7 12.3
Ds 103 63 1.3 3.1
DSkt 43 84 3.6 7.7
Mmc 68 46 1.7 3.0
Mp 17 19 2.5 6.6
Oba 34 28 1.6 6.3
Obf 16 6 1.6 2.2
Ocl 13 17 2.9 8.3
Ons 29 37 4.0 10.5
Or 6 13 3.1 14.0
Pa 7 4 1.7 3.2
Pc 7 13 3.6 8.8
Sbm 19 24 3.5 5.2
Sc 19 24 2.9 4.4
St 7 3 1.7 3.4
Swc 61 80 2.6 4.0
Swm 8 7 1.9 3.4

Overall Median = 2.2

Mood's Median Test for Normalized Blown Yield 
(m^3/day/m) vs. Formations
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Chi-square = 104.27 DF = 7 P < 0.000

Lithology N <= N > Median Q3-Q1
Dolomite (D) 50 34 1.6 4.0
Limestone (LS) 75 125 3.6 6.7
Limestone & Dolomite 
(LS&D) 6 15 9.9 28.2
Sandy Dolomite (SD) 42 74 5.1 12.1
Shale (SH) 573 343 1.5 3.0
Shale & Limestone 
(SH&LS) 354 465 2.9 7.0
Shale and Sandstone 
(SH&SS) 75 50 1.7 3.1
Sandstone (SS) 22 24 2.6 5.8

Overall Median = 2.2

Mood's Median Test for Normalized Blown Yield 
(m^3/day/m) vs. Lithology 
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Chi-square = 3.31 DF = 9 P = 0.951

Interval (m) N <= N > Median Q3-Q1
0-10 30 26 2.2 7.9

10-20 31 32 3.0 6.6
20-30 38 28 2.1 3.3
30-40 27 33 3.5 5.4
40-50 33 35 2.9 6.4
50-60 23 27 3.1 8.2
60-70 26 28 2.8 10
70-80 31 26 2.4 4.4
80-90 23 24 2.9 8.6

90-100 29 29 2.9 6.8

Overall Median = 2.7

Mood's Median Test for Normalized Blown Yield 
(m^3/day/m) vs. Formation Contacts - 10 Meter 

Intervals 
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Chi-square = 11.03 DF = 9 P = 0.274

Interval (m) N <= N > Median Q3-Q1
0-100 273 306 2.7 6.3

100-200 246 228 2.2 5.3
200-300 161 158 2.2 4.2
300-400 114 96 1.9 4.1
400-500 78 74 2.2 5.1
500-600 77 54 1.9 4.0
600-700 39 35 2.0 3.9
700-800 37 39 2.3 4.3
800-900 29 17 1.5 3.9

900-1000 15 18 2.7 5.5

Overall Median = 2.2

Mood's Median Test for Normalized Blown Yield 
(m^3/day/m) vs. Formation Contacts - 100 Meter 

Intervals 

 
 
 

Chi-square = 3.75 DF = 4 P = 0.441

Interval (m) N <= N > Median Q3-Q1
0-200 519 534 2.3 5.8

200-400 275 254 2.1 4.1
400-600 155 128 2.0 4.8
600-800 76 74 2.1 4.1

800-1000 44 35 1.9 4.5

Overall Median = 2.2

Mood's Median Test for Normalized Blown Yield 
(m^3/day/m) vs. Formation Contacts - 200 Meter 

Intervals 
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Chi-square = 24.03 DF = 4 P < 0.000

Interval (m) N <= N > Median Q3-Q1
0-5 442 337 1.7 3.7

5-10 328 359 2.3 5.6
10-15 89 108 2.6 6.9
15-20 32 48 2.6 6.8
20+ 45 65 3.6 7.3

Overall Median = 2.1

Mood's Median Test for Normalized Blown Yield 
(m^3/day/m) vs. Depth to Bedrock 

 
 
 

Chi-square = 85.99 DF = 4 P < 0.000

Interval (m) N <= N > Median Q3-Q1
0-5 255 431 3.5 7.6

5-10 319 279 2.0 3.4
10-15 162 114 1.8 3.1
15-20 139 112 1.8 4.6
20+ 327 204 1.5 4.0

Overall Median = 2.2

Mood's Median Test for Normalized Blown Yield 
(m^3/day/m) vs. Depth to Static Water Level 
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Chi-square = 29.46 DF = 2 P < 0.000

Topography N <= N > Median Q3-Q1
Valley 217 289 2.7 7.2
Slope 639 595 1.9 3.9
Hill 108 54 1.3 2.9

Overall Median = 2.0

Mood's Median Test for Normalized Blown Yield 
(m^3/day/m) vs. Topography 
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APPENDIX E 
 
 

KRUSKAL-WALLIS TEST SUMMARIES OF FACTORS TESTED FOR 
INFLUENCING WELL YIELD AND PERMEABILITY 
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H = 195.69 DF = 22 P < 0.000

Formations N Median Average Rank Z
Cg 50 6.00 1530.6 3.90
Cw 21 9.90 1708.2 3.73
Dbh 384 1.45 963.3 -6.41
Dck 211 1.30 930.6 -5.29
Df 155 2.20 1115.9 -0.92
Dh 400 2.60 1223.4 1.94
Doo 181 4.70 1492.9 6.86
Ds 166 1.30 953.6 -4.19
DSkt 127 3.60 1405.9 4.17
Mmc 114 1.65 1029.1 -2.20
Mp 36 2.45 1252.0 0.79
Oba 62 1.55 1116.1 -0.57
Obf 22 1.55 993.4 -1.20
Ocl 30 2.90 1366.7 1.66
Ons 66 4.00 1312.0 1.82
Or 19 3.10 1355.4 1.25
Pa 11 1.70 1008.6 -0.77
Pc 20 3.55 1365.9 1.35
Sbm 43 3.50 1220.7 0.56
Sc 43 2.90 1266.4 1.01
St 10 1.70 923.1 -1.14
Swc 141 2.60 1309.5 2.65
Swm 15 1.90 971.5 -1.11

Overall 2327 1164.0

Kruskal-Wallis Test for Normalized Blown Yield 
(m^3/day/m) vs. Formations
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H = 156.34 DF = 7 P < 0.000

Lithology N Median Average Rank Z
Dolomite (D) 84 1.55 1082.9 -1.13
Limestone (LS) 200 3.60 1359.0 4.29
Limestone & Dolomite 
(LS&D) 21 9.90 1707.7 3.72
Sandy Dolomite (SD) 116 5.10 1405.5 3.97
Shale (SH) 916 1.50 978.6 -10.72
Shale & Limestone 
(SH&LS) 819 2.90 1300.8 7.24
Shale and Sandstone 
(SH&SS) 125 1.70 1026.0 -2.36
Sandstone (SS) 46 2.55 1237.6 0.75

Overall 2327 1164.0

Kruskal-Wallis Test for Normalized Blown Yield 
(m^3/day/m) vs. Lithology 

 
 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 



 164

H = 4.09 DF = 9 P = 0.905

Interval (m) N Median Average Rank Z
0-10 56 2.2 288.7 -0.06

10-20 63 3.0 279.8 -0.51
20-30 66 2.1 257.2 -1.69
30-40 60 3.5 302.3 0.60
40-50 68 2.9 289.2 -0.04
50-60 50 3.1 295.3 0.24
60-70 54 2.8 298.3 0.38
70-80 57 2.4 294.3 0.20
80-90 47 2.9 310.7 0.89

90-100 58 2.9 294.5 0.22

Overall 579 290.0

Kruskal-Wallis Test for Normalized Blown Yield 
(m^3/day/m) vs. Formation Contacts - 10 Meter Intervals
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H = 22.13 DF = 9 P = 0.008

Interval (m) N Median Average Rank Z
0-100 579 2.7 1123.6 3.56

100-200 474 2.2 1063.2 0.64
200-300 319 2.2 1032.5 -0.48
300-400 210 1.9 975.5 -1.82
400-500 152 2.2 1000.3 -1.00
500-600 131 1.9 951.6 -1.87
600-700 74 2.0 983.4 -0.93
700-800 76 2.3 1009.8 -0.55
800-900 46 1.5 886.0 -1.83

900-1000 33 2.7 1143.3 0.92

Overall 2094 1047.5

Kruskal-Wallis Test for Normalized Blown Yield 
(m^3/day/m) vs. Formation Contacts - 100 Meter Intervals

 
 
 

H = 14.39 DF = 4 P = 0.006

Interval (m) N Median Average Rank Z
0-200 1053 2.3 1096.4 3.72

200-400 529 2.1 1009.9 -1.66
400-600 283 2.0 977.8 -2.09
600-800 150 2.1 996.8 -1.07

800-1000 79 1.9 993.5 -0.81

Overall 2094 1047.5

Kruskal-Wallis Test for Normalized Blown Yield 
(m^3/day/m) vs. Formation Contacts - 200 Meter Intervals
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H = 34.7 DF = 4 P < 0.000

Interval (m) N Median Average Rank Z
0-5 779 1.7 849.0 -5.34
5-10 687 2.3 962.8 2.21

10-15 197 2.6 977.7 1.41
15-20 80 2.6 1026.5 1.70
20+ 110 3.6 1092.6 3.35

Overall 1853 927.0

Kruskal-Wallis Test for Normalized Blown Yield 
(m^3/day/m) vs. Depth to Bedrock

 
 
 

H = 96.07 DF = 4 P < 0.000

Interval (m) N Median Average Rank Z
0-5 686 3.5 1375.7 9.41
5-10 598 2.0 1117.7 -2.26

10-15 276 1.8 1091.9 -2.08
15-20 251 1.8 1141.9 -0.73
20+ 531 1.5 1023.7 -5.73

Overall 2342 1171.5

Kruskal-Wallis Test for Normalized Blown Yield 
(m^3/day/m) vs. Depth to Static Water Level
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H = 35.16 DF = 2 P < 0.000

Topography N Median Average Rank Z
Valley 506 2.7 1044.8 4.46
Slope 1234 1.9 938.5 -1.41
Hill 162 1.3 759.2 -4.66

Overall 1902 951.5

Kruskal-Wallis Test for Normalized Blown Yield (m^3/day/m) 
vs. Topography
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APPENDIX F 
 
 

MANN-WHITNEY TEST SUMMARIES OF FACTORS TESTED FOR 
INFLUENCING WELL YIELD AND PERMEABILITY 
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Cw Cg Doo DSkt Or Pc Ocl Ons Swc Sc Mp Dh
Cw **** **** **** **** **** **** **** **** **** **** ****
Cg 0.082 **** **** **** **** **** **** **** **** **** ****
Doo 0.039 0.32 **** **** **** **** **** **** **** **** ****
DSkt 0.0076 0.064 0.079 **** **** **** **** **** **** **** ****
Or 0.025 0.14 0.17 0.35 **** **** **** **** **** **** ****
Pc 0.017 0.13 0.15 0.38 0.5 **** **** **** **** **** ****
Ocl 0.024 0.11 0.14 0.37 0.49 0.5 **** **** **** **** ****
Ons 0.0083 0.061 0.053 0.33 0.48 0.49 0.41 **** **** **** ****
Swc 0.0027 0.0067 0.002 0.058 0.3 0.3 0.36 0.33 **** **** ****
Sc 0.0026 0.027 0.016 0.097 0.33 0.3 0.26 0.32 0.34 **** ****
Mp 0.0027 0.023 0.015 0.085 0.28 0.27 0.25 0.27 0.25 0.43 ****
Dh 0.0005 0.0007 < 0.0000 0.005 0.19 0.19 0.14 0.14 0.14 0.37 0.44
Sbm 0.0024 0.01 0.0083 0.071 0.27 0.24 0.19 0.19 0.33 0.42 0.5 0.48
Df < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.047 0.038 0.026 0.012 0.0058 0.097 0.15 0.031
Oba 0.0008 0.0026 0.0003 0.0054 0.15 0.096 0.042 0.098 0.021 0.12 0.14 0.14
Mmc < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.025 0.013 0.0048 0.0045 0.0002 0.02 0.032 0.0029
Obf 0.0016 0.0019 0.001 0.0038 0.037 0.039 0.02 0.057 0.0078 0.06 0.064 0.065
Pa 0.0055 0.02 0.015 0.033 0.12 0.09 0.081 0.11 0.066 0.13 0.15 0.17
Swm 0.0019 0.003 0.0022 0.008 0.049 0.03 0.025 0.066 0.031 0.038 0.048 0.092
Dbh < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.007 0.0042 0.0008 0.0002 < 0.0000 0.002 0.0047 < 0.0000
Ds < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.0081 0.004 0.0007 0.0003 < 0.0000 0.0024 0.004 < 0.0000
Dck < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.0037 0.0018 0.0002 0.0001 < 0.0000 0.0009 0.0016 < 0.0000
St 0.0046 0.0066 0.0067 0.017 0.043 0.039 0.046 0.064 0.04 0.095 0.083 0.082

Obs # 21 50 181 127 19 20 30 66 141 20 36 400
Median 9.9 6.0 4.7 3.6 3.1 3.5 2.9 4.0 2.6 2.9 2.4 2.6
Avg. Rank 1708 1530 1493 1406 1355 1366 1367 1312 1309 1266 1252 1223

Sbm Df Oba Mmc Obf Pa Swm Dbh Ds Dck St
Cw **** **** **** **** **** **** **** **** **** **** ****
Cg **** **** **** **** **** **** **** **** **** **** ****
Doo **** **** **** **** **** **** **** **** **** **** ****
DSkt **** **** **** **** **** **** **** **** **** **** ****
Or **** **** **** **** **** **** **** **** **** **** ****
Pc **** **** **** **** **** **** **** **** **** **** ****
Ocl **** **** **** **** **** **** **** **** **** **** ****
Ons **** **** **** **** **** **** **** **** **** **** ****
Swc **** **** **** **** **** **** **** **** **** **** ****
Sc **** **** **** **** **** **** **** **** **** **** ****
Mp 0.5 **** **** **** **** **** **** **** **** **** ****
Dh **** **** **** **** **** **** **** **** **** **** ****
Sbm **** **** **** **** **** **** **** **** **** ****
Df 0.15 **** **** **** **** **** **** **** **** ****
Oba 0.26 0.42 **** **** **** **** **** **** **** ****
Mmc 0.059 0.11 0.25 **** **** **** **** **** **** ****
Obf 0.1 0.14 0.3 0.35 **** **** **** **** **** ****
Pa 0.17 0.27 0.29 0.41 0.44 **** **** **** **** ****
Swm 0.14 0.19 0.23 0.36 0.47 0.48 **** **** **** ****
Dbh 0.01 0.0038 0.061 0.12 0.38 0.4 0.45 **** **** ****
Ds 0.015 0.0099 0.065 0.14 0.4 0.41 0.49 0.47 **** ****
Dck 0.005 0.0009 0.063 0.09 0.37 0.45 0.47 0.43 0.44 ****
St 0.12 0.18 0.21 0.31 0.47 0.34 0.35 0.39 0.42 0.48

Obs # 43 155 62 114 22 11 15 384 166 211 10
Median 3.5 2.2 1.5 1.6 1.5 1.7 1.9 1.4 1.3 1.3 1.7
Avg. Rank 1221 1116 1116 1029 993 1009 971 963 954 931 923

Mann-Whitney Test Summary of P-values for Formation Pair-wise Comparisons Via. 
Normalized Blown Yield (m^3/day/m)

(ordered by first obtainable p-value at or below 0.5; shaded entries indicate 95% confidence interval minimum; 
**** indicates p-value > 0.5; M1 > M2 hypothesis tested)

M2

M1

M1

M2
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Cw Cg Doo DSkt Ocl Swc Pc Or Ons Sc Mp Dh
Cw **** **** **** **** **** **** **** **** **** **** ****
Cg 0.082 **** **** **** **** **** **** **** **** **** ****
Doo 0.039 0.32 **** **** **** **** **** **** **** **** ****
DSkt 0.0076 0.064 0.079 **** **** **** **** **** **** **** ****
Ocl 0.024 0.11 0.14 0.37 **** 0.5 0.49 **** **** **** ****
Swc 0.0027 0.0067 0.002 0.058 0.36 0.3 0.3 0.33 **** **** ****
Pc 0.017 0.13 0.15 0.38 **** **** 0.5 **** **** **** ****
Or 0.025 0.14 0.17 0.35 **** **** **** **** **** **** ****
Ons 0.0083 0.061 0.053 0.33 0.41 **** 0.49 0.48 **** **** ****
Sc 0.0026 0.027 0.016 0.097 0.26 0.34 0.3 0.33 0.32 **** ****
Mp 0.0027 0.023 0.015 0.085 0.25 0.25 0.27 0.28 0.27 0.43 ****
Dh 0.0005 0.0007 < 0.0000 0.005 0.14 0.14 0.19 0.19 0.14 0.37 0.44
Sbm 0.0024 0.01 0.0083 0.071 0.19 0.33 0.24 0.27 0.19 0.42 0.5 0.48
Pa 0.0055 0.02 0.015 0.033 0.081 0.066 0.09 0.12 0.11 0.13 0.15 0.17
Oba 0.0008 0.0026 0.0003 0.0054 0.042 0.021 0.096 0.15 0.098 0.12 0.14 0.14
Obf 0.0016 0.0019 0.001 0.0038 0.02 0.0078 0.039 0.037 0.057 0.06 0.064 0.065
St 0.0046 0.0066 0.0067 0.017 0.046 0.04 0.039 0.043 0.064 0.095 0.083 0.082
Df < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.026 0.0058 0.038 0.047 0.012 0.097 0.15 0.031
Swm 0.0019 0.003 0.0022 0.008 0.025 0.031 0.03 0.049 0.066 0.038 0.048 0.092
Mmc < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.0048 0.0002 0.013 0.025 0.0045 0.02 0.032 0.0029
Dbh < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.0008 < 0.0000 0.0042 0.007 0.0002 0.002 0.0047 < 0.0000
Ds < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.0007 < 0.0000 0.004 0.0081 0.0003 0.0024 0.004 < 0.0000
Dck < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.0002 < 0.0000 0.0018 0.0037 0.0001 0.0009 0.0016 < 0.0000

Obs # 21 50 181 127 30 141 20 19 66 20 36 400
Median 9.9 6.0 4.7 3.6 2.9 2.6 3.5 3.1 4.0 2.9 2.4 2.6
Avg. Rank 1708 1531 1493 1406 1367 1309 1366 1355 1312 1266 1252 1223

Sbm Pa Oba Obf St Df Swm Mmc Dbh Ds Dck
Cw **** **** **** **** **** **** **** **** **** **** ****
Cg **** **** **** **** **** **** **** **** **** **** ****
Doo **** **** **** **** **** **** **** **** **** **** ****
DSkt **** **** **** **** **** **** **** **** **** **** ****
Ocl **** **** **** **** **** **** **** **** **** **** ****
Swc **** **** **** **** **** **** **** **** **** **** ****
Pc **** **** **** **** **** **** **** **** **** **** ****
Or **** **** **** **** **** **** **** **** **** **** ****
Ons **** **** **** **** **** **** **** **** **** **** ****
Sc **** **** **** **** **** **** **** **** **** **** ****
Mp 0.5 **** **** **** **** **** **** **** **** **** ****
Dh **** **** **** **** **** **** **** **** **** **** ****
Sbm **** **** **** **** **** **** **** **** **** ****
Pa 0.17 0.29 0.44 **** 0.27 **** 0.41 **** **** ****
Oba 0.26 **** **** **** 0.42 **** **** **** **** ****
Obf 0.1 **** 0.3 **** 0.14 **** 0.35 **** **** ****
St 0.12 0.34 0.21 0.47 0.18 0.35 0.31 0.39 0.42 0.48
Df 0.15 **** **** **** **** **** **** **** **** ****
Swm 0.14 0.48 0.23 0.47 **** 0.19 0.36 **** **** ****
Mmc 0.059 **** 0.25 **** **** 0.11 **** **** **** ****
Dbh 0.01 0.4 0.061 0.38 **** 0.0038 0.45 0.12 **** ****
Ds 0.015 0.41 0.065 0.4 **** 0.0099 0.49 0.14 0.47 ****
Dck 0.005 0.45 0.063 0.37 **** 0.0009 0.47 0.09 0.43 0.44

Obs # 43 11 62 22 10 155 15 114 384 166 211
Median 3.5 1.7 1.5 1.5 1.7 2.2 1.9 1.6 1.4 1.3 1.3
Avg. Rank 1221 1009 1116 993 923 1116 971 1029 963 954 931

Mann-Whitney Test Summary of P-values for Formation Pair-wise Comparisons Via. 
Normalized Blown Yield (m^3/day/m)

(ordered by best-fit of minimum 95% confidence levels; shaded entries indicate 95% confidence interval 
minimum; **** indicates p-value > 0.5; M1 > M2 hypothesis tested)

M2

M1

M2

M1
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LS&D SD LS SH&LS SS D SH&SS SH
LS&D **** **** **** **** **** **** ****
SD 0.018 **** **** **** **** **** ****
LS 0.0038 0.14 **** **** **** **** ****
SH&LS 0.0016 0.032 0.14 **** **** **** ****
SS 0.0016 0.047 0.11 0.23 **** **** ****
D 0.0004 0.0022 0.0012 0.0032 0.092 **** ****
SH&SS < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.025 0.33 ****
SH < 0.0000 < 0.0000 < 0.0000 < 0.0000 0.0035 0.12 0.20

Obs # 21 116 200 819 46 84 125 916
Median 9.9 5.1 3.6 2.9 2.55 1.55 1.7 1.5
Avg. Rank 1708 1405 1359 1301 1238 1083 1026 979

M1

M2

Mann-Whitney Test Summary of P-values for Lithology Pair-wise 
Comparisons Via. Normalized Blown Yield (m^3/day/m)

(ordered by first obtainable p-value at or below 0.5/best-fit of minimum 95% confidence levels; 
shaded entries indicate 95% confidence interval minimum; **** indicates p-value > 0.5; M1 > 

M2 hypothesis tested; LS&D: limestone & dolomite, SD: sandy dolomite, LS: limestone, 
SH&LS: shale & limestone, SS: sandstone, D: dolomite, SH&SS: shale & sandstone, SH: shale)
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N Median N Median N Median
TH 0-1000 m 174 3.55 TH 0-2000 m 265 3.2 TH 0-3000 m 341 3.1
NA 730 2.2 NA 730 2.2 NA 730 2.2

TH > NA significant at 0.0001 TH > NA significant at 0.0000 TH > NA significant at 0.0000

N Median N Median N Median
HW 0-500 m 82 4.1 HW 500-1000 m 39 3.7 HW 1000-1500 m 37 3.6
NA 730 2.2 NA 730 2.2 NA 730 2.2

TH > NA significant at 0.0001 TH > NA significant at 0.034 TH > NA significant at 0.0057

N Median
HW 1500-3000 m 46 1.75
NA 730 2.2

TH > NA insignificant at all levels

N Median N Median N Median
FW 0-1000 m 53 2.2 FW 1000-2000 m 41 3.1 FW 2000-3000 m 43 3.3
NA 730 2.2 NA 730 2.2 NA 730 2.2

TH > NA significant at 0.14 TH > NA significant at 0.079 TH > NA significant at 0.0048

N Median N Median N Median
HW 0-500 m 82 4.1 HW 0-1000 m 121 4 HW 1000-2000 m 50 2.6
FW 0-500 m 31 1.9 FW 0-1000 m 53 2.2 FW 1000-2000 m 41 3.1

HW > FW significant at 0.013 HW > FW significant at 0.095 FW > HW significant at 0.5

N Median
HW 2000-3000 m 33 2.1
FW 2000-3000 m 43 3.3

FW > HW significant at 0.016

Mann-Whitney Test Summary of P-values for Thrust Fault Pair-wise Comparisons 
Via. Normalized Blown Yield (m^3/day/m)

Thrust:  General versus Non-fault

Thrust:  Hanging-wall versus Non-fault

Thrust:  Foot-wall versus Non-fault

Thrust:  Hanging-wall versus Foot-wall
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Valley Slope Hill
Valley **** ****
Slope 0.0001 ****
Hill < 0.0000 < 0.0000

Obs # 506 1234 162
Median 2.7 1.9 1.3
Avg. Rank 1045 938 759

(shaded entries indicate 95% confidence interval minimum; **** 
indicates p-value > 0.5; M1 > M2 hypothesis tested)

M1

M2

Mann-Whitney Test Summary of P-values for 
Topography Pair-wise Comparisons Via. Normalized 

Blown Yield (m^3/day/m)

 

 

Anticline Syncline
Anticline ****
Syncline 0.0077

Obs # 354 298
Median 2.9 2.3
Avg. Rank 343 307

(****: indicates p-value > 0.5; Shaded values indicate 
minimum 95% confidence level; M1 > M2 hypothesis tested)

M1

M2

Mann-Whitney Test Summary of Folding 
Structure Pair-wise Comparison Via. 

Normalized Blown Yield (m^3/day/m/)
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0-60 (degrees) 60-90 (degrees)
0-60 (degrees) ****

60-90 (degrees) 0.079

Obs # 25 33
Median 0.19 0.11
Avg. Rank 33 27

(****: indicates p-value > 0.5; M1 > M2 hypothesis tested)

M1

M2

Mann-Whitney Test Summary of Dip Pair-wise 
Comparison Via. Productivity (m^3/day/m/m)
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APPENDIX G 
 
 

METHODOLOGY OF STATISTICAL PROCEDURES 
 

(adapted from Minitab, 2003) 
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Measures of central tendency 
 

1. Mean:  Sum of all observations divided by the number of nonmissing 

observations.  X = 
N
X i∑  where:  is the iiX th observation and is the number 

of observations. 

N

 
2. Median:  Half of the observations are less than or equal to it, and half are greater 

than or equal to it.  First, order the data values form smallest to largest.  If the 
number of observations is odd, the median is the value in the middle.  If the 
number of observations is even, the median is the average of the two middle 

values.  Median = 
2

)( 32 xx +
, where  and  are the second and third 

observations given 4 value ordered observations. 

2x 3x

 
 

Measures of position 
 

1. First quartile:  Every group of data has three quartiles.  If you sort the data from 
smallest to largest, the first 25% of the data is less than or equal to the first 
quartile.  Order the data from smallest to largest.  The first quartile (Q1) is the 
observation at position (N + 1)/4, where N is the number of nonmissing 
observations.  If the position is not an integer, interpolation is used. 
 

2. Third quartile:  If you sort the data from smallest to largest, the 75% of the data 
is less than or equal to the third quartile.  Order the data from smallest to largest.  
The third quartile (Q3) is the observation at position 3(N + 1)/4, where N is the 
number of nonmissing observations.  If the position is not an integer, interpolation 
is used. 

 
 
Measures of dispersion 
 

1. Standard deviation:  The sample standard deviation provides a measure of the 

data spread. s = 
1

/)( 22

−

−∑ ∑
N

Nxx ii , where  is the iix th observation and  is 

the number of nonmissing observations. 

N

 
2. Standard error of the mean:  The standard error of the mean is calculated as the 

standard deviation divided by the square root of N.  SE Mean = 
N
s , where s is 

the standard deviation and N is the number of nonmissing observations. 
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3. Variance:  Variance is a measure of how far the data are spread about the mean.  

Sample variance equals the square of standard deviation. 
 

4. Coefficient of variation:  The coefficient of variation is a measure of relative 

variability calculated as a percentage.  Coefficient of variation = 
X

s*100 , where s 

is the standard deviation and X  is the mean of observations. 
 

5. Minimum:  The smallest data value. 
 

6. Maximum:  The largest data value. 
 

7. Range:  The difference between the largest and smallest data value.                     
R = maximum – minimum. 

 
 

Distribution shape 
 

1. Skewness:  Skewness is a measure of asymmetry.  A negative value indicates a 
data set’s shifting to the left.  A positive value indicates a data set’s shifting to the 

right.  b1 = 
3]/)[(

)2)(1(
sXx

NN
N

i −−− ∑ , where  is the iix th observation, X is 

the mean of observations, N is the number of nonmissing observations, and s is 
the standard deviation. 

 
2. Kurtosis:  Kurtosis is one measure of how different a distribution is from the 

normal distribution.  A positive value indicates that the distribution has a sharper 
peak, thinner shoulders, and fatter tails than the normal distribution.  A negative 
value indicates that a distribution has a flatter peak, fatter shoulders, and thinner 
tails than the normal distribution.  b2 = 

)3)(2(
)1(3]/)[(

)3)(2)(1(
)1( 2

4

−−
−

−−
−−−

+ ∑ NN
NsXx

NNN
NN

i , where  is the i  

observation, 

ix th

X  is the mean of observations, N is the number of nonmissing 
observations, and s is the standard deviation. 

 
 
Normality tests 
 

1. Anderson-Darling:  This test measures the area between the fitted line (based on 
chosen distribution) and the nonparametric step function (based on the plot 
points).  The statistic is a squared distance that is weighted more heavily in the 
tails of the distribution.  Smaller Anderson-Darling values indicate that the 
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distribution fits the data better.  The Anderson-Darling Normality Test is defined 
as:  Ho: The data follow a normal distribution.  Ha: The data do not follow a 
normal distribution.  Test Statistic: The Anderson-Darling Test Statistic is defined 
as A2 = -N-(1/N)∑ (lnF(Y− )12( i i)+ln(1-F(YN+1-i))), where F is the cumulative 
distribution function of the normal distribution, Yi are the ordered observations, 
and N is the number of nonmissing observations. 

 
2. Ryan-Joiner:  The Ryan-Joiner Test provides a correlation coefficient, which 

indicates the correlation between that data and the normal scores of your data.  If 
the correlation coefficient is near 1, the data falls close to the normal probability 
plot.  If it falls below the appropriate critical value, you will reject the null 
hypothesis of normality.  The correlation coefficient is calculated as:  

∑
∑
−

=
22 )1( i

ii
p

bns

bY
R , where Yi are ordered observations, bi = normal scores of 

your ordered data, s2 = sample variance. 
 

3. Kolmogorov-Smirnov:  The Kolmogorov-Smirnov Test is defined as:  Ho: The 
data follow a normal distribution.  Ha: The data do not follow a normal 
distribution.  Test Statistic:  The Kolmogorov-Smirnov Test Statistic is defined as:  

NiYF
Ni

D i /)(
1

max
−

<<
= , where F is the theoretical cumulative distribution 

function of the normal distribution. 
 

4. Probability Plots:  The input data are plotted as the x-values.  Minitab calculates 
the probability of occurrence without assuming a distribution.  The Y-scale on the 
graph resembles the Y-scale found on normal probability paper where the 
probabilities plot as a straight line, as if the data are from a normal distribution. 

 
 

Non-Parametric tests 
 

1. Mood’s Median Test:  The procedure for Mood’s Median Test is:  1. Calculate 
the overall median of all the data.  2.  Calculate the number of observations less or 
equal to and greater than the overall median.  If there are k different levels in a 
factor, Minitab displays a 2 x k table of counts.  3.  A chi-square test for 
association is done on this table.  Large values of chi-square indicate that the null 
hypothesis is false.  Only levels containing two or more observations are included 
in the analysis.  If there are relatively few observations above the median due to 
ties with the median, then observations equal to the median may be counted with 
those above the median.  The chi-square test statistic is given by 

∑
−

=
ij

ijij

E
EO

X
2

2 )(
, where Oij = observed number of observations in cell (i,j) 
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and Eij = expected number of observations in cell (i,j).  For each factor level, 
Minitab prints the median, interquartile range, and a sign confidence interval for 
the population median (the confidence interval is the nonlinear interpolation 
interval done by 1-sample sign).  The confidence level is less than 95% for a 
factor level with fewer than six observations. 

 
2. Kruskal-Wallis Test:  To calculate the average ranks:  1.  Rank the combined 

samples, with the smallest observation given rank 1, the second smallest, rank 2, 
etc.  2.  If two or more observations are tied, the average rank is assigned to each.  
3.  Calculate the average of the ranks of each sample.  The z-value for each level 

is calculated as 
12/))1/()(1( −+

−
=

j

j
j nNN

RR
Z .  The value of Zj indicates how the 

mean rank ( jR ) for group j differs from the mean rank ( R ) for all N 

observations.  The test statistic H is calculated as 
)1(

][12 2

+

−
= ∑

NN
RRn

H jj , where 

nj is the number of observations in group j, N is the total sample size, jR  is the 

average of the ranks in group j, and R  is the average of all the ranks.  Under the 
null hypothesis, the distribution of H can be approximated by a chi-square 
distribution with k-1 degrees of freedom.  The approximation is reasonably 
accurate if no group has fewer than five observations.  Large values of H suggest 
that there are some differences in location among the k populations. 

 
3. Mann-Whitney Test:  To calculate the test statistic W:  1.  Rank the two 

combined samples, with the smallest observation given rank 1, the second 
smallest, rank 2, etc.  2.  If two or more observations are tied, the average rank is 
assigned to each.  3.  Calculate the sum of the ranks of the first sample.  This sum 
is the test statistic, W.  The Mann-Whitney Test determines the p-value of the test 
using a normal approximation with a continuity correction factor.  The normal 
approximation of the Mann-Whitney W statistics and the p-value for the three 
alternatives is calculated as: 

1. H1: ETA1 > ETA2; 

12
)1(

5.0
2

)1(

++

−
++

−
=

nmmn

nmnW
Z w ; p-value: P(Z>Zw) 

2. H1: ETA1 < ETA2; 

12
)1(

5.0
2

)1(

++

+
++

−
=

nmmn

nmnS
Z w ,                                      

where S = W - n(m + n + 1); p-value: P(Z<-Zw) 
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3. H1: ETA1  ETA2; ≠

12
)1(

5.0
2

)1(

++

−
++

−
=

nmmn

nmnW
Zw ; p-value: 2P( Z >Zw) 

where W is the Mann-Whitney test statistic, n is the size of sample 1, m is the 
size of sample 2, ETA1 is the median of sample 1, and ETA2 is the median of 
sample 2.  If there are ties in the data, Minitab adjusts the p-value by replacing 

the denominator of the above Z statistic by 
)1)((

)(
)1[(

12

1
3

−++

−
−++

∑
nmnm

tt
nmmn i

ii

, 

where I = 1, 2, …., l, l = number of sets of ties, and ti = the number of tied values 
in the ith set of ties.  The unadjusted p-value is conservative if ties are present; the 
adjusted p-value is usually closer to the correct values, but is not always 
conservative. 
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