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ABSTRACT 

A technique for lithofacies analysis based on geophysical well logs 

is developed and applied to the Viola Limestone (Ordovician) of south­

central Kansas. 

The computation of porosity and a suite of three mineralogical 

components from the neutron, density, and sonic log ("porosity logs") 

is a well established procedure in well log analysis, but has been 

under the constraint that all three logs had to be available in an 

individual well. This condition is seldom met in the majority of wells 

needed as control points for a lithofacies analysis. 

The advanced approach is based on the average log responses calcu­

lated individually for each porosity log available at a control point 

over a given stratigraphic interval. Errors in log measurements were 

normalized by spatial regression analysis applied to the log responses 

of a "calibration unit" within the Viola. Each set of corrected average 

log responses is used to calculate a grid which provides an estimate of 

the spatial variation of the physical parameter measured by the neutron, 

density, or sonic log. The grids are contiguous and allow the calcula­

tion of porosity and three mineralogical constituents at grid nodes 

which correspond to geographical locations. The computed mineral frac­

tions were classified into lithologies and a suite of lithofacies maps 

was constructed. The lithofacies maps in conjunction with a set of 

structure maps were interpreted with regard to the Viola's structural 

history and speculations on depositional and diagenetic processes are 

put forward. 

This method taps data resources commonly not employed in lithofacies 

studies and allows a speedy analysis as the procedure utilizes digitized 

log traces and interactive computer programs for well log analysis and 

automated mapping. Keywords: Lithofacies analysis, Ordovician, Viola 

Limestone, Kansas, log analysis, automated mapping. 

ii 



Date 

WELL LOG ANALYSIS AS A TOOL FOR LITHOFACIES DETERMINATION 

IN THE VIOLA LIMESTONE (ORDOVICIAN) OF SOUTH-CENTRAL KANSAS 

by 

ERHARD BORNEMANN 

Diplom-Geologe, Technische Universitat Hannover, 1974 
M.A., Syracuse University, 1978 

DISSERTATION 

Submitted to the Graduate School of Syracuse University 
in partial fulfillment of the requirement for the degree 
of Doctor of Philosophy, October 1979. 

Advisor 

For the Department of Geology 



ACKNOWLEDGMENTS 

I gratefully acknowlege the assistance and encouragement of many 

individuals and the Kansas Geological Survey. over the years, Dr. D.F. 

Merriam, Chairman of the Department of Geology, Syracuse University, 

acted as my advisor and encouraged my interest in mathematical 

geology. Dr. J.H. Doveton, Kansas Geological Survey, served as thesis 

director. His constant support and advice on every aspect of this 

research, reading and correcting the first draft, deserves special 

recognition. Dr. C.D. Conley and Dr. W.J. Ebanks, Jr., Kansas 

Geological Survey, helped with discussions on carbonate rocks and 

subsurface geology. Dr. M.J. McCullagh, Department of Geography, 

University of Nottingham, allowed usage of his newly developed inter­

active contouring package. Use of the digital graphics laboratory 

at the Kansas Geological Survey were granted by Owen Spitz and Robert 

Sampson. Dr. w.w. Hambleton, Director, and Dr. J.C. Davis, Chief of 

Geologic ·Research, Kansas Geological Survey, provided me with a research 

assistantship at thei_r institution, and put its facilities at my 

disposal. '1'ha fol.lowing staff members gave assistance in various areas. 

Chrls Roche and Joe Brentano aided with plotting. Harold Cable, Jim 

Deputy, and Chai;-J,ie :Ross helped with programming problems. Joan Jaeger 

q~afted ~ost a~ the illustrations- and Mary Ackerman typed the thesis. 

iv 



TABLE OF CONTENTS 

LIST OF TABLES 

LIST OF FIGURES 

LIST OF PLATES 

I. INTRODUCTION 

Purpose of Study 
Previous Work 
Location and Geomorphic Setting 

II. GEOLOGIC SETTING 

Stratigraphy 
Sedimentation and Paleogeography 
Structure 

III. GEOPHYSICAL WELL LOGS 

IV. 

The Gamma Log 
The Neutron Log 
The Density Log 
The Sonic Log 

DATA BASE 

Data Source 
Structural Data 
Digitized Well Logs 
Final Data Files 

V. MINERAL AND POROSITY DETERMINANTIONS FROM POROSITY LOGS 

Porosity Log Overlay 
Porosity Log Crossplots 
The M-N Plot 
Numerical Determination of Porosity 

VI. LITHOLOGY DETERMINATION OF THE VIOLA LIMESTONE 

Methodology 
Log Normalization 
Computation of Porosity and Mineral Fractions 
Viola Rock Types 
Lithofacies Classification 

vii 

vii 

viii 

1 

1 
3 
6 

9 

9 
12 
14 

19 

19 
23 
28 
32 

37 

37 
39 
45 
46 

47 

48 
50 
54 
59 

63 

63 
65 
71 
73 
74 

V 



VII. STRUCTURAL AND LITHOFACIES ANALYSIS 

Preparation of Structural Maps 
Preparation of Lithofacies Maps 
Major Structural Trends and Lithofacies Distribution 
Minor Structural Trends 
Structural Evolution 
Sedimentation 
Dolomitization 
Origin of Chert 

VIII. ECONOMIC CONSIDERATIONS 

IX. FUTURE RESEARCH 

REFERENCES 

Well Logging Manuals 

APPENDICES 

83 

83 
86 
93 
96 
98 

103 
110 
114 

117 

119 

121 

126 

127 

1. Listing of Wells 127 
2. Data File for Viola Limestone 134 
3. Data File for "Lower Limestone" 141 
4. Computer Program GRIDOP Used in Computing Mineral 

Fractions from Gridded Average Porosity Log Responses 148 

BIOGRAPHICAL DATA 151 

vi 



LIST OF TABLES 

Table 

1. Frequency of citations of common rock types arranged in 
approximate stratigraphic order 73 

2. Lithology interpretation of computed bulk mineral 
composition 82 

3. Undifferentiated stratigraphic units and rock types 
deposited in south-central Kansas from Middle Ordovician 
to Middle Pennsylvanian time 100 

LIST OF FIGURES 

Figure 

1. Index map with major structural elements 

2. Geomorphic divisions of Kansas 

3. Stratigraphic table 

4. Paleogeography 

5. Structural development of Kansas 

6. Well location map 

7. Flowchart for datafile establishment 

8. Gamma and neutron log traces of Brownless l well 

9. Replay of digitized traces of Brownless 1 well 

10. Porosity crossplot of upper Viola Limestone 

11. Porosity crossplot of "Lower Limestone" 

12. Geometry of matrix solutions 56 

13. M-N plot of Viola Limestone of Belcher Al well 

14. Trend surfaces of neutron and density average log responses 
of the "Lower Limestone" 

15. Trend surface of average sonic log response of "Lower 
Limestone" 

16. Ternary diagram for lithofacies classification 

4 

8 

10 

13 

16 

38 

40 

41 

42 

51 

52 

58 

69 

70 

80 

vii 



Figure 

17. Second order trend surface on top of Viola Limestone 

18. Structure residual map 

19. Diagram illustrating normalization procedure of computed 
mineral fractions 

20. Limestone isofacies map 

21. Dolostone isofacies map 

22. Chert isofacies map 

23. Raster lithofacies map with structure 

24. Raster lithofacies map with isopachs 

25. Chert isofacies map 

LIST OF PLATES 

Plate 

1. Oil field map 

2. Structure map 

3. Isopach map 

4. Porosity map 

5. Raster Lithofacies map 

6. Log overlay and computed compositional components of 
Belcher Al well 

7. Cross sections prepared from sample logs 

8. Color key for raster lithofacies maps 

9. Galena Group 

10. Galena Group (detail) 

84 

85 

87 

88 

89 

90 

91 

92 

94 

in Pocket 

" 

II 

II 

II 

II 

II 

II 

76 

78 

viii 



I. INTRODUCTION 

Purpose of Study 

The main task set for this research is to develop a new method for 

lithofacies analysis based on geophysical well logs. This involves the 

utilization of numerical data processing techniques employing inter­

active computer programs. The Viola Limestone (Upper and Middle 

Ordovician) in the subsurface of south-central Kansas was chosen as a 

test example. The evaluation of the areal variation of the Viola 

Limestone in terms of geometry, principal mineral constituents, and poros­

ity is the aim of the new approach. Studies with similar objectives, but 

employing traditional subsurface techniques, are common in the academic 

literature and are routine procedures in oil company exploration 

programs. 

In recent years, simple mathematical models have been devised 

which relate geophysical log responses to the lithology and pore 

volume of stratigraphic units. This work has provided the essential 

impetus for the present study (Savre, 1963; Burke and others, 1967; 

Harris and McCammon, 1971; Doveton and Cable, 1979). In planning the 

research, a sequence of four objectives was defined: 

(1) Evaluate mineralogical/porosity variation in logged 
Viola sections of individual wells of the study area 
by application of an interactive well log analysis 
system, KOALA (Kansas On-Line Automated Log Analysis). 

(2) Subdivide the Viola sections into lithological units 
which are mappable with respect to rock type and 
unit geometry. 

(31 Generate structural, isopach, and lithofacies maps. 
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(4) Interpret the results with regard to the depositional 
and diagenetic history of the Viola. In addition, 
attempt to link areal variations of these characteristics 
with known occurrences of hydrocarbons in the Viola 
Limestone. 

In assembling the data base it became apparent that the first 

objective could not be met in the vast majority of wells, since the 

typical log suite was inadequate to evaluate the mineral composition of 

the Viola. Three "porosity" logs (neutron, density, and sonic) are 

required to calculate both porosity and three mineral constituents for 

a desired interval of a well. A modified strategy was needed which· 

would resolve this problem as suggested by the following considerations. 

Although only two individual wells had a complete suite of porosity 

logs, the entire sample of "porosity" logs was adequate to estimate the 

areal variation of log responses as continuous surfaces. Consequently, 

the dilemma of insufficient data could be resolved by the use of spatial 

coordinates in the log analysis phase. Objectives one and two were 

redefined as follows: 

(1) Compute the average log response of the Viola Limestone 
for each of the "porosity" logs at every well location. 
Calculate a grid from the average responses for each of 
the three "porosity" logs. 

(2) Use the grids which contain the neutron, density, and 
sonic log responses to calculate porosity and three 
principal mineral constituents of the Viola Limestone 
as a whole. 

The crucial operations of log normalization and mineralogical/porosity 

solutions from log responses were transferred from KOALA (the log 

analysis package) to Terraplot (the automated contouring package). The 

functions could be programmed within Terraplot by use of trend surface 

analysis, grid-to-grid operations, and data retrieval utility routines. 

All these procedures will be explained in detail in a later chapter. 
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The fusion of spatial and geophysical log analysis in a single 

operative module is an approach which could have wide applicability. 

Its strengths and drawbacks are critically examined in the production 

of the Viola lithofacies synthesis. 

Previous Work 

Combinations of structure, isopach, and facies maps have been 

used over the years as aids for interpretation of the geologic history 

of a stratigraphic interval over an area of investigation (King, 1942; 

Krumbein, 1948; Wengerd, 1948; Schramm, 1964; Adkison, 1972). Work on 

a unit that occurs entirely in the subsurface over the area studied, 

is generally limited to the preparation of facies maps representing 

its major lithological components. These maps are termed lithofacies 

maps and may be constructed in a variety of ways. Common methods are 

to contour the percentage of one component (isofacies map) or the 

ratio of one lithology to another (lithologic ratio map). 

A map representing a combination of lithologies is constructed 

usually with the aid of a compositional triangle. The triangle vertices 

generally represent 100 percent of either a combination of components or 

of a single constituent, while the area of the triangle is divided into 

fields that are defined by limiting percentage values between the end 

members (Krumbein and Sloss, 1951). The choice of endrnembers and of the 

"limiting percentage values" should result in a suite of combinations of 

components, which are diagnostic for the problem to be solved. In most 

cases, combinations are sought which can be interpreted with regard to 

the environment of deposition. 

A somewhat different approach was advanced by Pelto (1954), who con­

ceived the "classifying function" as a means of mapping a multi-component 
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system. A compositional triangle is divided into seven sectors, 

each subdivided by classifying function lines which express the 

distance of a control point to a sector endmember. In the production 

of lithofacies maps, each sector is assigned a color or pattern 

indicating the main lithology, with the values of the classifying. 

function contoured on top, giving the amount of mixture of the main 

lithology with some other lithologic component. 

Wengerd (1948) published a lithofacies study on the Viola Limestone 

and the overlying Fernvale Limestone of south-central Oklahoma. Although 

he collected some of his samples from surface sections, including the 

Viola Limestone type section on the flanks of the Arbuckle Mountains, 

most of his data were derived from well-cuttings. The Viola of this 

area is composed primarily of cherty limestone with some dolomite, 

the latter being the dominant lithology in one area only. Wengerd sub­

divided the Viola into four principal members on the basis of chert 

content, insoluble residue percentage, texture, and color. Structure, 

isopach, and two isofacies maps, showing chert and insoluble residue 

content, were constructed and used to divide the Viola geographically 

into a platform facies and a platform slope facies, as well as into six 

provinces having a distinct lithologic character. Wengerd's main con­

clusions regarding the Viola are summarized below: 

(l) Only modest epeirogenic movements affected the Viola 
basin of deposition. 

(2) No correlation could be established between amount of 
chert or dolomite and areas that were exposed to erosion 
several times throughout geologic history. 

(3) Areas favorable to hydrocarbon accumulations are not 
those dominated by porous dolomite, but those that 
developed secondary porosity associated with faulting 
and intraformational disconformities. 
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A report by Adkison (1972) on Middle and Upper Ordovician rocks 

of south-central Kansas, covering the eastern half of the area analyzed 

in this thesis, includes a chert isofacies map of the Viola Limestone. 

Data for this map are based on sample logs from description of well­

cuttings. Adkison notes the correlation of residual chert with structural 

highs and concludes: 

The Viola was subjected to postdepositional altera­
tions, such as dolomitization and solution, at 
several times before final burial, and the alterations 
probably improved the permeability and porosity of the 
formation in many places ... (Adkison, 1972). 

Lithofacies determination in subsurface carbonate sequences relies 

traditionally on a quantitative or semi-quantitative description of 

well-cuttings, i.e., the direct observation of rock samples. The method 

applied in this research can be described best as a remote-sensing 

type of approach, where lithologies are derived from traces recorded 

by geophysical well logs. Most commonly used are logs which record the 

acoustic travel time, density, and neutron response characteristics 

of a formation as a continuous function of depth. The latter approach 

was first described by Savre (1963), who devised charts for a graphical 

solution of porosity and three mineral constituents· from·the three logs 

mentioned above. Based on Savre's work, Burke and others (1967), Harris 

and McCammon (1971), and Doveton and Cable (1979) transformed the 

graphical solution into a numerical algorithm, employing matrix 

algebra. In addition, Doveton and Cable (1979) describe the advantages 

of an interactive well log analysis system for the solution of complex 

lithologies. 

Location and Geomorphic Setting 

The area studied covers approximately 10,000 square kilometers in 

south-central Kansas, including Kiowa, Pratt, Comanche, and Barber 
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counties, as well as portions of adjacent counties (Fig. 2). It is 

located 170 kilometers west of Wichita, the largest city in Kansas 

and the center of the State's oil industry. 

With regard to the major physical division of the United States, 

Kansas is part of the Interior Plains, of which two subdivisions, the 

Great Plains and the Central Lowland, are represented in the State 

(Schoewe, 1949) and likewise in the study area (Fig. 2). In the north, 

the Central Lowland province is represented by the Arkansas River Low­

lands which also constitutes the southwest corner of Barber County. 

The southern two-thirds belong to the Great Plains. The latter province 

is subdivided in Kansas into High Plains and Dissected High Plains. 

Topographic elevation averages 600 meters (1968 ft). 

The Arkansas River Lowland is a relatively low lying area which 

follows the valley of the Arkansas River. It is covered by unconsoli­

dated gravels, silts, and clays of Tertiary and Quaternary age. 

Inactive Quaternary dune fields are frequent. 

The High Plains constitute a rather featureless belt with negligi­

ble local relief. Cretaceous and Tertiary rocks are covered by a thin 

veneer of soil, but are found directly at the surface over wide areas. 

The Dissected High Plains form a striking contrast to the physic­

graphic units to the north. They exhibit a local relief of 90 m (300 

ft) due to extensive erosion of Permian shales, sandstones, and 

evaporites, primarily by the Medicine Lodge River and its tributaries, 

creating a mesa and butte topography (Wilson, 1978). This area, now 

named the "Red Hills," was known to the Indianas as "Medicine Hills" 

because of the healing qualities of the water of its springs. 
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II. GEOLOGIC SETTING 

Stratigraphy 

Ordovician rocks are encountered in the subsurface over almost the 

entire area of the State of Kansas and are absent only over parts that 

experienced regional uplift at various times throughout geologic 

history. The Central Kansas Uplift, the Nemaha Anticline, and the 

Chautauqua Arch represent major structural features where Ordovician 

rocks are absent or reduced considerably in thickness (Merriam, 1963}. 

Petroleum geologists established four divisions of Ordovician 

rocks in Kansas (Leatherock, 1945 Fig. 3). Names for these units 

were borrowed from surface sections in neighboring states, (Taylor, 

1947). The uppermost formation is the Maquoketa or Sylvan Shale (Upper 

Ordovician) which is correlated with sections in Iowa (Maquoketa Shale) 

and Oklahoma (Sylvan Shale). This unit consists of a dolomitic shale 

at the top, grading into shale towards the base. 

The underlying Viola or Kimmswick Limestone (Upper and Middle 

Ordovician) is separated from the Maquoketa by an unconformity. This for­

mation is referred to as Kimmswick in central and northeastern Kansas, 

where it is tentatively correlated with the Kimmswick formation of 

Missouri (Lee, 1943) and the Galena Group in Iowa. In south-central and 

western Kansas the name Viola is preferred with reference to the Viola 

Formation of Oklahoma. 

The Simpson Group (Middle and upper Lower Ordovician) underlies the 

Viola over most of Kansas. This group is divided into two formations. 

The upper unit is the Platteville Formation, which is primarily 

limestone and dolostone with shale and sandstone interbeds. The 
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lower unit, the St. Peter Sandstone, consists of two sandstone units 

separated by a shale (Merriam, 1963), of which the latter unit comprises 

the main lithology of the St. Peter in the study area. The oldest 

Ordovician rocks in Kansas are limestones and dolostones of the Arbuckle 

Group, which underlies the Simpson Group and is separated from it by a 

major unconformity. 

The stratigraphic nomenclature of the Ordovician system in Kansas 

and neighboring states is reproduced in Figure 4. Leatherock (1945) 

published this compilation, and although stratigraphic terminology has 

been modified since then, based primarily on conodont biostratigraphy 

by Sweet and Bergstrom (197§), the terms used by Leatherock (1945) are 

still used today by subsurface geologists. 

The Viola Limestone was first described by Taff (1902) from an 

outcrop near the village of Viola in Johnston County, Oklahoma (Wengerd, 

1948). Subsequent studies (Decker, 1930; Decker and Merritt, 1933; 

Wengerd, 1948) modified Taff's original definition of the Viola. Two 

members, the Fernvale at the top and the Bromide at the bottom were 

given formational rank, although arguments regarding the rank of the 

Fernvale formation continue (Alberstadt, 1973; Amsden, 1979). 

The Bromide constitutes the upper formation of the Simpson-Group 

and is encountered in the thick miogeosynclinal sediments of the 

Quachita facies in Oklahoma (Ireland, 1966), which do not extend into 

Kansas. The Fernvale of Oklahoma has never been correlated with a 

rock unit in Kansas and, if ever present, was removed by erosion which 

affected the Viola as a whole in Kansas before final burial (Lyons, 1966).: 

The Viola was considered by Lee (1956) to be difficult to subdivide because 

of lateral facies variation, although he did recognize four lithologic 

zones (Lee, 1949) in the Salina Basin. Taylor (1947) and Ver Wiebe 
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(1948) divided the Viola into six lithologic zones, mainly on the 

basis of amount of chert present. Adkison (1972) described three litho­

logic zones in the Viola Limestone of south-central Kansas. The basal 

unit consists of a medium to coarse crystalline crinoidal limestone 

with a thickness of 5-30 ft containing little or no chert. This zone 

is overlain by a cherty, dolomitic limestone with a thickness of about 

15 to 60 ft. Cherty, medium crystalline limestone and dolostone beds 

make up the upper 20-60 ft of the Viola. 

Sedimentation and Paleogeography 

Throughout the Ordovician, paleogeography and sedimentation of the 

cratonic areas of the Midcontinent region were controlled primarily by 

the Transcontinental Arch and by the position of the North American 

plate with respect to the earth's latitudinal belts (Ross, 1975). 

Evidence of late Ordovician glaciation (Sheehan, 1973) as well as 

latitudinal biotope variations (Berry and Boucot, 1970) supports the 

hypothesis that extensive polar ice-caps created a more pronounced climatic 

zonation than that postulated for the Cambrian and Late Silurian (Spjeld­

naen, 1976). The Transcontinental Arch represented a nearly continuous 

land bridge in the Early Ordovician, but became inundated over wide 

areas at the close of the period. Its known extension covered an area 

ranging from New Mexico to Minnesota across the Midcontinent (Fig. 4). 

Depth of water and the extent to which epicontinental seas 

covered the Transcontinental Arch and the Canadian Shield determined 

the nature of marine sediments deposited on the Midcontinent region. 

During Simpson time, the Transcontinental Arch and the Canadian Shield 

were exposed over a wide area to erosion and supplied detritus for the 
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shales and sandstones of the Simpson Group. The St. Peter Sandstone 

was deposited by longshore currents (Amaral and Pryor, 1977} that 

were driven by the tradewinds. In Viola time, the intracontinental 

land masses became largely inundated and marine sedimentation on both 

sides of the Transcontinental Arch was dominated by carbonates. The 

carbonate sediments of the Viola Limestone and its equivalents, were 

laid down over areas where normal marine conditions prevailed. 

Towards the close of the Ordovician, the epicontinental seas covering 

the Midcontinent experienced a decrease in water depth accompanied by 

a restriction of water circulation. This process culminated with the 

deposition of the dolomitic Maquoketa Shale, which in Iowa contains a 

dwarf fauna of low diversity indicative of hypersaline water condi-

tions (Agnew and others, 1956). 

Structure 

Three deformational events occurred in Kansas during the Paleozoic 

Era (Lee, Leatherock, and Bottinelly, 1948). They influenced the 

lithology and the final geographic distribution of Paleozoic rocks. 

Uplifted blocks provided elastic material sources for depositional basins 

which were covered by carbonate producing shallow seas, while oscillation 

of coastlines led to erosion of previously deposited strata. Overall, 

the structural geology of Kansas is not complex when compared with that 

found in orogenic belts. 

Precambrian igneous and metamorphic rocks form the basement. 

They are part of the nucleus of the North American plate exposed as 

the Canadian Shield in the northern regions of the continent. These 

rigid basement rocks are covered by a thin veneer, generally less than 

2900 meters (9500 ft), of sedimentary strata (Merriam, 1963). Vertical 
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movement of basement blocks dominated (Clark, 1932) and created the 

regional structural elements that control the subsurface geology of 

Kansas and caused folding of the sedimentary cover. These anticlinal 

structures contain the most important hydrocarbon producing reservoirs 

in the State of Kansas. The size of the long axes of these anticlines 

range in most cases between one and five kilometers (one and three miles), 

as deduced from oil field contour maps (Merriam, 1963). 

The Paleozoic sediments of Kansas were first affected by a tectonic 

event occurring in Early Paleozoic time, prior to the deposition of the 

Simpson Group. As shown by the convergence map between the top of the 

Precambrian and the top of the Arbuckle Group, a structural high, the 

Southeast Nebraska Arch, was formed accompanied by a broad structural low, 

the Southwest Kansas Basin (Fig. 6A). An early ancestor of the Central 

Kansas Uplift bega~ its structural history as suggested by the 250 

foot contour in the northwestern area of the map (Merriam, 1963). The 

Southeast Nebraska Arch was below sea level during most of the period of 

Arbuckle sedimentation, as indicated by a complete section of the 

Arbuckle Group on its flanks. These rocks were stripped off the arch 

by erosion before Simpson time (Lee, Leatherock, and Bottinelly, 1948). 

Structural development continued with the formation of the 

Chautauqua Arch, an early phase of the Ozark Uplift, and the Ancestral 

Central Kansas Uplift, separating two subsiding basins, the North 

Kansas Basin and the Southwest Kansas Basin (Fig. 6B). Rich (1933) 

coined the term Central Kansas Arch, in which he included the Ancestral 

Kansas Uplift, the Chautauqua Arch and a structural high area connecting 

the two. Extensive post-Mississippian erosion of older strata from 

the uplifted areas makes it difficult to define the phases of uplift. 

Adkison (1972) believes that deposition of the Simpson Group was 
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influenced, as indicated by its general thinning along the flanks of 

the uplifts. During much of late Simpson time parts of the Chautauqua 

Arch became a source of terrigeneous sediments, manifested in the 

scarcity or absence of carbonate sediments in the Upper Simpson Group 

surrounding it (Adkison, 1972). 

Deposition of the Vio~a Limestone followed the same pattern with 

continuing subsidence of the basins and uplift of the structural blocks. 

This unit once covered the whole of Kansas with the exception of the 

higher parts of the Chautauqua Arch which constituted a broad land mass 

during late Viola time. It is shown in Figure 4 as the unnamed land 

mass stretching over the southeast corner of Kansas, northeast Oklahoma, 

and much of southern Missouri. 

The last and most important structural event in Paleozoic time 

began its final phase at the close of the Mississippian Period and 

culminated in Early Pennsylvanian time. Initial movements, that 

started the Nemaha Anticline, are recognized in Early Mississippian 

time and structural activity did not cease until Early Permian time 

(Lee, 1943). Widespread uplift that included basinal areas, followed 

by erosion, created a major unconformity which was buried by Pennsyl­

vanian sediments. In the Early Pennsylvanian, the Central Kansas Uplift, 

the Nemaha Anticline, and the Pratt Anticline became established as the 

dominant structural highs separated by the basinal areas shown in Figure 

1. The Chautauqua Arch became inactive as a high land and formed the 

Cherokee Basin. 

The Viola Limestone was affected in Late Silurien and Early 

Pennsylvanian time by widespread erosion that removed this unit from 

the Central Kansas Uplift, the Chautaqua Arch, and parts of the Nemaha 
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Anticline. Strata recognized as Viola consist largely of residual 

chert on the flanks of the Central Kansas Uplift and over the Pratt 

Anticline. The final structural configuration of the Kansas subsurface 

was shaped by this event. Post-Paleozoic tectonic activity had little 

influence on these structures although it caused regional warping and 

some local folding (Adkison, 1972). 
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III. GEOPHYSICAL WELL LOGS 

Well logging is the collection and analysis of borehole measurements 

that are recorded as a function of depth and are used to determine the 

physical properties of geologic formations surrounding a borehole. Often 

used synonyms for well logging are geophysical or petrophysical logging 

formation evaluation, and electrical logging. The first well log ever 

recorded was a resistivity trace measured by the brothers Schlumberger 

in France in 1927. Of the logs used in this research, the gamma ray 

log was introduced in the late thirties and the neutron, density, 

and sonic log (the so called "porosity" logs) were introduced in the late 

forties and early fifties. The gamma ray log and the "porosity" logs 

provided most of the data used in the lithofacies analysis of the Viola 

Limestone. Their operational theory, as well as possibilities of 

application, are.examined in the following paragraphs, which to a large 

extent are based on information contained in well logging manuals 

published by service companies such as Schlumberger, Dresser Atlas, and 

Welex. 

The Gamma Ray Log 

A majority of the chemical elements consist of a mixture of two 

or more isotopes, which are atoms of the same element but of different 

mass. Many of the natural occurring isotopes are unstable and decay 

into a stable state emitting radiation known as alpha rays (Helium 

nuclei), beta rays (electrons) and gamma rays (electromagnetic waves). 

In practice, only the gamma rays are measured in a borehole, since 

alpha and beta rays are easily absorbed and do not reach the detectors 

in gamma ray logging tools. Unstable isotopes of the uranium-radium 
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series, the thorium series, and the potassium-40 isotope provide 

most of the radiation measured by the gamma log, since only they occur 

in appreciable quantities in nature. Although gamma rays have a 

higher penetration depth than alpha and beta rays, they too are 

absorbed by material such as geologic formations and borehole mud. Ninety 

percent of the radiation reaching the detector are estimated to origin­

ate within the first 15 centimeters (6 inches) of a formation surrounding 

a borehole, which prescribes a radius of investigation for the tool. 

Gamma ray emission is a random process and varies in quantity 

with time. The radioactive count is therefore a statistical quantity 

whose fluctuations are smoothed by an averaging (time constant) cir­

cuit. Additional smoothing of the count rate is dependent on the 

logging speed at which the tool is raised through the borehole. The 

time constant (i.e., length of time radiation is measured before it is 

recorded) and logging speed have to be selected in a way that statis­

tical noise is minimized but systematic minor variations in radiation 

intensity are not lost in the averaging process. Measurement of the 

statistical background radiation is made during each logging operation 

by holding the tool stationary for several minutes. A record of this 

measurement is included with the log, and is used to differentiate noise 

from minor systematic variation. 

Two types of measurement techniques are commonly used in gamma 

log tool design. The first is the Geiger-Mueller counter based on 

the ionization of gas by incident gamma rays. This tool is fairly 

insensitive to borehole temperatures and is used to log boreholes with 

a small diameter as it does not require insulation. The other technique 

is based on the scintillation principle. Certain crystals when bombarded 
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with gamma rays, produce tiny flashes of light which are converted to 

electrical pulses. These pulses are proportional to the amount of 

incident gamma rays. Tools designed with this physical principal are 

very efficient, i.e., a higher logging speed can be used for the same 

time constant. On the other hand, they require extensive insulation 

from borehole temperatures which restricts their use to wide diameter 

holes. 

Calibration of the tool in the field is performed prior to every 

logging run by exposing the tool to a standard calibrator. All modern 

logs are recorded in API gamma ray units which are scaled so that an 

average Midcontinent shale registers about 100 units. Limestone, dolo­

stone and non-shaly sandstones register approximately 20 to 30 API units. 

Clay minerals are the principal source of radioactive isotopes. 

Chemical analysis of shales combined with gamma ray measurements led 

to the generalized conclusion that up to 20 percent of the radiation 

emitted is caused by potassium-40. The remainder is largely due to 

isotopes of the thorium-series and uranium, while the latter is a 

dominant radiation source in shales that were deposited under reducing 

conditions. These shales are commonly called "black radioactive 

shales" due to their excessive gamma log readings which make them 

excellent marker beds in stratigraphic applications. 

Differing borehole conditions introduce minor errors into gamma log 

readings. Factors such as mud type, cement, and casing increase the 

absorption of gamma rays but do not eliminate the intensity differences 

of "radioactive" versus "non-radioactive" formations. 

The use of the gamma log for stratigraphic correlation is widely 

practiced. In addition, it is applied to detect and evaluate mineral 

deposits containing uranium or potash (Tixier and Alger, 1967), although 
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its main application lies in the exploration and evaluation of hydrocarbon 

reservoirs, where it is used primarily as a "shale" log to distinguish 

shales from "clean formations." "Clean formations" are sandstones, 

limestones and dolostones which in general do not contain a large 

amount of radioactive isotopes. The left trace of Figure 9 is a ganuna 

log with "clean" formations registered to the left of the log track and 

shales to the right. The division of a gamma log trace into "clean" units 

and shale units is often used in lithofacies studies of sandstone/shale 

formations (Krumbein, 19481. The thickness of shales and sandstones 

of a given interval are measured and percentages or a ratio between 

the two lithologies is calculated. Results are then displayed in form 

of a contour map. This technique of quantitative lithofacies analysis 

is restricted to sandstone/shale sections, since the gamma log characteris­

tics of stratigraphic sequences that consist of limestones and dolostones 

generally do not allow the two carbonate types to be distinguished. 

Another application of the gamma log as a "shale" log is as an aid 

in formation evaluation. This procedure includes the calculation of 

the pore volume of a formation as well as of the water and hydrocarbon 

saturation from "porosity" and resistivity logs. The readings of both 

log types are influenced by the shale content of a formation (Poupon and 

Gaymard, 1970). Reasonable results can only be obtained if a reliable 

estimate of the shale content of a formation is available, and this is 

calculated from the gamma log by a simple method. Two parallel vertical 

lines are drawn on the log, one representing the average reading of 

"clean" formations (zero percent shale) while the other typifies the 

average response of shales. Gamm.a log readings that fa.11 between these 

two lines are then related by an empirical curve to the percentage of 

clay minerals present in the formation. 
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A different application of the gamma log is demonstrated by 

Selley (1976), who advocates a "cowboy geology" approach to the inter­

pretation of sedimentary environments in sand/shale sediments of the 

North Sea. He uses the gamma log in conjunction with traditional 

geological data such as presence of glauconite and carbonaceous matter 

obtained from well cuttings. The shape of the gamma log "kicks" 

reflects sharp or gradational contacts between shaly and "clean" 

formations. Gradational positive or negative slope changes can be inter­

preted either as upward fining or upward coarsening grain size profiles. 

Selley (1976) was able to distinguish a total of eight environments 

ranging from submarine fan sediments to deltaic distributary channels. 

He repeatedly stresses the point that all available information should 

be used to aid and check on the interpretation of sedimentary environments 

derived from the analysis of garmna log traces. 

The Neutron Log 

The neutron logging device represents the only "porosity" tool that 

was developed directly for the purpose of measuring formation porosity. 

It contains a source element from which high energy neutrons radiate 

spherically into the surrounding formation. The neutrons collide with 

nuclei in the formation and experience a progressive reduction in 

energy. The greatest energy losses occur when a neutron strikes a 

nucleus of similar mass. Primary reduction in energy, therefore, 

occurs in the collision of neutrons with hydrogen nuclei. Eventually, 

each neutron is reduced to thermal velocity and captured by a nucleus 

which emits capture gamma rays. Depending on the tool, one or two 

detector elements measure either the amount of slowed-down neutrons or 

the capture gamma rays. 
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In typical reservoir rocks such as sandstones and carbonates which 

are free of any considerable amount of shale, the reduction of neutron 

flux is a function of the amount of hydrogen present, and consequently 

is a measure of the amount of fluid contained in the pore space. Forma­

tions with a high porosity result in a low count rate, as most neutrons 

are captured close to the source element, and slow neutrons and capture 

gamma rays are absorbed before reaching the receiver. Conversely, a low 

porosity results in a high count rate as proportionally more neutrons 

survive the distance to the receiver. This consideration also determines 

the resolution of the neutron tool which is largely controlled by 

porosity, and can range from several inches to several feet. 

In modern neutron tools (Tittman and others, 1966), source and 

receiver elements are mounted on a pad which is pressed against the 

borehole wall by springloaded arms. This design largely eliminates the 

influence of the borehole diameter and mud on the neutron readings. The 

recording device is linked with a small computer that continuously con­

verts neutron counts into porosity units. The neutron log of more recent 

tool designs is arithmetically scaled in limestone porosity units which 

are calibrated with reference to a variety of limestones with aqueous 

pore fluid and differing porosities. Porosities recorded in lithologies 

other than limestone need to be corrected to true porosities by applying 

charts supplied by the service companies. 

Older neutron tools were centered in the borehole and the measure­

ments were recorded as neutron counts. An exponetial relation that 

includes factors as lithology, borehole diameter and hardware character­

istics, is applied to relate neutron counts to porosity. This 

relationship is approximated by a logarithmic equation of the form: 
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where 

log ct,= C - KN 

ct,= porosity 

N = neutron counts 

K, C = factors related to lithology, borehole diameter 
and tool design 

[1] 

Almost the entire sample of neutron logs available in this study are 

recorded in counts, and the equation above was applied to convert them 

into porosities. In order to relate the measured neutron counts to 

porosity, the constants Kand C need to be calculated, which requires 

at least two points of definition. In the absence of core analyses 

that would allow a systematic match of neutron counts with measured 

core porosities, the so called "40 to 1 method" was applied in deriving 

the two constants. A shale and a tight carbonate zone, both recognizable 

on all logs, were selected on each log and porosity values of 35 percent 

and two percent, respectively, were assigned to them. These percentage 

values are not entirely artificial, as they are averages based on 

porosity estimates from density and sonic logs as well as from neutron 

logs that are recorded in porosity units. With these two points, two 

equations could be set and solved for Kand C, which when inserted in 

the logarithmic equation, provided the relation to compute porosities 

from neutron counts. 

Although the neutron device is mainly used to estimate formation 

porosity, it should be kept in mind that neutron collisions with 

hydrogen nuclei make no distinction as to the molecular form of the 

hydrogen present in the formation. The neutron log, therefore, is 

primarily a measure of hydrocarbon concentration and its use as a 

porosity tool is justified only in formations where the vast majority 

of hydrogen atoms is concentrated in the pore fluid, unless appropriate 
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corrections are applied. This feature is of advantage in distinguish­

ing certain lithologies. In evaporite sequences, for example, the 

neutron log can be used to distinguish gypsum from anhydrite due to 

the crystallization water associated with gypsum. When the neutron 

log encounters porosities with a high gas saturation, it records extremely 

low porosities due to the low hydrogen concentration in the pore space. 

As already indicated, the neutron log response is related to 

the hydrogen concentration of the materials measured. This concentra­

tion is expressed as the hydrogen index (HI) which can be calculated for 

any substance by applying simple molecular theory. The hydrogen density 

(HD) of water is calculated as the ratio of the atomic weight of the 

hydrogen atoms to the molecular weight of water times the density of 

water. Using land 16 as the atomic weights for hydrogen and oxygen, 

the hydrogen density can be expressed as: 

where 

= 2H/(2H + 0) * pH O = 1/9 
2 

PH
O

= density of water in grams per cubic centimeter 
2 

[2] 

As the hydrogen index of water is set to one, and serves as standard, 

the hydrogen index of any compound can be calculated by multiplying its 

hydrogen density by the factor nine. As an example of how fluids 

with different hydrocarbon indices can influence porosity readings, 

the hydrocarbon indices of oil and methane are derived. The chemical 

composition of oil can be approximated by the formula n(CH
2

) where n 

reflects the molecular complexity of the average hydrocarbon within 

the oil. For an oil with density of .85, the hydrocarbon index is 

calculated as: 

HI . 1 01 

2 = 
14 

X ,85 X 9 = 1.09 [3] 
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For methane (CH
4

} that has a density of .1 at given formation pressures 

and temperatures the hydrogen index is calculated as: 

4 
Himethane = 16 x .l x 9 = .225 [4] 

As the more recent neutron tools are calibrated in terms of fresh water 

fluid, a neutron porosity reading of 100 percent corresponds to the 

reading of a component with a hydrogen index of one. The computed 

hydrogen indices for oil and methane indicate porosities of 109 and 

22.5 percent respectively. The comparison of these two values with 

that for water illustrates that in general only residual gas saturation 

has a significant influence on neutron porosity readings. 

By using the hydrogen index formula, apparent neutron porosities 

can be calculated for various hydrated minerals from their molecular 

composition and atomic weights. These values are extremely helpful 

when applying the neutron log to the search for certain salts within 

evaporite sequences, as a salt with a high hydrogen index will give a 

high neutron porosity reading and vice versa. 

The hydrogen index of shales generally cannot be calculated due 

to their complex mineralogy. The neutron response of shales is 

variable and depends on the quantity of hydrogen associated with the 

lattices of the various clay minerals and the proportion of bound water. 

As a result, neutron porosity values for shales are derived from the 

neutron log from zones identified as shales with the help of the gamma 

log (Poupon and others, 1971). Typical values for Midcontinent shales 

range from 30 to 40 percent neutron porosity. Reservoir rocks that con­

tain a certain amount of shale are corrected by the following empirical 

formula. 
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cp = 'Pa - V<j>Nsh 

<I> = true neutron porosity 

where <l>a = apparent neutron porosity 

V = fraction of shale 

cpNsh = neutron porosity of shale fraction 

In addition to porosity determination and the identification of 

gas-rich zones and certain minerals, the neutron log is applied in 

conjunction with the density and sonic log to resolve complex litho­

logies into their fractions of mineral constituents and pore volume. 

The Density Log 

Density devices were introduced to estimate bulk density of 

geologic formations to aid in the interpretation of gravity surveys. 

Their applicability as a "porosity" tool was soon recognized and its 

main use today is for the estimation of formation porosity. The bulk 

density measurement incorporates the grain density of a formation and 

the fluid density contained in the pore space. The relationship of 

these two contributions is the basis for porosity calculations. 

[5] 

A density tool consists of a source of gamma rays which is mounted 

in a rubber pad and pressed against the borehole wall by spring-loaded 

arms. The leading edge of the pad is plow-shaped in order to furrow 

through the mudcake on the sides of the borehole and minimize its influence 

on the density readings. The constant flow of gamma rays emitted from the 

source element interacts with the electron clouds of the atoms encountered 

in the surrounding formations. This process leads to scattering and 

annihilation of gamma rays. The reduction of gamma ray flux is measured 

by one or two detectors (Wahl, Tittman, and Johnstone, 1964), and is 
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proportional to the average electron density of the formation. "Apparent 

bulk density" is derived from electron density measurements by considera­

tions applying simple atomic theory. 

Atoms consist of a nucleus which virtually represents the total mass 

of an atom with approximately equal numbers of protons and neutrons. The 

nucleus is surrounded by an electron cloud and the number of electrons 

matches the number of protons. A measurement of electron density, 

therefore, is related to the "apparent bulk density" of the formation. 

The distinction between the term "apparent bulk density" and "true 

bulk density" is necessary because elements are made up of isotopes 

that differ in the number of neutrons present in the atomic 

nucleus. In general, the number of neutrons matches very closely the 

number of protons, thus a factor of two is applied in the estimation 

of apparent bulk densities from electron density measurements. True 

bulk density would require a factor that takes the isotopic composition 

of elements into account. In the context of well logging, true and 

apparent density are almost identical for the molecules that charac­

terize the most common lithologies. Quartz, calcite, and dolomite 

for example have a ratio of molecular weight to their sum of atomic 

numbers of 2.0028, 2.0016, and 2.0024. This ratio, however, amounts 

to 2.0838 for halite resulting in an apparent density value of 2.03 

calculated with a factor two while the true density of halite is 2.16 

grams per cubic centimeter. As all calculations are done in terms 

of apparent density, corrections are not required unless real densities 

derived from core analyses are applied for log recalibration. Terms 

such as density, bulk density always refer to "apparent bulk density" 

unless otherwise noted. 
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Original calibration of density tools is made by service companies 

who use a variety of limestones with different densities as standards 

of reference. Calibration can be checked after a logging run by 

comparing the measured densities with the matrix densities of a known 

tight quartzite or carbonate zone in the logged well. Modern density 

tools employ two gamma ray detectors and the measured density values are 

automatically corrected for borehole conditions. Readings of older, 

single detector type tools are corrected for mud cake applying charts 

made available from service companies. 

The main application of formation density measurements is the 

estimation of formation porosity. This procedure employs a mass 

balance equation where the bulk density of a zone equals the sum of 

the densities of the pore and grain fractions. 

Pb= <jlpf + (l - <jl) Pma 

<P = the pore fraction 

where Pb = the apparent bulk density 

pf = the density of the pore fluid 

pma = the density of the matrix material 

Since bulk density is the measured quantity and pore fraction is the 

unknown to be solved, density values for matrix and pore fluids are 

inserted into the operation according to the lithology and type of 

[6] 

pore fluid present in a particular zone. Lithology can be deduced from 

the gamma log in conjunction with well cuttings, and the following 

values represent apparent bulk densities of some major mineralogical 

components expressed in grams per cubic centimeter. 

30 



Quartz = 2.65 

calcite = 2.71 

Dolomite = 2.87 

As the radius of investigation of the density tool is limited, the pore 

fluid is generally mud filtrate which replaces formation brine and hydro­

carbons during the drilling process. The density of fresh mud filtrate 

is close to unity and will not be influenced markedly by minor residual 

oil saturations. The presence of significant residual gas saturations, 

however, will result in an extremely low density reading, the socalled 

"hydrocarbon effect." 

The above equation applies only to zones that consist essentially 

of one mineralogical component. The presence of shales in a zone tends 

to reduce the density reading resulting in exaggerated porosity 

values. In order to correct for th~ amount of shale, the basic 

equation is expanded to: 

where 

Pb= ~pf+ Vpsh + (l - ~ - V) pma 

Psh = the density of shale 

V = the volume fraction of shale 

The shale volume can be calculated from the gamma log and the shale 

density is generally drawn from the density log itself by selecting 

(with the aid of the gamma log) a shale unit in the vicinity of the 

formation undergoing evaluation. This approach is necessary due to 

the variable nature of shales that do not allow the definition of 

universally valid physical parameters. 

[7] 

Another expansion of the basic equation takes a mixture of different 

mineralogical components into account. This expanded equation is the 
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basis for porosity and lithology derivations as applied in this 

research in conjunction with equivalent equations based on neutron and 

sonic log responses. The basic equation assumes the form: 

n 

Pb = $Pf+ (1 - $) r X. pi 
i=l 

1 
[8] 

where X, = the fraction of component i 
1 

pi = the density of component i 

The density log by itself is a valuable aid in the identification 

of certain lithologies and minerals which have a high density contrast 

compared with sandstones, limestones, and dolostones. These include 

coals with a density in the range of 1.6; salt beds with a density of 

about 2.03; and anhydrite beds with a high density of 2.96. 

Another application of the density log is the detection of over­

pressured zones during the drilling of a well (Fertl and Timko, 1970). 

Density logs are run several times during the drilling operation and 

shale zones are selected with the aid of the gamma log. Particularly in 

younger sediments, a plot of shale bulk density shows a gradual increase 

with increasing depth. This trend is reversed when an over-pressured 

zone is approached, and appropriate measures such as increasing the mud 

weight can be taken. 

The Sonic Log 

The Sonic Log was originally developed to provide information on 

the variation of acoustic velocities versus depth to aid in the inter­

pretation of seismic data. Although it is still used for this purpose, 

its major application today is for determination of formation porosity, 

as it was soon recognized that a strong relationship exists between 

lithology, porosity and the velocity of acoustic waves. 
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The sonic device operates with compressional waves in the low 

ultrasonic frequency range, and its basic concept of operation is the 

measurement of the transit time of an acoustic wave over a certain 

length of rock. An acoustic impulse is generated at brief intervals by 

a transmitting element and the arrival of the first signal at the 

receiving element triggers the recording of the transit time. The 

interval transit time, At, is expressed in microseconds per foot, and for 

most lithologies lies within a range from 40 to 200 µsec/foot. Modern 

tools employ two transmitters and two receivers to measure the transit 

time over differing path lengths in order to calculate a transit time 

value free from errors introduced by borehole conditions as thickness 

of·mudcake, borehole diameter, and tilting of the tool within the hole. 

The spacing of transmitters and receivers determines the vertical 

resolution of the tool which is generally about two feet, and the measured 

value represents an average for that distance. 

In a series of laboratory measurements Wyllie, Gregory, and 

Gardner (1956, 1958) demonstrated the existance of a relation between 

porosity and transit time which can be approximated by a linear interpola­

tion from the transit time of the matrix material (zero percent porosity) 

and the transit time of the pore fluid (100 percent porosity). For a 

mono-mineralic zone this relation is expressed by the equation: 

6t = ~Atf + (1 - ~) 6t [9] 
ma 

where At = the measured transit time of the zone 

~ = the porosity of the zone 

At = the transit time of the pore fluid 
f 

At = the transit time of the matrix material 
ma 
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Solved for porosity, the equation is known as "Wyllie time average 

equation": 

~ = (At - At )/(Atf - At ) ma ma 

The transit times (µsec/foot) for some common minerals representing 

the framework of sandstones, limestones and dolostones are: 

Quartz = 55.5 

Calcite = 47.5 

Dolomite= 43.5 

[10) 

The transit time of the pore fluid used to calculate porosity is generally 

that of mud filtrate with a value of about 189 µsec/ft for fresh muds. 

This value is chosen because the radius of investigation of the tool 

allows measurements only in the flushed zone. The radius of investiga­

tion is dictated by the fact that the first acoustic wave reaching 

the receiver of the tool travels the shortest distance, i.e., close 

to the borehole wall. Small residual oil saturations will not greatly 

modify this value as the transit time for oil (238 µsec/ft) is rela­

tively close to that of mud filtrate. Residual gas saturations have a 

much more pronounced effect on the transit time as At of methane has a 

value of 626 µsec/ft, resulting in a pronounced "hydrocarbon effect" 

expressed by an excessively high transit time reading on the sonic log. 

As already indicated in the discussion of the density and neutron 

logs, shales consist of clay minerals with various proportions of other 

mineralogical constituents as quartz, dolomite, and calcite. Apart from 

the mixed mineralogical composition of shales, the velocity of acoustic 

waves is greatly influenced by the degree of shale compaction. In order 

to derive a reasonable transit time for shale beds, the same rationale 

is followed as in the derivation of shale densities from the density 
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log. With the aid of the gamma log a shale zone immediately above or 

below the unit of interest is selected and the transit time is directly 

read from the sonic log. The determination of shale transit times is 

important in the calculation of porosities in formations "contaminated" 

by shale. 

To account for a shale fraction, the time average equation is 

expanded to: 

[11] 

where V = the volume fraction of shale 

Atsh = the transit time of the shale fraction 

For formations that include a variety of mineralogical components, the 

equation assumes the general form 

n 
At = cjl Atf + (1 - cjl) }: X. At. (12] 

i-1 
l. l. 

where X. = the volume fraction of lithology i 
l. 

At. = the transit time of lithology i 
l. 

This equation in combination with its equivalents based on the neutron 

and density log is the basis of porosity and lithology derivations from 

geophysical well logs. 

Porosity values calculated with the time average equation compare 

favorably with porosities derived from core analyses {Wyllie, Gregory 

and Gardner, 1958). This equivalence is generally close in sandstones 

and carbonates which are free of vugs and fractures. The arrival of 

the first acoustic velocity wave at the receiver, will bypass large 

porosity features as vugs, cavities or fractures. As a result, the 

porosity estimate is the sum of intercrystalline and intergranular 

porosity, i.e., primary porosity in the context of well logging. This 
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apparent problem occurs frequently in carbonate sequences, but can be 

turned into an advantage if another porosity log is run in the same well. 

Since the neutron and density logs are both sensitive to the total porosity, 

the difference of the porosity estimates provided by either of these tools 

with that from the sonic device corresponds to secondary porosity, which 

is defined here as an estimate of the proportion of vugs and fractures. 

The sonic log can also be used to detect overpressured zones in an 

analogous manner to that described for the density log. 



IV. DATABASE 

Data Source 

All the following statements regarding the structure and lithology 

of the Viola Limestone as well as specific relations of geologic 

variables to hydrocarbon producing areas are based on data that were 

almost exclusively derived from geophysical well logs. The types of 

logs used were discussed in detail in the previous chapter. Core reports, 

scout tickets, and sample log descriptions of well cuttings, served as 

supplementary data to check formation boundaries picked from the geo­

physical logs and to monitor lithofacies interpretations. The paper logs 

are stored on file together with all additional data sources at the Kansas 

Geological Survey in Lawrence. Altogether, logs from 368 wells were 

examined, of which 254 were selected for the data base. Most of the 

logs that were discarded, either did not reach the Viola Limestone or 

were of low quality and unsuited for digitizing. Of the 254 wells 

used 194 had a neutron, 36 a density and 62 a sonic log. The geographical 

locations of the well are shown in Figure 6. 

An arbitrary identification number was assigned to each well, and 

these are listed together with Land Office (spot) locations in 

Appendix l. Spot locations approximate the geographical coordinates 

of a well site in terms of a township, range, section, and subsection 

hierarchy. In the case of four levels of section subdivision, no well 

is farther than 50 meter (165 ft) from its actual location. Wells 

were assumed to be drilled vertically so that the formation parameters 

measured in the subsurface are geographically located at the coordi­

nates of the drill site. The spot locations were translated into 
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latitude and longitude coordinates by an improved version of a computer 

program developed first by Morgan and McNellis (1969) for use in Kansas. 

A general map projection program (Cable, in preparation) transformed 

latitude and longitude coordinates into inches for plotting convenience. 

The following paragraphs outline the steps performed in the 

production of the two data files which form the basis for the suite of 

maps that describe the areal variation of geologic variables in the 

Viola Limestone. The steps are illustrated in Figure 7. 

Structural Data 

The structural data are derived from geophysical well logs and 

consist of the base and top of the Viola Limestone and of the top of 

a "Lower Limestone" zone. The "Lower Limestone" unit is an informal 

lithologic zone that is readily recognized on all three porosity logs 

by a pronounced deflection or "kick" indicating porosity values of about 

two to three percent (Fig. 8). The base of the "Lower Limestone" unit is 

defined here as the base of the Viola Limestone, which is in agreement 

with the vast majority of sample logs and with the definition given by 

Adkison (1972). It is the only lithologic zone of the Viola that 

can be identified by the marked similarity of log traces in every well. 

The.areal extent of this zone and its essentially uniform lithology, which 

is suggested by sample logs, make the "Lower Limestone" an ideal interval 

for correcting the log traces for measurement errors. This recalibration 

process is considered part of the data analysis and specific details of 

the computation will be described in the next chapter. Lacking the 

"Lower Limestone," separation of the Viola Limestone from the Platteville 

formation would be extremely uncertain in wells where the upper Platte­

ville consists of carbonate beds rather than shale units as in Figure 8. 
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Figure 9. Digitized traces of gamma and neutron log of Brownless 1. 
Right trace contains formation porosity scaled in limestone 
porosity units computed from the neutron log. 
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The elevation of the top of the Viola was identified readily in 

more than two-thirds of the wells, where Devonian and Mississippian 

shales ("Kinderhookian" shales in the tenninology of subsurface geolo­

gists) mark a striking lithology contrast as evident in the log traces 

of Figure 8. In structurally high areas, where the Viola is overlain 

by Mississippian carbonates, the identification of the formation top 

became problematic and constituted a common source of error in the 

initial structural data file. 

The initial structural file was considered to contain three types 

of error. The first, simple measurement error, is associated with well 

site and formation boundary elevations and is considered negligible. 

This assumption is based on the difference in the magnitude of possible 

error compared with the magnitude of the variable measured. This error 

is introduced if a well site elevation is interpolated from a topographic 

map and is determined by the contour interval of the map used, but 

should not exceed three to six meters (10 to 20 ft). This error 

fraction amounts to approximately one half of a percent when the average 

depth drilled to the top of the Viola is used. The same type of error 

increases to about two percent for the isopach data if the cumulative 

error for upper and lower boundary does not exceed two feet. Measurement 

error, therefore, has negligible influence on the variable measured and 

no attempt was made to correct for it. 

The two remaining types of errors consisted of "operator errors," 

that are introduced (1) when data values are entered incorrectly in 

the data preparation process, and (2) by misidentification of formation 

tops. Both errors were regarded of importance since their magnitude is 

more likely to exert significant influence on the spatial relations of 
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measured variables. In order to detect these errors, preliminary 

structure and isopach maps were contoured and examined using the following 

strategy. 

(1) Select control points that cause slope values to 
differ markedly from slopes portrayed by contour lines 
in the surrounding area. 

(2) Check well site location, as well as topographical and 
structural elevations for typing errors. 

(3) Compare formation tops with the information contained in 
other data sources such as sample logs and scout tickets. 

(4) Check whether spot location and elevation for a well 
site are in agreement when compared with a topographic 
map. 

The above process was repeated twice and approximately 50 wells were 

reexamined. Thirty-three wells needed corrections. Three typing 

mistakes were detected readily, since they introduced an error that 

caused the contour lines to depict either holes or pinnacles of 

extremely high slope. All other errors consisted of misidentification 

of the upper formation boundary of the Viola. Regions of high slope 

which were supported by more than one control point, are considered 

to portray true variation of the geologic variable mapped. Two 

isolated control points were eliminated in this process because they 

had no support from neighboring data values. The concentric anomalies 

they caused had high positive values that excluded the interpretation 

as sinkholes. No information was available to suggest the presence 

of volcanic pipes or salt plugs affecting Viola rocks in this area 

(Merriam, 1963), and a horst with a geographical extension of these 

anomalies could not be related to structural features shown on the 

Precambrian basement map of Kansas. 

At the end of this process, a data file was established containing 

well identification number, elevation of top of Viola limestone and 
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top of "Lower Limestone" as well as elevation of the base of the 

Viola. A number of wells did not penetrate the Viola completely 

and only the Viola top elevation is included in the file. All eleva­

tions are normalized with respect to sea level. 

Digitized Well Logs 

The second step in the process of establishing the data files used 

in the data analysis process consisted of digitizing well log traces 

associated with wells that penetrate the Viola Limestone in its entirety. 

The original logs were xeroxed and care was taken to eliminate 

the effects of folds in the original blueprint copies by carefully 

stretching them during the process. Each log which contained scale 

changes was xeroxed twice. The reflected portion (Fig. 8) was cut from 

one copy and glued into the proper position on the other copy .• This 

facilitated greatly the digitization process. Especially with gamma 

logs, the reflected portion of a log is generally recorded with a 

change of scale. Digitizing a well log, or for that matter any kind of 

data represented in graphical form, is limited by hardware design to the 

recording of x, y- coordinates in a linear fashion. For this reason a 

factor relating different scales of one log trace was calculated and the 

reflected portions were appropriately rescaled. They were then loaded 

into a data file that could be accessed by the KOALA log analysis 

package. The digitized neutron logs were generally recorded in API 

neutron counts and were converted into limestone porosity units by the 

"40 to l" method, described in the previous chapter. Quality control of 

the digitizing process was maintained by plotting about every tenth log 

and comparing it with the original (Figs. 9 and 10). 
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Errors introduced by the logging process were described in the 

previous chapter. Their potential significance in the context of this 

research will be assessed in the chapter on "log normalization." 

Final Data Files 

The last step in the data preparation process consisted of merging 

the files containing structural data and those with the digitized log 

traces. This included the calculation of the average of the log 

responses for each digitized log for the "Lower Limestone" and the 

Viola Limestone as a whole. Two data files emerged as the result of 

the data retrieval and preparation process. One file contains well 

identification, geographic coordinates, structural elevation, and thick­

ness, and average log response for the Viola Limestone (Appendix 2) . 

• The second file includes the same data for "Lower Limestone" {Appendix 3). 
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V. MINERAL AND POROSITY DETERMINATIONS FROM POROSITY LOGS 

In the chapter on geophysical well logs, reference was made to 

the identification of certain lithologies based on individual well 

logs. These lithologies are generally characterized by the domination 

of one mineralogical component with physical characteristics which 

are markedly dissimilar from those associated with the more common 

sedimentary lithologies of sandstones and carbonates. As an example, 

coal, salt, and anhydrite zones can be identified easily on a density 

log, and shale units on a gamma ray log. 

These strong diagnostics do not typify the common lithologies so 

that, for example, a single density reading may represent a limestone, 

a cherty dolomite, or some intermediate composite mixture. However, 

knowledge of the matrix composition is extremely important, since an 

incorrect specification of the mineralogy will result in erroneous 

porosity estimates. So, for example, a density log recording could yield 

porosity estimates of 10 percent if the zone was a limestone, 18 percent 

if a dolomite, and seven percent if a sandstone. 

The gamma ray, neutron, sonic and density logs collectively 

provide the best data source for the derivation of both porosity and 

mineralogical composition from geophysical measurements (Savre, 1963). 

Common procedures for analysis are the overlay of two porosity logs on 

a compatible scale or the crossplot of raw responses of two porosity 

logs to identify zones of different mineralogical composition. Both 

methods aid in the identification of matrix minerals that will give 

better results in porosity calculations. These two techniques are 

used mainly if only two porosity logs are available in a well. 
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Porosity Log overlay 

A direct comparison of a combination of porosity logs (neutron, 

density, and sonic) can be done in a straightforward manner, when their 

drastically different measurement units (limestone porosity, grams 

per cubic centimeter, and microseconds per foot) are calibrated on a 

common reference scale. As most modern neutron logs are recorded in 

limestone porosity units, it is practical to transform the density and 

sonic log readings into limestone porosity units. This is accomplished 

by the use of a linear equation that is defined by a "matrix point" 

and a "porosity point." The equation for the density log, for example, 

is defined by setting the density of calcite (about 2.71) equal to 

zero porosity and the density of the pore fluid (about 1.0 for fresh­

water muds) equal to 100 percent porosity. Limestone porosities for 

all intermediate densities can now be calculated by a linear equation. 

The same procedure is followed to convert transit times into porosity 

units. The "matrix point" has a transit time of 47.5 µsec/ft 

corresponding to a porosity of zero percent, while the "fluid point" 

with a transit time of 189 µsec/ft corresponds to a porosity of 100 

percent. 

An overlay of two porosity logs scaled in the same units enables 

a rapid evaluation of the main mineralogical components of a logged 

section, which is based on the different responses of the matrix 

minerals to the individual porosity logs. An overlay of a neutron 

log (solid linel. and a density log (dashed line) is illustrated in 

track two of Plate 6b, accompanied by a gamma log to the left and a 

sonic log to the right. The disposition of the neutron and the density 

log track relative to each other together with the response of the gamma 

log identifies common sedimentary lithologies. Limestones have a low 
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gamma log reading and a more or less coincident density and neutron log 

reading, as the reference scale is scaled in limestone porosity units. 

Dolostones also have a low gamma log reading, but the density log has a 

lower (lower and higher refer in this context always to limestone porosity) 

reading than the neutron log. This is due to the higher grain density 

of dolomite as compared to that of calcite resulting in a lower poro-

sity estimate. The inverse relationship is observed in sandstone 

zones, where the density log shows a higher reading than the neutron 

log, as quartz has a lower grain density than calcite, the standard 

of calibration. Shales are identified by a high gamma log reading 

and a high neutron reading accompanied by a low density reading. 

Due to the composite lithology of the Viola Limestone, the neutron­

density overlay of Plate 6b does not exactly represent a classic 

example for the functionality of porosity log overlays, but the rela­

tionships of log responses to matrix mineralogy can be reasonably 

demonstrated for a few zones. Incidentially, Plate 6a is a graphical 

display of the lithology computation of the same section utilizing 

three porosity logs simultaneously, a procedure discussed later. 

According to the principles of lithology-log response just described, 

the top of the section (5540 ft to 5553 ft) is interpreted as a shale. 

The intervals between 5592 feet and 5596 feet and between 5610 feet and 

5618 feet correspond to a shaly dolostone. A dolostone is represented 

in three zones (5571 ft to 5581 ft, 5636 ft to 5647 ft, and 5654 ft to 

5668 ft). The oscillation of the density log around the neutron log 

(5670 ft to 5714 ft) is interpreted as limestone. At least one (5557 ft) 

significant difference in neutron and density-log response could be 

caused by residual gas saturation, although no hydrocarbon production 

is reported from the Viola in this well. 
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The whole procedure of log overlays is basically a pattern 

recognition approach that identifies dominant lithologies, but fails 

to identify composite mixtures as cherty dolomites or dolomitic 

limestones. A somewhat more definitive approach to mineral identifica­

tion is a crossplot of porosity log responses. 

Porosity Log Crossplots 

A cross plot of porosity log responses is constructed by plotting 

log readings of zones on a coordinate system whose horizontal and 

vertical axes correspond to two porosity logs, scaled arithmetically 

in their original measurement units (McFadzean, 1973). For each of the 

three porosity logs theoretical responses for any range of porosity can 

be calculated in monomineralic zones as pure sandstones, limestones, 

or dolostones. Porosity values derived in this fashion are displayed 

as trends on crossplots and define boundary endmembers. Figure 10 

gives an example of a neutron density crossplot of the upper part 

of the Viola Limestone. Zone coordinates that fall between endmembers 

can be resolved in terms of mineralogy and true porosity. An example 

of such a solution is given for a zone shown circled in Figure 11. 

As this zone plots between the "endmember trends" of limestone and 

dolostone, its composition is considered a mixture of calcite and 

dolomite. The proportion of limestone to dolomite is about two to 

one, as expressed in the relative distance of that point from the 

limestone and dolomite trends. The respective porosities are 21 percent 

for limestone and 17.5 percent for dolomite. By multiplying these 

porosities with their volume fraction, a more accurate porosity value 

of 20 percent is calculated. 

so 



2.00. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. 
2.20. 

. 
2.40. 

. 
2.60. 

. 
2,80. 

3,00. 
-s.00 

• . . . 

. . . 
<) 

. 

Figure 10. 

. 

. 

. 

. . . . . . . . . . . . . . • • • . . . • . 

1 . 
i . . I 

' '\ . . . (.~ . . . . . . . . . . . . . 
1 . 

@ 
• \ 'l, . ,,-',,, • 

1 1 1 . 
1 \ 

1 . \ 
2 1 1 1 . 2 . • . . . . 1 . . • . . . . . . . . . . . . 

1 

2 1 4 
6 c· ;:> 1 

◄ ◄ 4 P, =l•O 
1 1 2 s a . 
1 1 1 2 3 1 1 
1 1 1 

1 1 . . . . . . . . . • • . . • • • • . • . . . . . . . . . 

. . . . . . . . . . . . . . 
4.00 

. . . . . . . . 
13.00 2a.00 31.00 ◄0,00 

Crossplot of neutron and density log responses of upper Viola Limestone in the 
Belcher well (NE-NE 21-32-17). 



2.00 •• 

2.20. 

2.60. 

2.s0. . 

. 
3.00 •• 
-s.00 

Figure 11. 

. . . . . . . . . . . . . . . . 

. . . . 

• 

• • • • • . • • • • • . . • • . • . • • • . 
. 

...,";,, pf =1·0 ... 

1 ' . 
. . . . . . . . . . . . . . . . • • . . . • • . . • . . . . 

• • • ♦ • • • • • • . . . . . . . . . . . . . 
◄ .00 13.00 22.00 40.00 

Crossplot of neutron and density log responses of "Lower Limestone" unit in the 
Belcher Al well (NE-NE 21-32-17). 

VI 
Iv 



The two examples of neutron-density crossplots (Figs. 10 and 

11) correspond to the upper part of the Viola and the "Lower 

Limestone" unit, respectively. The plotted zones correspond to log 

readings digitized at one foot intervals. 

The lithologies of the upper Viola limestone according to Figure 11, 

consist.of a few chert (quartz) zones, cherty limestone, limestone, and 

dolomitic limestones. A number of zones of a mixture of dominantly dolo­

mite with calcite exhibits a trend towards higher porosities. Such a 

trend is expected if dolomitization of limestone occurred as this would 

result in a higher pore volume. The two zones plotting above the sandstone 

trend probably contain residual gas saturation, as already suggested for 

one zone from the log overlay. 

The lithologies suggested by the crossplot of the "Lower Limestone" 

are predominantly limestone with varying, but relatively low proportions 

of dolomite or chert. Three zones consist entirely of chert. Porosity 

values for this unit tend to cluster around a value of approximately 

two percent, supporting the choice of a porosity value of two percent 

that was assigned to this unit in the conversion process of neutron logs 

from neutron counts to limestone porosity units. 

In a practical application of the crossplot technique, zones 

characterized by approximately equal log responses would be selected 

and plotted as separate graphs. If these zones tend to cluster, the 

average mineralogical composition of that cluster would be used in the 

porosity determination for that zone. By successively decreasing the 

footage of selected portions of a well, clusters can generally be 

achieved, otherwise mineral composition and porosity have to be calculated 

for every zone picked from the log. 
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Although crossplots can be interpreted more precisely than log 

overlays, a reliable porosity estimate can be derived only if the 

lithology is a binary mixture of known minerals. The dolomitic lime­

stone suggested by the crossplot of the upper Viola Limestone can 

very well include chert or consist solely of chert and dolomite. The 

log responses that position a zone on the crossplot are determined by 

the matrix material and its respective volume fraction. Differing 

volume fractions of various mineral combinations can result in 

identical log responses. 

The reason for this ambiguity is the relationship between the 

number of "knowns" (porosity logs) and the number of "unknowns" 

(mineral components and porosity). Two logs can be solved for three 

unknowns (porosity and two mineral components) as two equations can 

be constructed from the log responses and the third equation sums the 

"unknowns" to unity as they represent volume fractions of a closed 

system. A graphical and a numerical method for solving for porosity 

and three mineral components from three porosity logs is the subject 

of the next two sections. 

The M-N Plot 

The M-N plot provides a graphical solution for mineralogical 

components defined by the responses of three porosity logs. This plot 

solves the dilemma of having to interpret simultaneously variation 

of zones defined in three dimensional space by the three porosity logs, 

all measured in entirely different units. The M-N plot reduces a 

three-dimensional problem to two dimensions by eliminating the porosity 

component, which becomes a redundant unknown as the plot is directed 
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to the identification of relative mineral proportions. This method 

can perhaps best be visualized as a form of conical projection. The 

base of a tethrahedron (Fig. 12)_ is defined by matrix points (zero percent 

porosity}_ of three minerals assumed to represent the lithology of 

the unit under investigation. The apex of the pyramid corresponds to 

a fluid point (100 percent porosity). Points on intersections of the 

pyramid's bounding planes represent one mineral constituent whose porosity 

fraction is determined by its position between the fluid and matrix point. 

Points that lie in one of the bounding planes represent a mixture of two 

minerals, whose proportions are determined by the distance of the point to 
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the mono-mineralic "corner lines." Porosity is represented on a bounding 

plane by lines connecting equal porosity values between "corner lines." 

Points within the pyramid represent a mixture of three minerals and porosity. 

A projection of such a point onto the base triangle defines the mineral 

proportions of that point and eliminates porosity as the base triangle 

is defined by matrix points. Any point outside the tetrahedral space 

does not belong to the system and requires the definition of a tetra-

hedron based on a different choice of matrix points. The choice of 

matrix points should be based on previous knowledge of the overall 

lithology of the rock sequence under investigation. 

In practice, the M-N plot is constructed by computing the composite 

variables Mand N from the log responses of all three porosity logs by 

the following relations: 

M = (Atf - At}_/ tpb - pf) (13] 

and 
N = (cf>Nf - cpN)/(p - pf) [14] 

b 

where Atf = the transit time of the pore fluid 

At = the measured transit time 
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The values 

in logging 

pf = the pore fluid density 

Pb = the measured bulk density 

~Nf = the neutron response of the pore 

~N = the measured neutron response 

for the log responses for pore fluid are 

manuals and for freshwater mud correspond 

Atf = 189.0 microseconds per foot 

pb = 1.0 grams per cubic centimeter 

~Nf = 1.0 neutron response 

fluid 

taken from tables 

to: 

The value of Mis conventionally divided by 100 to give units of 

similar magnitude to those of N. 

An example of a M-N plot is illustrated in Figure 13, where Mand 

N values for the whole Viola Limestone of the Belcher Al well are 

plotted. Although most zones fall between the points defined by the 

minerals calcite, dolomite, and quartz, a fair number of points plot 

outside the triangle. The actual density of points within the triangle 

is far larger than shown, as points with small variation of M-N values 

tend to coincide due to the computer algorithm that produced this 

plot. Points outside the triangle are determined by log responses that 

are influenced by lithology components other porosity, calcite, dolomite, 

and quartz. The only additional components mentioned in sample logs and 

core studies of the Viola (Biederman, 1966) are shale and secondary 

porosity, Zones plotting below the triangle base line are caused by log 

responses to a lithology mixture that includes a proportion of shale, as 

shale content tends to decrease the value of M. An approximate shale 

point for the Viola can be defined using the log responses (~N = .3; 

pb = 2.5; At= 95} for the Simpson shale below the Viola. The Mand 

N values for this shale compute as .63 and .47 respectively. A triangle 
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constructed with this shale point and the dolomite and quartz point 

results in an average shale content for these zones of about 10 percent, 

excluding calcite as a component. Points above the calcite-quartz and 

calcite-dolomite triangle side are caused by varying proportions of 

secondary porosity, such as fractures, vugs or both. Secondary porosity 

increases the value of Mas the density log is sensitive to primary and 

secondary porosity, whereas the sonic log accounts for primary porosity 

only. This results in a lower reading of bulk density decreasing the 

denominator without changing the numerator, hence a higher value of M. 

The M-N plot is primarily used as a reconnaissance procedure in 

the identification of mineral components. Its principle provided the 

insight for the interpretation of the lithology plot (Fig. 16) which 

is the basis for the lithology classification of the Viola Limestone. 

Numerical Determination of Porosity and Mineral Components 

In the chapter on geophysical well logs, equations were given for 

each porosity log relating measured log response to porosity and matrix 

mineral proportions. With the availability of three porosity logs, 

four simultaneous equations can be formulated. This system of equations 

consists of three log response equations that express the log reading 

of a tool as a function of the proportions of porosity and mineral 

endmernbers multipled by their respective pore fluid or mineral log 

response coefficient. A fourth equation expresses the fact that the 

proportions of all components will sum to unity. Consequently, four 

equations can be established and solved for four unknowns. The unknowns 

chosen for the Viola Limestone are porosity (~) dolomite (D), quartz 

(Q), and calcite (C). This choice of the mineralogical components is 
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based on lithology descriptions from sample logs and supported by cross-

plots and the M-N plot. The equations are written as: 

Neutron: 100.0$ + 5.00D - 5.00Q + O.OOC = $N [15] 

Density: 1.00$ + 2.87D + 2.65Q + 2.71C = Pb 

Sonic: 189.0$ + 43.5D + 55.lQ +47.5C = t.t 

Unity: l.00~ + 1.00D + l.OOQ + l.OOC = 1.0 

The coefficient values are taken from standard tables published in logging 

manuals. Although these equations can be solved by iterative solutions 

and substitutions, a more elegant and efficient method is provided by 

matrix algebra. Rewritten as matrices these equations assume the form: 

100.0 

1.0 

5.0 

2.87 

189.0 43.5 

1.0 1.0 

-5.0 0.0 

2.65 2.71 

55.1 47.5 

1.0 1.0 

cp 

D 

Q == t.t 

C 1.0 

[16] 

In the case that the mineralogical composition of a unit does not 

consist of dolomite, quartz, and calcite, the column vectors of the 

coefficient matrix have to be replaced with the log response properties 

of appropriate minerals. The above matrix equation can be expressed in 

symbols used commonly for matrix notation as: 

where 

C X = R 

C = coefficient matrix 

X = matrix of unknown porosity and mineral proportions 

R = matrix of measured log responses 

The solution for X involves the calculation of the inverse matrix of C 

and the multiplication of both sides of the equation by it. 
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This equation is written out as: 

0.004 

D = 0.022 

Q 0.079 

C 0.051 

-0.090 

7.369 

5.561 

-12.84 

0.002 0.125 

0.073 -23.441 

0.123 -20.927 

-0.198 45.244 

[17] 

1.0 

-1 
Once the inverse matrix£ is computed the proportions of porosity and 

minerals can be calculated very swiftly by matrix multiplication. 

Plate 6a is a graphical representation of the lithology of the Viola 

Limestone in the Belcher Al well. The proportion of porosity and mineral 

constituents were computed at one foot intervals which correspond to 

the interval used in digitizing the original log blue prints. The 

KOALA well logging package calculated the proportions and created the 

plotter file. A total of six components were calculated for the entire 

section, although no more than four could be derived for each zone as 

the system of equations described in the foregoing paragraph allows a 

simultaneous solution for four components only. The first track (white) 

to the left of Figure 6a represents primary porosity, whilst secondary 

porosity (white) is displayed in track two. Dolomite, quartz, calcite, 

and shale are represented by standard patterns for dolostone, sandstone, 

limestone, and shale. 

The calculation of the various volume fractions with the KOALA 

system includes the computation of an error parameter. The meaning of 

this parameter and its usefulness in the lithology analysis of individual 

zones is perhaps best explained by the following geometrical considera­

tions. Three coordinate axes representing neutron porosity, bulk density, 
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and transit time define a three-dimensional space (Fig. 12). As four 

unknowns can be solved for by the system of log response equations, a 

tetrahedron can be constructed whose vertices are defined by the coordi­

nate values associated with pore fluid and lithological components that 

are assumed to represent the bulk composition of the section under 

investigation. Any solution that plots outside the tetrahedral space 

will result in the computation of a negative component fraction indicating 

that this point is not defined by the system chosen. As the M-N plot is 

a projection of the tetrahydral space onto its base triangle, Figure 13 

provides an explanation of calculated negative components. A negative 

limestone fraction determines a lithology of dolomite, chert, and shale. 

Consequently, negative fractions of dolomite define a cherty limestone 

with vugs and possibly fractures in addition to intercrystalline porosity. 

Primary and secondary porosity also characterize a rocktype consisting 

of a mixture of dolomite and calcite, an interpretation based on a 

computed negative quartz fraction. 

The process of lithology computation using the KOALA system is 

accomplished by solving the whole section first for the main mineralogical 

constituents and primary porosity. The solution is then investigated 

for negative component fractions and their respective depth intervals 

and mineralogy is marked. Recomputation of these zones follows after 

an appropriate column vector in the log response coefficient matrix is 

replaced with the coefficients of a different lithology component. So, 

for example, a negative calcite fraction would lead to the replacement 

of the calcite coefficients with those defining the log responses of 

shale. The interactive mode of the KOALA system enables the operator 

to perform these steps without interrupting his process of log analysis. 
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VI. LITHOLOGY DETERMINATION OF THE VIOLA LIMESTONE 

The lithofacies analysis of the Viola Limestone as planned originally 

would have employed the approach demonstrated in the analysis of the 

Belcher Al well which was discussed in the last chapter. In that approach, 

the lithological composition of the Viola in every well would be analyzed 

at ,one foot intervals and used as the basis for subdividing the formation 

into units characterized by a distinctive lithological character. These 

units would then be correlated, and maps prepared of their variation in 

terms of geometry and lithological composition. The available suite of 

porosity logs associated with each well, however, precluded this approach. 

A method was devised that allowed the computation of average proportions 

of porosity and mineralogical constituents of the entire Viola without 

requiring a complete suite of porosity logs at every well location. 

Methodology 
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The new technique is based on log response averages calculated for 

each porosity log over a defined stratigraphic interval. An average log 

response for a formation is computed by summing the responses of a porosity 

log for each zone (zone= digitization interval) and dividing the sum by 

the number of zones. These average log responses can be viewed as points 

on surfaces which represent either variation in average neutron porosity, 

average bulk density, or average transit time of a particular stratigraphic 

interval over the mapped area. The surfaces can be approximated by grids 

whose z-values are calculated by interpolation from surrounding data points. 

The gridding technique used is based on a triangulation algorithm, as 

• 
this approach retains the variation of the original data to a higher 

degree, than algorithms based on various search methods and distance 



weighted averages (Mccullagh, in preparation). The resulting three grids 

cover the area of study and are geographically congruent so that an 

estimated average log response of each porosity log is available at 

geographical locations corresponding to grid nodes. A grid cell surround­

ing a node covers an area of about 6.25 square kilometers in a square 

grid composed of 41 rows and 51 columns. The distance between rows as 

well as columns corresponds approximately to one half of the distance 

between well sites in areas with good control point coverage, which was 

determined by visual inspection of a posting of well sites. The average 

proportion of porosity and three mineralogical components for the forma­

tion can now be calculated at each node. The validity·of this method is 

demonstrated by the following considerations. 

The average proportions of components that make up a stratigraphic 

unit can be calculated by two different methods in a well that is logged 

with all three porosity tools. The first method is to compute the 

component fractions of every zone (zone= digitization interval) and then 

compute their averages by summing them over the interval and dividing 

the sum by the number of zones. This can be expressed mathematically 

in the following equation which, as an example, relates to the computa­

tion of one component fraction for one zone. 

(18] 

where Va = volume fraction of component a 

cal to ca4 = coefficients of inverse matrix c-1 that 
relate measured porosity log responses to 
volume fraction a. 

Calculation of the average of that particular volume fraction is expressed 

as: 
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The 

n 
l E (Val. = 
N i=l 1 

where i=l, 2 

component average 

1 N 
ca1 E (Ya}_. = 

N 
i=l l. N 

. n-1, n = number of zones 

can also be expressed as: 

N N N 
I: (_N<jl) . + ca

2 E (pb} i + E (tit) . + ca4 
i=l 

l. N i=l i=l 
l. 

which is the equivalent of the foregoing equation and states that an 

average fraction of a component can be calculated from the average 

porosity log responses. 

[19] 

[20] 

The above considerations simplify the lithofacies analysis of the 

Viola Limestone to the formation as a whole, as porosity and mineralogical 

composition are calculated as formational averages from the average 

porosity log responses. However, this application does not restrict 

the general usefulness of the method in lithofacies analysis as any 

stratigraphic interval that can be identified on well logs over an area 

of study can be analyzed for its bulk compositional components. The 

method can be applied as long as a more or less even distribution of 

different porosity logs is available. The interpolation of the average 

log responses into grids frees the analysis from the restrictive condition 

of having all three porosity logs present in every well, as the vast 

majority of wells are logged with only one or two porosity tools. It is 

believed, therefore, that this approach can prove a helpful tool for 

lithofacies analysis in industrial as well as academic applications. 

Log Normaliztion 

Before grids could be interpolated the average log responses for 

the Viola Limestone needed to be normalized for an error component. 

The term "log normalization" describes a procedure that is designed 
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to correct log· traces for errors caused by tool malfunction, inconsistent 

shop and field calibration, and operator error. It is estimated that 

more than 50 percent of all logs are erroneous and that all but 10 

percent of those can be corrected because the error involved is largely 

systematic (Neinast and Knox, 1973). Errors that cannot be corrected 

are generally caused by sporadic and unsystematic tool malfunctions 

during a logging run. Systematic errors are caused by tool miscali­

bration and borehole conditions for which the measurements were 

insufficiently compensated and manifest themselves in a shift of the 

log trace relative to the scale of measurement. A density log, for 

example, may read consistently .1 grams per cubic centimeter less than 

it should. The correction of such errors is relatively straightforward 

if a core is available to serve as a standard of calibration. Measured 

grain densities can then be converted into apparent densities and 

compared with the readings recorded by the log. 

In regional studies, it is general practice (Neinast and Knox, 

1973) to select for the purpose of log calibration a stratigraphic unit 

that is "essentially uniform" in its physical characteristics, and does 

not contain any considerable amounts of hydrocarbons as this would cause 

anomalous log readings that are not related to the lithologies of the 

stratigraphic interval under investigation. Core measurements in a 

well serve as ground truth for the whole area and are compared with 

equivalent log responses measured over the cored section of the calibra­

tion unit in all wells. The deviation between core and log data is 

considered to be an error component associated with the log measurements 

and used to normalize the logs. 

In the absence of core analyses, average log responses are calculated 

for a "calibration unit" in every well ("well average"). An "area-average" 
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is calculated from the well averages, and the well averages are then 

subtracted from the areal average and the deviation is added to the 

appropriate log trace. 

The log normalization method applied in this research is similar 

to the approach just described, but includes one modification as trend 

surfaces are used to account for regional variation in the "essentially 

uniform" physical characteristics of the unit selected as calibration 

standard. The unit chosen is the "Lower Limestone" which fulfills the 

requirements demanded of a "calibration unit," as hydrocarbon shows are 

not reported from this unit in drilling reports. Although no cores 

were available as a definite check, the "Lower Limestone" is described 

by Adkison (1972) as a pure limestone with minor amounts of chert and 

dolomite which is in agreement with most of the sample logs investigated. 

As already mentioned in the discussion of the neutron log, the "Lower 

Limestone" is the only interval in the Viola section that can be 

identified beyond doubt in every well encountered. The log responses 

of every porosity log is consistently extreme, so that the assumption 

of essential uniform physical characteristics associated with this unit 

is considered justified. 

Log normalization was accomplished by computing the average log 

responses for the "Lower Limestone" unit for every porosity log available 

at every well location. As top and bottom elevation of a unit are 

defined by the point of inflection of an analog log trace, only log 

responses two feet below the top and two feet above the base were used 

in the calculation of the average log response. This assures that 

the average log response is a measurement of the "Lower Limestone" and 

eliminates to a large extent any contribution from vertically adjacent 

beds. Trend surfaces of increasing order were fitted to the average 
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responses of the neutron, density, and sonic logs (Figs. 14a, 14b, and 

15). An F-test (Mccullagh, 1973) was used to determine if a trend surface 

of nth-order accounted for a significant increase in the explanation 

of variation over a trend surface of (n-l)th-order. According to the 

F-test, first-order trend surfaces are a sufficient approximation of 

areal variation for the density and sonic average log responses, while 

a second order trend surface best accounts for the variation of the 

neutron porosity averages. The higher trend surface for the neutron 

responses is caused by the substantially larger number of control points 

as compared with the density and sonic responses. This allows a better 

definition of a regional trend. 

A low order trend surface can be regarded as a reasonable representa­

tion of measurements that are essentially uniform as was assumed for the 

physical characteristics of the "Lower Limestone." An ideal unit used 

for log calibration would exhibit only random variation of its physical 

characters which would result in the computation of a trend surface of 

zero-order, i.e., a horizontal plane. The calculated residuals consist 

of random measurement error together with a component representing fine­

scale geological variation. The residuals are subtracted from the 

average log responses computed for the Viola Limestone which decrease 

high log responses and increase low ones. 

Unless log normalization is based on comparative core measurements 

in every well, all normalization techniques tend to smooth true variation 

of the measured variable together with variation introduced by logging 

tools. It is believed that the application of trend surfaces minimizes 

the suppression of geological variation present in the data, as compared 

to the use of an "areal average." 
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Figure 14. A. Second order trend surface of average neutron log 
responses of "Lower Limestone." Units in neutron 
porosity. 

B. First order trend surface of average density log 
responses of "Lower Limestone." Units in grams per 
cubic centimeter. 
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Figure 15. First-order trend surface of average sonic log responses 
of "Lower Limestone." Units in microseconds per foot. 
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Another problem normally to be considered before the start of any 

log analysis is the correction of depth miscalibration between logs measured 

in one well. Logs are said to be "on depth" when corresponding peaks 

or valleys of different logs register at the same depth. Poor depth 

registration was often observed but no attempt was made to correct for 

it, as working with average log responses automatically eliminates this 

problem, as long as top and bottom elevation of the same stratigraphic 

interval are picked separately on each log. 

Computation of Porosity and Mineral Fractions 

The average log responses were normalized according to the approach 

described in the last section and grids representing average log responses 

of neutron porosity, bulk density, and transit time were calculated. 

They constitute the data source for the calculation of porosity and 

mineral fractions of the Viola Limestone. 

The computational procedure resulting in the derivation of porosity 

and mineral fractions is based on Equation 14, but differs in its 

numerical representation, as the coefficient values for neutron porosity 

of dolomite and quartz as well as the transit time coefficient of quartz 

were changed. These coefficient values must be selected from tables 

in standard logging manuals as they depend to some degree on the average 

amount of porosity in the formation and, in the case of the neutron 

porosity coefficients, on the type of neutron tool employed. If dif­

ferent neutron tools were used in an area, their responses have to be 

connected to a common scale prior to normalization and gridding using 

procedures which are available in logging manuals. The matrix equation 

employed in the lithofacies analysis of the Viola assumes the form: 

C X = R 



Written out as: 

100.00 2.0 -4.0 0.0 ct> cpN (21) 

1.0 2.87 2.65 2.71 D = Pb 

189.0 43.5 55.1 47.5 Q t.t 

1. 1. 1. 1. Le 1.0 

The equation is solved by matrix inversion 

X = C-l R 

and written as: 

ct> .006 0.0 .003 -.139 <j>N (22) 

D = .292 7.690 .072 -24.280 Pb 

Q -.089 3.846 .109 -15.617 t.t 

C .0538 -11.538 -.185 41.037 1.0 

The computation is accomplished by retrieving a neutron porosity, bulk 

density, and transit time response from grid nodes that are determined 

by identical row and column indices and performing a matrix multiplication 

with a row vector of the inverse of the coefficient matrix. The resulting 

value corresponds to a volume fraction and is transferred to another 

grid where its location is defined by the indices of the log responses. 

A short computer program (App. 5) performs this operation by reading 

rows sequentially from each input matrix. It then accepts a row vector 

of the inverse of the coefficient matrix and calculates a row of volume 

fractions. The program is executed four times to calculate four grids 

containing fractional porosity, and the volume fractions of dolomite, 

quartz, and calcite. All four grids should be viewed as a contiguous 

set, since corresponding grid elements pertain to the same geographical 

location. 
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Viola Rock Types 

In order to relate computed mineral fractions to rock types commonly 

encountered in the Viola formation, a compilation of lithologies used 

in describing the Viola is given in this section. In the existing 

literature, the Viola Limestone of south-central Kansas is described as 

a carbonate sequence whose bulk composition includes limestone, cherty 

limestone, cherty dolostone~ and residual chert over the area of study 

(Adkison, 1972). Intercalations of shale with dolostone beds are 

reported by Ver Wiebe (1948) and secondary porosity, in the form of 

vugs and fractures is described by Biederman (1966). Lithologies cited 

in 30 sample logs (Table 1) are a semi-quantitative correlation of these 

assessments. 

Table 1 

FREQUENCY OF CITATIONS OF COMMON ROCK TYPES ARRANGED IN 

APPROXIMATE STRATIGRAPHIC ORDER 

Residual chert, vuggy 

Dolomite, cherty, vuggy 

Dolomite, cross-laminated, cherty 

Dolomite, cherty, calcitic 

Shale, dolomitic 

Limestone, cross-laminated, cherty, dolomitic 

Limestone, cross laminated 

12 

10 

4 

6 

3 

23 

29 

In general, not more than three rock types are differentiated in an 

individual sample log. Accessory components such as glauconite, phosphate 

nodules, and pyrite are rarely mentioned and, if ignored, the bulk 
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composition of the Viola can be described by a combination of six 

components, namely primary and secondary porosity, calcite, dolomite, 

chert and shale. 

This set of lithology descriptors is not only adequate to describe 

the Viola in south-central Kansas, but can be applied to the Viola or 

its equivalents in Oklahoma (Wengerd, 1948; Mairs, 1966), Arkansas 

(Freeman, 1966), and Iowa (Agnew and others, 1956). This overall 

uniformity of the Viola over the whole Midcontinent makes it possible to 

compare some major lithologies observed in outcrop sections located in 

the vicinity of the city of Dubuque, Iowa with those described from the 

subsurface of south-central Kansas. Plates 9a, band l0a, b (courtesy 

of J. H. Doveton, Kansas Geological Survey) provide an example of the 

major lithologies of the Viola limestone with the exception of pure 

limestone and residual chert. 

Lithofacies Classification 

To achieve continuity with lithological descriptions of the Viola 

arrived at by conventional methods, an attempt was made to express the 

computed fractions of calcite, dolomite and quartz in terms comparable 

to those employed by subsurface geologists for the Viola of south-central 

Kansas (Table 1). The classification of the mineral fractions into 

lithofacies was achieved by plotting the mineral percentages into a 

ternary diagram (Fig. 16). The ternary diagram is constructed in an 

unconventional way as allowance had to be made for the representation 

of negative mineral fractions which constituted over 50 percent of the 

computed total. The mineral fractions were normalized with respect to 

porosity prior to plotting, so that their sum would represent 100 percent. 

Out of the 2091 points (41 by 51 matrix) calculated, only 192 are shown in 
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Plate 9a. Noncherty unit - Dolomite, yellowish-buff, thin to medium 
bedded, dolomitic shale interbeds. 

Plate 9b. Upper cherty unit - Dolomite, buff, thick to thin bedded, 
cherty, vuggy. 

Lower cherty unit - Dolomite, light grey, thick to thin 
bedded, cherty, calcitic, vuggy. 



a.. 

c:: 
:::, ::::> 
>-, 

c., 0 
-
u 
c:: 
0 a: z 

l'J 

-------

QJ z 
0.. 

0.. 

::::> 

LU 
= 
:::, 

_J 

--- ,-.. 

QJ 
<t 

-
u 

n., l'J 

0 

_, 

E 
0 
r---

-

7b 



77 

Plate 10a. Chert unit - Nodular chert layers between dolostone beds. 

Plate lOb. Cherty unit - Detail of highly siliceous horizon in dolostone. 
Chert occurs in nodules and finely disseminated form 
replacing dolomite. Secondary porosity present as vugs 
and small fractures. 
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Figure 16. The criterion for selection was that a grid cell surrounding 

a grid node had to contain at least one porosity log, providing some 

control in the calculation of mineral fractions from log response 

averages. 

The ternary diagram in Figure 16 is divided into six areas, each 

representing a lithofacies characterized by a dominant or typical 

constituent. The center triangle corresponds to a ternary diagram proper 

and is symmetrically divided into three lithofacies that are determined 

by the endmembers calcite, dolomite, and quartz. Points that plot within 

the triangle as well as in a 10 percent margin surrounding it are classi­

fied as limestone, dolostone or chert facies. Points that fall within 

the 10 percent margin can be expressed by a mixture of two end.members 

as the following considerations will demonstrate. The center triangle 

of the ternary diagram can be regarded to be approximately equivalent 

to the base triangle of the tetrahedron pictured in Figure 12, which 

contains valid solutions of the log response equations in terms of calcite, 

dolomite, quartz and porosity. The lengths of the sides of the tetra­

hedron's base triangle represent 100 percent of a component, as does 

the side of a bounding triangle represent 100 percent porosity. By 

projecting a point outside the tetrahedron onto the base triangle, only 

points that are situated extremely close to a bounding triangle will plot 

within the 10 percent margin. Out of this reason it was felt justified 

to classify these points as lithofacies defined by the triangle endmembers. 

The remainder of the diagram is divided into three lithofacies 

defining a carbonate with residual chert, residual chert with carbonate, 

and a shaly carbonate facies. The introduction of two lithologies not 

solved for by the log response equations is based on evidence provided 

by the interpretation of the M-N plot of the Belcher Al well. Negative 
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fractions of calcite are attributed to the presence of shale by direct 

analogy with Figure 13. The identification of residual chert, however, 

is based on a hypothesized association with significant secondary 

porosity. This assumption is strongly supported by observations from 

cuttings. Adkison (1972) describes the Viola as consisting almost 

entirely of residual chert over structural high areas and residual chert 

is commonly described in sample logs as characterized by vuggy porosity. 

Additionally, Doveton (1966) describes cores of Mississippian residual 

chert from south-central Kansas with a high amount of secondary porosity. 

The association of notable amounts of secondary porosity with residual 

chert is accepted here. Solutions of the log response equations with 

a positive calcite fraction, but a negative dolomite and/or chert 

fraction are therefore caused by secondary porosity and classified as 

residual chert. The distinction of two facies is made on grounds of 

differing residual chert content and reflects the notion that points 

plotting in the field labeled residual chert with carbonate are derived 

from the right half of the ternary diagram which represents rocks with 

a higher proportio_n of chert than the left half. 

The names of the defined lithofacies give an indication of the 

Viola bulk composition but can be interpreted in more detail (Table 2) 

if related to Viola lithologies described in the foregoing section. 

A computer program classified the calculated mineral fractions 

according to the limiting percentage values shown in the ternary diagram 

of Figure 16. Code values represented by integers ranging from one to 

six were assigned to each lithofacies and stored in a 41 by 51 grid which 

is contiguous to the set of grids containing the mineral fractions. 

This grid constitutes the basis for the Viola lithofacies map. 
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Table 2 

LITHOLOGY INTERPRETATION OF COMPUTED BULK MINERAL COMPOSITION 

Limestone facies - Limestone, dolomitic, cherty (can be pure 
limestone) 

Dolostone facies - Dolostone, calcitic, cherty (small amount of 
secondary porosity) 

Chert facies 

Shaly carbonate 
facies 

Residual chert 
and carbonate 
facies 

Carbonate and 
residual chert 
facies 

- Chert, banded, dolomitic, calcitic (minor amount 
of secondary porosity) 

- Dolostone, cherty, calcitic, shale intercala­
tions (shale generally not exceeding 20 percent) 

- Chert fragments in carbonate matrix, high 
secondary porosity 

- Chert fragments in carbonate matrix, high amount 
of secondary porosity (grading downwards into 
cherty, calcitic dolomite} 
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VII. STRUCTURAL AND LITHOFACIES ANALYSIS 

The classification of the Viola's compositional components into a 

system of six lithofacies marked the end of the data collection and 

derivation process. A set of structural and lithofacies maps is used 

to display the data and an interpretation of the Viola structure, and 

lithofacies distribution is outlined in the following discussion. 

Preparation of Structural Maps 

Four structural maps were constructed to describe the geometry of 

the Viola formation of south-central Kansas. They include a structure 

map contoured on top of the formation (Plate 2), an isopach map (Plate 3), 

and a trend surface with its residual map (Figs. 17, 18). The structure 

map is contoured using an interval of 20 meters with the outlines of 

oilfields producing in the Viola (compare with Plate 1) superimposed 

on it. The isopach map is contoured with an interval of five meters 

and displays three levels of shading, dividing the formation thickness 
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into three classes. The light shading indicates a thickness of less or 

equal to 25 meters, the medium tone a thickness of 25 to 40 meters and 

thciknesses above 50 meters are shaded in dark tone. Oil pools producing 

from the Viola are superimposed as bold elliptical outlines. A second order 

trend surface was chosen as being the best approximation of the regional 

structure. It explains over 97 percent of the structural variation and 

contains a significant increase of variation compared to a first order 

trend. A third order trend adds only 1.5 percent of explained variation 

which is not a significant increase according to an F-test (McCallagh, 

1973). The structural residuals of the second order trend surface were 

mapped and the positive residuals in Figure 18 are shown shaded. 
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All maps were constructed by the interactive TERRAPLOT software 

package {McCUllagh, in preparation) on an ECLIPSE minicomputer and 

the final maps were drawn on a XYNETICS flatbed plotter. The maps are 

based on a square grid of 41 by 51 nodes and contoured with the highest 

amount of smoothing possible on the ECLIPSE computer. 

Preparation of Lithofacies Maps 

Three isofacies maps were contoured which portray the variation of 

percent limestone {Fig. 20), percent dolostone (Fig. 21), and percent 

chert (Fig. 22) as continuous variables. A lithofacies map (Plate 5) 

displays the computed six lithofacies in form of a raster map. 

The three isofacies maps are constructed by eliminating primary 

and secondary porosity as well as shale content as components of Viola 

bulk composition. This was.accomplished by normalizing the computed 

fractions of primary porosity, calcite, dolomite, and chert with regard 

to porosity. The remaining mineral components constitute now 100 percent 

of the bulk composition and a second normalization was undertaken by 

setting computed negative mineral fractions to zero and expressing the 

remaining positive fraction(s) in terms of mineral composition. This 

procedure illustrated in Figure 19 projects all points outside the ternary 

diagram onto the diagrams vertices or sides and all computed mineral 

fractions can be mapped in a continuous percentage contour map. All 

three isofacies maps are displayed with a contour interval of 25 percent 

and areas containing over 50 percent of a component are shaded. These 

maps are to be interpreted with care, because of the normalization pro­

cess, but do provide a good estimation of the dominant mineralogical 

component, especially in areas where a component constitutes less than 

100 percent of total composition. 
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Figure 19. Schematic diagram illustrating normalization procedure of 
computed negative mineral fractions for the construction of 
isofacies maps. 
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The three isofacies maps are contoured by TERRAJ?LOT in the same fashion 

as the structure maps. 

A lithofacies map (Plate 5) completes the display of Viola litho­

logies. This map is based on a 41 by 51 grid described in the last 

chapter. The grid is coded in six numbers each representing a lithofacies 

based on the interpretation of the ternary diagram in Figure 16. As 

the lithofacies codes represent non-continuous data a raster mapping 

technique was chosen to display each grid cell as a pixel with the 

lithofacies identified by different symbols or colors. 

In order to facilitate the recognition and interpretation of 

structural trends and lithofacies patterns, the structure map (Plate 2) 

and the isopach map (Plate 3) were superimposed on the lithofacies raster 

map (Figs. 23, 24). 

Major Structural Trends and Lithofacies Distribution 

The combination of structure and master lithofacies map in Figure 23 

defines three areas differing in their structural and lithofacies patterns. 

They can be related to regional structural elements, i.e., the Pratt 

Anticline, the Hugoton Embayment, and the Sedgwick Basin (Fig. 1). 

The Pratt Anticline is defined as the triangular area in the north 

pointing south with a regional dip of about three meters per kilometer 

(16 ft/mi}. It is structurally outlined in the west and south by the 

800 meter contour (all contours express elevations below sea level) 

and in the northeast by the 740 meter contour. The lithology of the 

Viola over this structural high consists almost entirely of residual 

chert surrounded by a rim of limestone. The strike of the eastern margin 

as determined by the line of transition of residual chert into limestone 

corresponds approximately to N20°E, which is one of the major structural 
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trends in Kansas and related to the structural attitude of the Nemaha 

Anticline (Merriam, 1963). The western margin of the Pratt Anticline 

has a direction of strike of about N45°W, corresponding to the other 

major trend in Kansas exemplified by the attitude of the Central Kansas 

Uplift (Merriam, 1963). The area to the south of the Pratt Anticline 

shows increasing regional dip interrupted by pateau-like structural 

noses. The lithology changes from north to south from residual chert 

underlain by carbonates to limestones and dolostones. 

The remaining two areas flank the Pratt Anticline in the east and 

west and constitute parts of the Sedgwick Basin and Hugoton Embayment. 

The lithology of these areas is classified as shaly carbonate, but it 

should be kept in mind (Figs. 6, 14a, b, 15) that the distribution of 

control points with regard to structure and lithofacies maps in particu­

lar is very poor in the western quarter of the study area. 

The Pratt Anticline and its southern extension is also very well 

defined on the three isofacies maps. Areas enclosed by the 100 percent 

limestone contour (Fig. 20) are covered largely by residual chert and 

surrounded by a predominantly calcitic carbonate. To the east and west 

of the Pratt Anticline, dolomitic carbonates prevail. 

A comparison of Adkison's (1972) chert isofacies map reproduced 

here in part as Figure 25 shows a broad similarity in the distribution 

of residual chert with the lithofacies map (Fig. 23) prepared from the 

analysis of petrophysical well logs. Plate 7 shows three cross-sections 

based on sample logs that agree well with the residual chert distribution 

of Figure 23. On the other hand, Adkison' s map is based, ,on a greater 

number of sample logs and the variation of residual chert thickness and 

residual chert distribution is correct within the limitations of the 

sample logs which are based on well cuttings. A map based on sample logs 
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may contain variation not present in the subsurface due to the fact that 

well cuttings represent generally a mixture of lithologies from different 

formations. The residual distribution of chert agrees well with areas 

of low regional relief and relatively high structural elevation, as 

shown in Figure 23. The process of averaging the porosity log responses 

and the lack of density logs in the northern part of the area caused 

smoothing of local lithology variation. 

Minor Structural Trends 

Secondary structural features superimposed on the Pratt Anticline 

and the basinal areas are identified best by comparing the structure 

residual map (Fig. 18) with the chert isofacies map (Fig. 22), and the 

raster lithofacies maps (Figs. 23, 24). The pattern of positive and nega­

tive residuals exhibit a striking orthogonality in areas of good well 

average. A dominant trend strikes approximately southwest and northeast. 

This trend is best exemplified by an almost unbroken succession of positive 

residuals ranging from T.35R.17 to T.26R.10 incorporating the Lake City 

Anticline (Merriam, 1963) in T.31R.13 and the Cunningham Anticline 

(Merriam, 1963), which extends from the southwest corner of T.28R.ll to 

T.26R.6. A parallei trend of positive residuals extends from T.32R.ll 

to T.29R.9 and is approximately on strike with the Willowdale Anticline 

(Merriam, 1963) to the east of the mapped area. 

Two positive structures described by Merriam (1963) on evidence 

of oil pool contour maps on the top of the Lansing Group (Upper 

Pennsylvanian) as the Moore and Coats dome are located in T.26R.15 and 

T.29R.14 respectively. Four structures exhibiting similar shapes on 

the residual map are mapped in T.33R.18; T.33R.15; T.31R.16; and T.27R.13. 

Rich (1935a) describing the pattern of a structural residual map which 
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he derived by a graphical method (Rich, 1935b) from a structure contour 

map was 

at once struck by the pronounced rectangular pattern 
of the structure and ... that the area seems to 
be divided into blocks bounded by nearly straight 
sides, or fracture lines. (Rich, 1935). 

In a discussion on seismic anomalies on the Pratt Anticline Brewer 

(1956) suspects faulting and differential erosion of Lower Paleozoic 

rocks. His definition of the Pratt Anticline is virtually identical 

with a ridge (Fig. 18) of high positive residuals bisecting Pratt County 

in a north-south direction. This ridge includes the Coats Dome (T.29R.l4) 

which appears as a north-south trending rectangular block and terminates 

in T.26R;l3 in a similar but larger feature. Both blocks are connected 

by a northeast striking structurally less pronounced bridge and the 

whole feature is interpreted by Brewer (1959) as an uplifted block 

pounded by faults in the east and north. Two of the other three features, 

with a similar appearance can be related to domal structures mapped on 

top of the Precambrian by Cole (1976). They are located in T.33R.15 and 

T.33R.l8. The feature in Barber County strongly suggests an uplifted 

block bounded by faults. The last of the mentioned structures is located 

in T.31R.l6 but may be caused by the grid interpolation technique rather 

than by structural variation, as the northwest corner of Comanche County 

has no control points. 

The cited references and the features mentioned suggest that 

fault-bounded blocks with an areal extension of one or two townships 

are an important structural element of the study area. 

Less important with regard to regional structure but of economic 

significance, are faults that are mappable generally only after production 

drilling is completed following the discovery of a pool. These faults 
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have a very limited extension and an area bounded by such faults seldom 

covers more than two or three sections (Brewer, 1956; Merriam, 1963). 

All three classes of structural elements identified by Merriam 

(1963) are present in the study area, although only the first two could 

be identified on the structural maps. A structure of regional extent 

is represented by the Pratt Anticline and surrounding basinal areas. 

Minor structures such as faulted blocks and anticlines are superimposed 

on these major elements. Local closures and minor faults could not 

be defined at a finer scale than presented by the distance between 

control points. The four uplifted blocks which have good control point 

coverage are tentatively named Iuka Horst (T.27R.13}, Coats Horst 

(T.29R.14}, Deerhead Horst (T.33R.15}, and Coldwater Horst (T.33R.18) 

after nearby municipalities. 

Structural Evolution 

Lee (1954} discussed principles for the interpretation of isopach 

maps and states: 

A map depicting the thickness of a sequence of rocks 
between surfaces that were once flat or relatively 
flat records the structural movements that occurred 
between the development of the limiting surfaces. 
Such an isopachous map is essentially a structure map 
of the first surface at the time of the second. 
(Lee, 1954) 

These principles can be applied to the interpretation of the Viola 

isopach map (Plate 3) and the description of the structural evolution is 

aided by the lithofacies and isofacies maps. 

The Viola limestone of south-central Kansas was deposited in an 

epicontinental sea (Ross, 1976) that extended over a stable shelf 

region (Ireland, 1966). The bathymetry of this Ordovician sea was 

related to the regional structural elements illustrated in Figure Sb. 
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A study by Taylor (1947) of the Viola of the Salina Basin (Fig. 1) 

demonstrated that the Viola shows a gradual increase in thickness 

towards the center of the basin. This is exemplified by lithologic 

members of the formation that are unaffected by post-Ordovician erosion. 

Similar conclusions were expressed by Lee, Leatherock, and Bottinelly 

(1948), who stated additionally that the Viola was deposited on a 

beveled surface of Simpson sediments. It is assumed here that the 

original thickness of the Viola in south-central Kansas followed a 

pattern of increasing thickness in a southwesterly direction from the 

Central Kansas Arch (Fig. Sb) into the southwest Kansas Basin. The 

deposition of the Viola Limestone in the study area was controlled 

by regional structural elements but without noticable local tectonic 

control. Variation of formation geometry as portrayed by the structure 

contour map (Plate 2) and the isopach map (Plate 3) can, therefore, be 

tentatively related to structural and erosional events that occurred 

after the deposition of the Viola formation. 

Studies by Adkison (1972), Merriam (1963), and Lee (1956) conclude 

that the structural configuration of Kansas has remained virtually 

stable since the beginning of Middle Pennsylvanian time. Tectonical 

events that noticably affected the Viola Limestone must have taken 

place in the span between Upper Ordovician and Middle Pennsylvanian 

time. The identification and timing of these events is attempted by 

comparing the sequence of stratigraphic units as identified on well 

logs with the postulated succession of units once deposited in south­

central Kansas (Table 3). Evidence provided by Lee (1956) allows the 

assumption that the Viola of south-central Kansas was once overlain 

by the Upper Ordovician Maquoketa Shale and that Sil.11rian and Devonian 
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Table 3 

UNDIFFERENTIATED STRATIGRAPHIC UNITS AND ROCK TYPES DEPOSITED 

IN SOUTH-CENTRAL KANSAS FROM MIDDLE ORDOVICIAN TO MIDDLE 

PENNSYLVANIAN TIME 

Pennsylvanian 

Mississippian 

Devonian 

Devonian/Silurian 

Ordovician 

shales, sandstones 
basal conglomerate 

carbonates 
Boice Shale 

Chattanooga Shale 

*Hunton Group 

*Maquoketa Shale 
Viola Limestone 

(*Units not encountered in well logs.) 

carbonates of the Hunton Group constituted the stratigraphic 

unit encountered above it. The removal of both units and evidence 

provided by the structure and lithofacies maps allows the following 

reconstruction of structural events. 

The first tectonic event caused uplift of the Chautauqua Arch and 

the Pratt Anticline before the Late Devonian Chattanooga Shale and the 

early Mississippian Boice Shale were deposited. Rocks of the Hunton 

Group and the underlying Maquoketa Shale were completely stripped 
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from the mapped area and the Viola was reduced considerably in thickness 

as Viola profiles in locations outside the study area suggest (Adkison, 

1972). The rapid decrease in thickness along a north trending line in 

the center of the area (Plate 3) can be attributed to differential 

uplift of the Pratt Anticline compared to the area in the west where 

the Viola was more protected from erosion. This interpretation, however, 



is only tentative as the Pratt Anticline probably exerted some influence 

on the original thickness of the formation. Additionally, the previously 

described paleogeographic setting during Viola deposition favored a 

thickening of the formation towards the southwest. The regional trend 

of formation thickness (Plate 3) probably represents depositional 

variation in thickness enhanced by differential erosion during Devonian 

times. Except for the latest stage of that erosional episode all 

products of weathering were transported from south-central Kansas 

towards the Quachita basin of Oklahoma and Texas repeating the same 

general pattern as during the early Ordovician when the Arbuckle Group 

was eroded following regional uplift (Ireland, 1955). The latest stage 

of erosion was apparently dominated by chemical weathering which caused 

verkarstung of highlands leaving a regolith of chemically resistant 

rocks. The residual chert over the P.ratt Anticline (Plate 5) is • 

interpreted as such a deposit. 

As an interesting aside, an isopach map of the Chattanooga Shale 

was constructed which shows a very gradual decrease of formation 

thickness from the southeast corner of Barber County where it measures 

about five meters towards a line that follows the general eastern 

outline of the Pratt Anticline between T.35R.16 and T.27R.9. Beyond 

that line the Chattanooga is not present. It could very well be that 

this formation was deposited in low lying areas while karst weathering 

proceded on topographic highs. 

A rapidly deepening sea covered the Chattanooga and the remainder 

of the area with a thick deposit (up to 80 meters) of shale in early 

Mississippian time. This unit is named the Boice Shale and is overlain 

by Mississippian carbonates whose original thickness became drastically 
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reduced by erosion over wide parts of the area following uplift caused 

by the second tectonic event recognized in the study area. 

This structural event began its major cycle of activity in the Late 

Mississippian and culminated in Early Pennsylvanian time (Lee, 1956; 

Merriam, 1963}. Its effect on the Viola Limestone is categorically 

different from the former tectonic event. While the former event 

caused differential erosion of the Viola thereby largely determining 

the formation's bulk lithofacies, the second event finalized the 

structural configuration of the formation as displayed in the structure 

map (Plate 21 and the structure residual map (Fig. 18). The final 

shape of the Pratt Anticline was established and the fault-bounded 

blocks described previously were activated. It is on the surface of 

these fault-bounded blocks that early Pennsylvanian erosion reached 

the Viola Limestone and caused additional thinning of the formation. 

This is evident on the isopach map (Plate 3) over areas occupied by the 

Iuka Horst, Coats Horst, and Coldwater Horst. The area occupied 

by the Moore Dome (T.27R.15l seems to have been subjected to the same 

process. Brewer (1956) reported Pennsylvanian rocks in direct contact 

with rocks of the Arbuckle Group over a small area on the Coats Horst. 

This indicates that these uplifted blocks represented considerable 

to:E)Ographic relief as a few hundred feet of rocks including 

Mississippian carbonates, Boice Shale, Viola Limestone, and Simpson 

Group were removed but are identified on well logs in the immediate 

vicinity. 

In contrast, the Deerhead Horst which shows the strongest positive 

anomaly on the structural residual map does not indicate erosion of 

the Viola formation in Early Pennsylvanian time (Plate 3, T.33R.15). 
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It is concluded that uplift of this horst did not commence until the 

beginning of Pennsylvanian deposition. Dellwig (1956) reported an 

earthquake from Barber County of January 6, 1956. The intensity of 

this earthquake was estimated between five and six according to the 

Modified Mercalli Scale, which classifies it among the larger earthquakes 

ever recorded in Kansas. Mapping the Deerhead Horst into the iso­

seismal map provided by Dellwig (1956), the earthquake's epicenter 

corresponds with the location of the Horst, indicating that this feature 

still is tectonically active. 

The structural grain of Kansas was finalized in Early Pennsylvanian 

time and exhibits trends striking generally northeast or southwest, 

which are depicted well by the chert isofacies map (Fig. 22). These 

trends are thought to correspond to readjustments of tectonic trends 

in the Precambrian basement (Rich, 1933). The interpretation of some 

minor structures as fault-bounded blocks implies that the basement is 

also broken into blocks of similar size at least in the vicinity of 

tectonic lineaments bounding regional structural elements where differen­

tial movement was at its strongest. 

Sedimentation 

A reconstruction of the depositional history of a stratigraphic 

unit is based on the identification of rock types which can be inter­

preted with regard to their environment of deposition. The geographic 

pattern of environments and their migration through time defines the 

depositional history of a unit and enables the construction of paleo-

geographic maps which provide" . the framework in which the analysis 

of earth history must be set" (Krumbein and Sloss, 1951). 
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Prior to the reconstruction of the Viola's depositional history, 

the observed rock types have to be interpreted with regard to the 

accumulations of sediment from which they originated. Unfortunately, 

dolomitization has largely obliterated the original sediment particles 

and sedimentary structures, but petrologic data published by Biederman 

(1965) from Viola rocks of the El Dorado field in Kansas and by Freeman 

(1965) from the Viola of Arkansas allow some conclusions as to the 

composition of the original carbonate sediment. The petrologic data can 

be related to Viola lithologies of the study area and an interpretation 

of Viola sedimentation in south-central Kansas can be given. 

Freeman (1965) published two photomicrographs (his Figs. 20 and 21) 

both of which are limestones with no recognizable proportion of dolomite. 

His Figure 20 shows trilobite, bryozoan, crinoid, and brachiopod frag­

mencs (his interpretation) imbedded in calcite cement. A porosity of 

about 20 percent appears to be the result of complete and partial 

dissolution of skeletal parts. The rock can be classified as a packstone 

according to Dunham's (1962) scheme because the original sediment probably 

consisted of a framework of skeletal fragments with interstitial micrite 

which recrystallized into sparite. Figure 21 of Freeman (1965) represents 

the Fernvale Limestone which is considered the uppermost member of the 

Viola by Wengerd (1948) but a distinct formation by Amsden (1979). 

Petrologically it consists of crinoid debris (Freeman's interpretation) 

with calcite cement overgrowth. The cement grows in optical continuity 

with the crinoid fragments and is interpreted as rim cement (Bathurst, 

1952) which implies growth by filling pore space. The possible 

interpretation of the overgrowth as syntaxial rims (Bathurst, 1952) 

which grow as a replacement of micrite is rejected on evidence provided 
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by Moore (1957) and Evamy and Shearman (1965, 1969) who observed that 

crinoid fragments associated with lime mud show little overgrowth. 

About 50 percent of the area of the photomicrograph is occupied by 

crinoid fragments, indicating an initial porosity of 50 percent, now 

completely obliterated by rim cement. The rock is classified as a 

grainstone with the original sediment consisting largely of crinoid frag­

ments devoid of intergranular micrite. 

Biederman (1965) published a series of photomicrographs from the 

Viola Limestone of the El Dorado field in Butler County, Kansas. His 

Figures 19, 20, and 30 portray an equigranular dolostone with vuggy 

porosity that appears to have formed by leaching of fossil fragments 

with the vugs resembling crinoid and trilobite remnants. The axial 

canal of an observed crinoid fragment is preserved as a circular clot 

of dolomite crystals surrounded by pore space. The sediment probably 

consisted of skeletal parts surrounded by lime mud, which entered the 

axial canals of columnal crinoid fragments. The mud recrystallized 

as sparite and was dolomitized, although it is possible that the dolomite 

crystals grew by replacing micrite. Sparite and micrite are generally 

dolomitized first (Lucia, 1962) and the calcite fossil fragments were 

dissolved before they could be replaced by dolomite. This rock can be 

classified as a wackestone, as the skeletal parts apparently did not 

form a grain-supported framework. Three other figures (his Figs. 15, 23, 

and 22) show idiotopic and hypidiotopic dolomite fabrics with no 

recognizable fossil fragments. Most dolomite crystals exhibit a dark 

center interpreted by Biederman (1965) as clay minerals or organic 

matter. The sediment probably was a lime mud containing a small fraction 

of both. The dolomite crystals possibly grew in the mud with clay 

particles forming an idiotopic fabric when micrite was removed prior 
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to the completion of dolomitization. The limestone equivalent of this 

rock would be classified as a mudstone. 

The conclusions drawn from the published photomicrographs of dolo­

mitized Viola rocks with regard to the character of the sediment are 

supported by studies of Lucia (1962), Lucia and Murray (1967, and 

Murray and Lucia (1967). Lucia (1962) describes a variety of Devonian 

rocks from Texas exhibiting various degrees of dolomitization. The degree 

of dolomitization of limestones is directly related to the amount of 

micrite associated with the crinoid fragments in the sediment. Crinoidal 

limestones cemented by rim cement have a measured porosity of 1.6 

percent and a permeability of .01 millidarcies, and are not dolomitized. 

Crinoidal limestones are dolomitized when micrite was associated with the 

skeletal parts. Dolomitization of micrite and occasionally crinoid 

fragments as well as leaching of calcitic fragments from partially 

dolomitized rocks results in porosities that range from five to about 

30 percent. The amount of porosity developed is greatest when the 

micrite fraction of the sediment was between five and 20 percent, 

indicating that dolomitized packstones make excellent reservoir rocks. 

This process of selective dolomitization is documented in 

Mississippian rocks of the Turner Valley formation of Alberta (Murray 

and Lucia, 1967). Carbonate rocks ranging from grainstone to wacke­

stone exhibit different degrees of dolomitization. The grainstones 

consist largely of cross-bedded crinoid debris cemented by rim cement 

and are not dolomitized. Packstones contain about 15 percent dolomite 

and wackestones are dolomitized thoroughly. Field relations of these 

rocks show that grainstones are spatially separated from wackestones by 

packstones. Erosion surfaces and vertically succeeding sets of cross 

beds dipping 180 degrees apart indicate that the grainstones were 
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deposited by tidal currents which reworked a sediment consisting of 

crinoid fragments and lime mud. Murray and Lucia (1967) suggest that 

the density of the crinoid population, that provided the skeletal 

fragments, was greatest close to the tidal channels, where constant 

water motion provided a constant supply of nutrients. Away from the 

channels food supply was limited and could support only a small popula­

tion of crinoids. It is between tidal channels that most of the lime 

mud was deposited providing a mixture of micrite with scattered crinoid 

fragments which consolidated as a wackestone. Packstones originated 

in areas between channels and areas where water was least agitated. 

Dolomitizing waters could not penetrate the grainstone made impermeable 

by rim cement which, therefore, remained a limestone. The packstone 

and wackestone were dolomitized either partially or completely depending 

on the amount of micrite present. 

Dolomitization by rock selectivity explains the lithologies of the 

Viola Limestone as interpreted from published photomicrographs (Biederman, 

1965; Freeman, 1965) and descriptions of well cuttings (Table 1). The 

"Lower Limestone" unit of the Viola in south-central Kansas is described 

by Adkison (1972) as a cross-bedded, medium to coarse crystalline, 

crinoidal limestone. The porosity of this unit as derived from geo­

physical logs is close to two percent which is in good agreement with 

the porosity of 1.6 percent measured by Lucia (1962) on crinoidal grain­

stones cemented by rim cement. The cross-bedding indicates that the 

unit was deposited by currents. 

Almost all remaining lithologies listed in Table 1 can be interpreted 

with the descriptions given previously of dolomitized Viola rocks from 

Butler County, Kansas. Dolostone originated as lime mud and can be 

described as a mudstone. Vuggy dolomite originated as a wackestone or 
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packstone from a lime mud with differing proportions of skeletal parts. 

Of the remaining lithologies the dolomitic shale probably originated 

in areas with a slow rate of carbonate production and residual chert 

is a regolith deposit as already discussed and formed by tectonically 

induced erosion. The description of a dolomite with cross-bedding is 

considered incorrect and represents most probably a cross-bedded, 

dolomitic limestone. Such a lithology can form, when depositional 

environments shift and lime mud is deposited on top of current deposited 

crinoid debris. Micrite can settle into the porespace of the underlying 

sediment and restrict the formation of rim cement preserving initial 

pore space which allows penetration of dolomitizing waters. 

The identification of the sediments that were deposited in south­

central Kansas during Viola time allow a tentative reconstruction of 

the formations depositional history. The overall paleogeographic setting 

(Fig. 4), the lithofacies map (Plate 5), and a profile of the Viola 

Formation (Plate 6) provide information on the spatial relations of 

environments. 

The onset of Viola deposition is marked by a grainstone which 

represents the "Lower Limestone" unit. The cross-bedding indicates 

that the sediment was probably moved by long-shore currents equivalent 

to those that deposited the St. Peter Sandstone. The shore-parallel 

bars left behind a sheet of crinoidal debris when they shifted landward 

following the shoreline of a transgressing sea. Quartz grains described 

from the lower part of this basal limestone (Adkison, 1972) indicate 

some erosion of St. Peter Sandstone probably near the shoreline. 

Deepening of the water led to the deposition of sediments forming 

packstone, wackestone, or mudstone, the type of which largely dependent 

on water agitation. The lower 20 feet of the profile shown in Plate 6a 
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represents the "Lower Limestone" whose upper zones show an increased 

degree of dolomitization caused by the process described previously. 

The rest of the section shows alternations of generally slightly dolo­

mitized limestone and cherty, dolomite occasionally interrupted by a 

shale stringer. The limestones are interpreted in analogy to the 

"Lower Limestone" unit and the dolomites represent mudstone or wacke­

stone. Between 5585 feet and 5622 feet, the section may be made up of 

packstone as indicated by the high proportion of porosity. 

The sediments that contained differing proportions of lime mud 

formed as non-current deposits. These deposits were scoured by wind­

driven currents that removed the lime mud and formed bars of cross­

bedded skeletal debris. The origin of the grainstones in tidal channels 

seems unlikely, as the influence of lunar tides is considered minimal 

in epeiric seas (Friedman and Sander, 1978). The depth of water was 

probably in the order of 20 to 30 meters (Friedman and Sanders, 1978). 

A broad regional pattern of depositional environments can be deduce~ 

from the lithofacies map (Plate 5), although the map must be interpreted 

with the isopach map (Plate 3) to estimate the effect of differential 

erosion. 

The Pratt Anticline influenced sedimentation by constituting a 

positive undulation of the seafloor. This shoal area experienced more 

current and wave action than the areas to the east and west and pre­

dominantly grainstones and packstones were deposited which are represented 

on the map as limestone and dolostone facies. The difference in depth 

of water between the shoal and the surrounding areas is probably in the 

order of five to 10 meters and a higher proportion of wackestone and 

mudstone was deposited in deeper waters. These rocks are shown on the 

map as shaly carbonate facies. Migrating grainstone bars imposed local 
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variations on these areas resulting in the complex carbonate lithology 

of the Viola limestone. 

Dolomitization 

Dolostones are divided into two groups, those that formed pene­

contemporously by replacement of unconsolidated carbonate sediment are 

termed "primary dolomites," while "secondary dolomites" formed by 

dolomitization of pre-existing limestones. Dolomitization is controlled 

by permeability, composition and particle size of the host rock or 

sediment, as well as by parameters such as temperature, pressure, ionic 

concentration and composition of the pore waters (Davies, 1979). 

Dolomitization may be caused by hypersaline brines with a high 

Mg:Ca ratio, or it may occur in zones where sea water and freshwater mix 

(Badiozamani, 1973). Hypersaline brines form in lagoonal environments 

and a close spatial relationship of such environments with the carbonate 

sediments or rocks to be dolomitized is required. On the other hand, 

dolomitization in the mixed water zone requires a paleogeographic setting 

where exposed areas caused by tectonic uplift or eustatic fluctuations 

in sea level provide for fresh-water recharge. A number of detailed 

models for the origin of dolomite were put forward over the last 20 

years or so and are reviewed briefly to provide for possible explanations 

of the process that caused dolomitization of the Viola Limestone. 

Penecontemporary dolomite was documented by Illing, Wells, and 

Taylor (1965) from sabkhas of the Persian Gulf and by Shinn, Ginsburg, 

and Lloyd (1965) from supratidal flats of the Bahamas. The dolomitiza­

tion of aragonitic sediments is accomplished by hypersaline brines with 

a Mg:Ca ratio of greater than 30:1. Evaporation of interstitial 

sea-water by capillary action results in a hypersaline brine from which 
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gypsum precipitates. This removal of calcium is the cause for the high 

Mg:Ca ratio. The system is recharged when abnormally high or storm tides 

flood across the supratidal environment. 

The Bonnaire model (Deffeyes, Lucia, and Weyl, 1965) explains the 

dolomitization of Recent and Plio-Pleistocene limestones on Bonnaire 

Island, Netherlands Antilles. Their observations in a Recent environ­

ment support the concept of evaporite reflux or seepage refluction 

which was developed previously to explain dolomitization of ancient 

reefal limestones (Adams and Rhodes, 1960). This model requires a body 

of sea water which is isolated from the fully marine environment by a 

barrier generally thought of as reefs. Evaporation will form a brine 

with a high Mg:Ca ratio after precipitation of gypsum. This dense brine 

sinks downward and seaward and presumably causes dolomitization of 

carbonate sediments or limestones by moving through the porespace. The 

lagoonal environment is recharged by seepage of sea water through a 

permeable barrier. 

The Dorag model (Badiozamani, 1973) is based on the concept of 

dolomitization by groundwater which was revived by Hanshaw, Back, and 

Deike (1971). Badiozamani (1973) mixed different proportions of Yuccatan 

groundwater with sea water and concluded from his computations that a 

mixture of freshwater with a proportion of about five to 30 percent sea 

water is less saturated with respect to calcite than the original ground­

water but supersaturated with respect to dolomite. It is believed that 

such waters will cause the replacement of calcite by dolomite over long 

periods of time forming well developed dolomite crystals in contrast 

to the poorly ordered crystals from Recent intertidal flats. Badiozamani 

(1973) applied his Dorag model to Ordovician carbonates of Wisconsin 
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which are dolomitized over areas that experienced exposure several times 

during the Ordovician while laterally equivalent rocks were not subjected 

to subaerial exposure and remained limestones. 

Recently Wanless (1979) showed that dolomite can form as a response 

of limestone to stress. The pressure solution-dolomitization process 

is thought to be responsible for rocks that consist of alternating 

laminae of limestone and dolostone, probably reflecting compositional 

differences in the sediment which resulted in a different response to 

stress. Wanless (1979) also attributes ribbon limestones which consist 

of limestone lenses surrounded by a continuous network of dolostone 

layers to pressure solution-dolomitization. 

Connate water expelled by compaction of shales was assumed by Jodry 

(1964) as the agent responsible for dolomitization of Silurian reefs in 

Michigan. This model is believed important when shales are deposited 

in close paleogeographic relation to permeable limestones. 

Other mechanisms of dolomite formation include hydrothermal and 

metamorphic processes. 

The last two processes can certainly be disregarded as the cause 

for dolomitization of the Viola formation. Metamorphism is virtually 

unknown in sedimentary strata of the Midcontinent and hydrothermal fluids 

generally are active in tectonic fracture zones where they could cause 

dolomitization, but this process is of no regional importance. The 

sabkha model also is inadequate to explain the dolostones of the Viola. 

The Viola was laid down in a fully marine environment as indicated by its 

fauna (Decker, 1933), and evaporite deposits that are associated with 

supratidal deposits in tropical and subtropical zones are absent in the 

Viola. The pressure solution-dolomitization model can be used to explain 

dolomite enrichment along stylolites as observed by Freeman (1965) in 
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pre-Viola limestones. The petrologic features described by Wanless 

(1979} as indicative for dolomitization caused by stress response have 

not been described from the Viola and it is, therefore, unlikely that 

this process is responsible for the majority of Viola dolostones. Shale 

deposits do not occur laterally with Viola rocks of south-central Kansas 

and the stratigraphically lower Simpson Shale is separated from the Viola 

by the Platteville formation which is only partially dolomitized. 

Dolomitization by expelled connate water is, therefore, an unlikely 

dolomitization model for the Viola. 

At the close of the Ordovician the epeiric sea covering the study 

area became increasingly hypersaline (Ross, 1976} as depicted in Figure 4. 

The Maquoketa Shale of Iowa is described by Agnew and others (1956} as 

deposited in a hypersaline environment. It is not clear, though, if 

the Maquoketa was deposited by a r~gressing Viola sea, or by a .trans­

gressing sea which invaded terrain where Viola rocks were subjected to 

subaerial erosion. The latter is suggested by information provided by 

Lee, Leatherock, and Bottinelly (1948} and Adkison (1972} who describe 

the Maquoketa as being deposited on a surface showing erosional relief. 

Either way, the lack of evaporites in the Maquoketa does not suggest an 

environment hypersaline enough to provide brines for the dolomitization 

of the Viola according to the Bonnaire model. 

Eustatic fluctuations of the epeiric sea caused by the Late Ordovician 

glaciation (Sheehan, 1973) exposed wide areas of the Midcontinent to 

subaerial erosion and the influx of freshwater. Mixing of freshwater 

with the sea water contained in the porespace of Viola rocks led to 

dolomitization of the formation as set forth by the Dorag model. Dolo­

mitization was fabric selective and resulted in the lateral and vertical 
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gradational pattern from pure limestones to pure dolostones as described 

from the Viola of the study area. 

Origin of Chert 

Two main generations of chert with regard to time of formation are 

recognized in Paleozoic rocks of the Midcontinent. Moore (1957) describes 

chert nodules from Mississippian carbonates of the Ozark region which 

preserve delicate calcitic fossil fragments. These fragments are lacking 

in the adjacent otherwise fossiliferous limestone. Banks (1970) reports 

chert nodules from the Mississippian Leadville formation of Colorado 

which are surrounded by layers of dolomite. The layers wrap around the 

chert nodules indicating silicification prior to compaction and final 

lithification of the carbonate sediment. This chert is termed an "early 

chert" as it formed either during sedimentation of the carbonate sediment 

or simultaneously during early compaction and diagenesis as some replace­

ment of quartz by dolomite and vice versa (Banks, 1970) indicates. Early 

chert is generally concordant with sedimentary bedding (Meyers, 1978) 

and the main sources of silica are considered to be siliceous sponge 

spicules as well as detrital sediments. Meyer (1978) demonstrated in 

a detailed field study, that formation of early chert is facies dependent. 

He showed that 82 percent of the chert formed in mud supported carbonates. 

The other mode of origin of chert is dependent on the post­

depositional and diagenetic history of the rocks and related to circula­

tion of silica-rich fluids along tectonically induced fracture zones. 

These fluids may be hydrothermal (Fowler, 1933) or related to ground­

water movement from silica-rich sediments into carbonates (Fowler, 1933; 

Banks, 1970). 
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Chert occurs in the Viola formation of south-central Kansas in 

association with dolomitized limestones. Plate Ga.clearly shows that 

limestones that are interpreted as crinoidal grainstones contain none 

or little chert. Petrographic evidence from Biederman (1965i his Figs. 

11 through 18) shows that cementation by silica seems to have occurred 

after dolomitization, although euhedral dolomite crystals thought growing 

in lime-mud or spar are surrounded by chert which could indicate a change 

in diagenetic conditions and that silica started to replace micrite 

before dolomitization was complete. 

Although dolomitization seems to have preceded the formation of 

chert, a thoroughly chertified packstone with well recognizable fossil 

fragments may indicate that in some instances chert may have formed prior 

to dolomite. Lacking other and more detailed petrologic information, it 

is suggested that dolomite and chert formed closely together with 

respect to time. Both minerals could form only in Viola rocks that had 

initial porosity preserved, as the grainstones are virtually free of 

either, because of completion of the growth of rim cement prior to 

conditions favorable to dolomitization and formation of chert. 

Meyers and James (1978) and Knauth (1979) proposed similar models 

for the origin of chert. Both models have the chert form in a mixing 

zone of fresh water with sea water related to an unconformity (Meyers and 

James, 1978) which postulates subaerial erosion and provides a recharge 

area for fresh water. Knauth (1979) suggests that a mixture of fresh 

water with about 30 to 80 percent sea water favors the replacement of 

calcite by silica. If Knauth's (1979) conclusions are correct, then 

relative high proportions of sea water in the mixing zone would favor 

replacement of calcite by silica, while a relative low (see Dorag model) 

fraction of sea water would favor the replacement of calcite by dolomite. 
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Either process was fabric selective and dependent on the permeability 

of the host rock. Chertification presumably is strongest where a 

favorable chemical composition of the mixing zone waters was met with 

silica concentrations in the host rock. This could explain the 

arrangement of chert nodules concordant with bedding. 

Silicification along fracture zones by hydrothermal solutions or by 

circulation of groundwater is suggested as an explanation for the silica­

rich zones that parallel the structural grain of the study area as 

clearly identified by the chert isofacies map (Fig. 22). 
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VIII. ECONOMIC CONSIDERATIONS 

Structural highs associated with porosities of greater than seven 

percent are favorable conditions for hydrocarbon accumulations in the 

Viola Limestone of south-central Kansas. The porosity map (Plate 4; 

porosities greater than eight percent are shaded) compared with the suite 

of structure maps (Plates 2 and 3; Fig. 22) indicates preferred trends 

in the location of oil pools. A strong NE-trend is exemplified by a 

string of oil fields located on the crest of the Cunningham Anticline, 

and a weaker NW-trend, is observed in Barber County. 

Almost all oil pools produce not only from the Viola Limestone but 

include Arbuckle, Simpson and Mississippian pay zones. Unfortunately, 

individual wells which produce from the Viola could not be identified 

from the available information, but some tentative conclusions with 

respect to Viola lithofacies and reservoir characteristics can be given. 

The majority of oil pools is located on or in close proximity to 

the Pratt Anticline. Structural highs in form of horsts and anticlines 

combine with residual cherts deposits. Secondary porosity and fractures 

allow for large accumulations of hydrocarbons which can be produced 

easily due to large fracture-caused permeabilities. In areas where the 

Viola is thin and residual chert is absent reservoirs are rare (Ranges 

10 and 9). Well cemented grainstones at the base of the Viola and 

relative lack of dolomitized packstones due to removal by erosion may 

be the reason. 

Future drilling appears to be most promising in the western third 

of the area. The lack of control points in this area is due to the fact 

that wells generally are terminated in Mississippian carbonates which 

are one of the most prolific hydrocarbon producers in Kansas. Based on 
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the conclusions with regard to the environment of Viola deposition, 

the chance of encountering good reservoir rocks as dolomitized pack­

stones and wackestones is considered good, and drilling should commence 

close to the western flank of the Pratt Anticline, as structural highs 

in the form of horsts or anticlines are likely to be associated with 

major tectonic lineaments. 
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IX. FUTURE RESEARCH 

The method developed for lithofacies analysis can be extended to 

include petrophysical logs other than the gamma ray and porosity logs 

used in this study. The spontaneous potential log, for example, can 

be used to estimate the resistivity of the formation's brine and the 

resistivity log measures the resistivity of the pore fluids which may 

include brine and hydrocarbons. When these responses are gridded in 

an analagous way as described for the porosity log responses the water 

and hydrocarbon saturation of the unit under study can be calculated 

by simple grid-to-grid operations. These calculations require the 

porosity values calculated prior in the lithofacies analysis. Litho­

facies and structural analyses could, therefore, be combined with 

hydrocarbon estimations in an efficient method. The requirements are 

digitized well logs and, preferably interactive, automated mapping and 

well logging software packages. 

Structural and lithofacies analysis can be enhanced by applying 

spatial filtering methods to the computed grids. Multivariate statisti­

cal analyses of structural and lithologic variables may isolate certain 

combinations of variables as an indicator of conditions favorable to 

hydrocarbon accumulations. 

An extension of the lithofacies analysis of the Viola, as presented 

in this study, should attempt a tentative division of the formation based 

on unprocessed log responses. Iterative lithology computations may 

allow the definition of members with similar overall rock characteristics. 

If these units can be related to conditions of sediment deposition, their 

lateral and vertical variation with regard to unit geometry will allow 
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the reconstruction of the formations depositional and possibly erosional 

history in more detail. 

When digitized well logs are available over the entire stratigraphic 

column of an area, automated spatial well log analysis of divisions of 

the entire column will be possible and the reconstruction of the geologic 

history will be based on data generally not utilized to the extent 

possible. A better understanding of the geologic history will result 

in identifying the locations and origins of economic valuable deposits. 
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MTENDIX 1 

Wvll IdL'nlific,"ltion and 1,kll t!ames 



\ 

wELL fD-NO. LOCATION AND ~AME 

I SIJ Nlo.' IO 26 11 BAmt,\N 
3 SW SI.' N\J :Jl"i 26 11 MIWIS I 
5 NIJ NE NI.' 3 26 12 STE\.',\RT 
6 NE !\\,' 2 26 13 l.'000 

10 I 26 IS El.LIS I 
11 NE ~iE )\'I,' Jc) 2G 16 SCllliLTZ ,\ I 
19 w :,I.' 3-l :?6 17 HOl·SBA\!GII 
20 SE NIJ }i\J :,E 2S ?7 12 Fl~CIIMI I 
21 ~I,' SE NI.' 2:-'i :?7 12 BAR~ES I 
27 NE S\J :;I.' :-.E 7 27 I-I JO~E:~ I 
28 SIJ NI.' 7 :7 14 com11-:nc I ,\L JOS 
~9 l\i\J w :-i·: 2'.J ?7 I-I l\'i\~ /\D,\!-IS I 
JS SE SE :,E t:l ?7 I G l<OSE I 
3G SE SE :,E 7 27 16 ~l1\TIIEliS I 
37 ~IJ :.;1-: 3:? ?/ 16 U)l)Oi\lUJ I 
>S s·· . w :,,,1 I:'> 27 17 Cl'HTIS I 
39 NE KE !iE 35 27 18 STEl.'Alff I 
.:;o N\J SE SE 2-1 '.:7 IS 1,·oons I 
..\J S\J s1: St: 25 28 11 DYCIIE I 
-l-l SE rm 2S 2S 11 DliDHEY Al 
-lS SE SE Sw 31 28 11 AH~ISTEAD l 
46 N\J NE S\J SE 21 28 12 IIAYE!, I 
-17 S\J SI./ l,E " .~ 28 12 111-:n:1-:n I 
-IS SI.' !'1; ") 2S 12 Tllml,\S I 
-19 s1; NE J :, 28 I:?. IIELSEL I 
SI )'-;\J NIJ I 28 13 111 LL\IW 2 
54 NIJ NI.' NE 20 28 I-I ~IICl!i\t:L I 
55 ~rn NE SE IS -.:s 14 l.'OOLFOLK l 
56 SW SIJ SE 25 2S IS .I0ll~S0N I 
57 S\J S\J S\J 2~) 28 15 TIIO!lll'SOS I 
ss SIJ NW 2:1 ?S 15 ~Ill.LEH I 
59 SF. $E !>E I-I 2S 15 SE\'FEHT I 
60 SE SE Nii 33 ?8 16 >-'lillN I 
65 SW S\J rm -~ 2S 17 rnmll'SO~ 
66 N\./ NIJ :,j\J 35 2S 18 ,\llllENS I 
67 NE NW IIE 23 2S IS IIAIW\" I 
68 SE 23 28 18 IIAIWY 18 
72 NE NIJ JS 29 11 TIIOMl'SON JI 
73 SIJ !-i\.' JI) 29 11 JOIIN 111 
7--t S\./ 

, ... ,~ .. ') ...... 4 :>9 11 FOIW 1--4 
75 NW SW NE :~E 7 ~9 12 IU:ECE I 
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77 SW S\J :,\.' 21 !.9 12 J.lt.D/\ll~ER 
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91 SW SE 31 :?9 1-1 1101.'t-:I.L 2 
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99 SIJ rm 21 29 17 11/\~l~OSD I 
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lUS !\I.' !~\.' 2! 30 11 1.,\VEHESTZ I 
IOG l\E NE t,E 3G 30 11 m·.,\SI·: I 
107 SE SI.' 2;:; :io 11 SI.EEl'ER 
!OS NE ~,~ !\\,l 3G 30 12 Tllmt I 
109 NE KE SE 32 30 12 OL:~O'., I 
I 10 1\W SE 1'1,' 27 30 12 C:\J~GILL ,\ I 
111 ~IJ l\lJ Sl.1 11 30 12 S,\DIE J.:l'}IUERG 
112 SW '.~\.' 1 30 12 KKOI' I 
113 KE :;E I 30 12 J.F.COSS I 

· 1 1-l SW N\J NIJ rm 22 30 13 GRIGSBY I 
115 NI.' 1::; 30 13 J.:KACt;:STEDT 
1 lG NW l~IJ 6 30 13 SIIH IVEH I 
117 N\J l\1.' 4 JO 13 L,\~l!lEHT ,\ I 
I IS SE l,IJ 4 30 13 LA~UERT ,\::! 
119 SE SIJ 32 30 14 M 1 LL!~ I 
120 SU SI.' 2G 30 14 LA~IBERT l 
121 NIJ SI.' JI 30 15 \.'ALKEH ll l 
122 SE NE 24 30 15 llOAGI .• \~D l 
123 SE SE :-IE 21 30 15 \JAUER I 
124 NE ~E NI.' 21 30 IS IJ. S. li\'PSmt 
12S SE SE SIJ ICJ 30 15 lll'l.L IE I 
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142 \I.' :;i-: p 31 I 2 ~,on I 
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1511 \!.' S\~ -t 31 '.3 l~ET\EH l 
IS:? \\.' :.;i; 3-1 31 1-1 1.· .C.!IILLS l 
153 SE SE :,E 2G JI 1--1 lffSSEL L\KE I 
15-1 SE !\"E S\J 2fi 31 1-1 ~111.L!, fEEU 1./\S 
I .SS NE \I,' •"It .. ;lo., I ~J :JI 1-1 SIIAFT I 
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157 SE !,!-: I II 31 15 (.!-:.HEED I 
!.:'i9 SI.' l ~ t" 

.)I~ fi JI 17 YOST I 
1(,0 l\E w JG 31 I~ I 11-:u:,E\' I 
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IG:? 1'\.' :-:1-: 3G 32 I() IIASS I 
163 NE :,E 31> 32 IU 11.\HBi\llGII I 
16--1 NW 1'I~ l,E 6 32 10 LEO. DICK I 
!GS SI.' :,:t,' 5 32 10 GAHRETT I 
tf,G NE l\E ::E 31 32 11 ~ICCLl.:P.E I 
167 S\J SI/ :~E '>" -"~ 32 11 I.I.'..: E'.,S I 
16S SE SE :,E 17 32 11 s1;;\RTZ I 
169 NIJ KE NW 3.4 "? ->- 12 Ul"SC.\N I 
170 NE sI; SE 34 32 12 EL IZABETII ~EAD 
171 ~;\J SE 3.4 32 12 ,\S~A D~NCAN 
172 S\J SE 34 32 12 H.\!\DELS I 
173 NE NE 3•! 32 12 tU:--:DELS 2 
174 NW SIJ :;~ 3:-. 3~ 12 11.\ZE!. S~I ITII 
175 NW NI.' !\\,: 23 32 12 Hl.00!·1 2 
176 SW NE NI.' 1:{ 32 12 ELSE,\ I 
177 S\J SE 15 -... ~ -·- 12 l.dSH:R I 
178 N\.i '.,\; 15 32 12 G 11.LESI' IE 
179 t-:E :;i-: 35 "') ->- lJ 1.osn:n I 
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232 ~E ~f. :,E 21 34 10 GARNER I 
233 SE S\.' '.,IJ 13 34 JO SKAGGS I 
23--1 SE ~E SIJ 32 3--1 10 IIEI.E!, PORTERFI 
235 '.'\IJ ~w SW 3•'\ 34 I I GOLl)~1/\~ I 
23G \E NE '.,E 2:::i 34 11 STOLEH,\RGER 
238 s1: '.-1·: I 34 11 Sl.',\IHZ I 
:?3<) ~\.' :~\i 31"> 3--1 12 l.'l·:Tz I 
2--IU SE SI•: :,1-: 2--l 34 12 lt!'~ll'IIHEY I 
.?-I I SI.' \E .. :14 12 ~!l~CIUCl\l•:'., I ... 
2-12 SE :.::E 27 3-1 13 SlERl.l~G DI 
243 SI.' :.:1-: H :-$4 13 IJ I EL Al 
2--14 SI~ :,1-: 11 3➔ 13 DO\OVA~ :n 
245 !~t-1 7 34 13 CL\HKE I 
246 ~.::1-: :,W :3 34 13 111.l'~I.: ') 

2-47 SE \E s 3.4 13 FAI.E!,-110! .~ES 
24S SE :.::E J 34 13 1\1~\0VAK I 
7.49 :,E 2-4 3--l 1-1 (,l<.\Vt·::.; n, 
2Sll \E \E :,IJ I" ,:, 3--l IS l.'EI.L:.:: I 
251 ~:E '.,E (; 34 IS l'L\TT I 
252 S" ... :,E 22 34 IG IHTK I 
253 SE SE 3 34 IS BH 1\K~IA~ I 
25--1 1-:E :,,: 20 3--1 17 EIIHL ICII I 
255 \E '.·!E 12 34 IY OJ.I.EH I 
256 '.~E :.;u 11 34 20 I.ITl.l.i\ ~I,\ I 
257 NU :~\J :,E ICI 35 10 (il."l)E~·IAN I 
2SS SU \W :,IJ 10 35 11 \.'!d{SIIBUR\E RI 
259 NI~ :m ::; 35 11 JILO\H-GOLD:.1AN 
261 NU SE !\E :,E I 35 12 \',\TE:, Al 
262 JG 35 14 IWLGA~IOTT I 
263 SE :;E ,:; 35 15 BAI.LET IUNCII 
265 SE SE :,IJ .... ... 35 IG ~IOIOHAN I 
270 NE :~E I" ... 33 17 LEWIS I 
273 NE :;w 31 31 1--1 MI I.L:; I 
274 ~E ~E NE 31 31 14 ~Ill.LS ESTATE 
276 NE NE ~\E s 33 13 11.\IEH I 
2SO NI.' SE 31 33 IG ~Im IEL GHEGG 
2S7 NE NE NE 27 29 1--1 >;:Elm I 
288 NE !\E 9 29 IS ,\..I. Bit VANT 
291 SE :;1-: :;11 G 25 IO IIIW\JNLEE I 
293 NIJ ~:E :,E -~ ~s 11 }ICCO!-IH 1B 
294 SW SW :.;\J 3--1 25 II Tll,\CIIEH 
295 SIJ :~E 3 25 12 EI\\Ji\lW FHITZE~ 
2':;j7 SIJ !~\,' tm 17 "!S 12 ~ICCli!ff 
299 Sil )-;I{ !,\J 3') 25 12 COJ•E:WAVEH I 

,~ 
w 
r-..; 



301 SE SE NE 6 25 13 SEEVERS 1B 
302 SE SIJ S\J l--1 25 13 G ,w:;sEL I 
305 ~E SI.' 30 25 14 CIIILDS I 
306 SI.' S\J NE •) :?S 15 Hi\HS'fO~ IC 
3.:,7 Sl.' SI.' !')\; 27 25 IS FIL\Ch I 
JOS N\J rm 25 25 16 .l(!IIS:,OS I 
309 SIJ SI.' IG 25 I 6 l'Al.~IITER I 
313 ~\J SE :;u 9 :?5 17 SI HI.EY I 
31S. !\E KE SI~ 35 25 IS m:TLEH I 
317 SIJ SI.' SI; ')•) ..,-_:, 19 .l,\CK ~L\LETER 
323 SE NE NE 11 2f.i H l,'EI\STEH I 
330 KE !W JG '27 10 SCllt.'XrZ I 
JJI SE '.'\E l~E 21 '27 10 ~ICS,\~·lEE I 
332 SE ~E :,,., 3 -,-_, Ill TOS~, 1 
333 ~E ~I.' SIJ 17 27 12 11om1E I 
337 \I; 1:w 7 27 II ~li\;\S I 
3]9 SI.' }-IJ :;1-: ., 

'27 13 SIU-:E(;()G 
3-13 ~,I.' :,IJ 22 27 1-~ HFEDI 
343 NI.' :,1; 22 27 1-1 HEEO I 
3--1S w ~w :,E 31 :?8 10 FE~:~ I 
3--17 Nil NI.' '.? 2S JO CO<Jl.E\' EST I 
3--IS SE NE l{E 22 :?S 13 IIEHTIII.EIN 
3-19 SE N\J :,E 21 29 10 s 1~,o~, I 
354 :-;u NU NE I'.? 31) I 1) Sl;J\(iLE I 
355 :,;i-: !{IJ I'.) 30 10 .. 
356 NE SE 23 31) IO SCi',lli\l'FLER 
3SS S\J )\\J SE H 30 16 HOBBJ:-;S GALLUP 
362 Sil IG :w 17 CANTO~ I 
363 NE SE 3 30 IS l11\HK l~G 
369 SE SIJ 18 32 1--1 STl.:~11'II Al 
373 SW S\J SE NE 2-1 34 1-1 GH,Wl·:S IB 
375 NE NE 3 33 12 ELIZABETH ~IEAD 
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APPENDIX 2 

Data File for Viola Limestone 



\ 

ID X-COOR Y-COOR STR TH SEt:TR SO~IC' DE~SITY RES-SEUTR RES-DE~S RES-SOX IC 

I 10.3077 8.9884 737. 29. -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 
3 10.5561 S.4723 743. :?S. 9.71 -1.01) -1.00 :? . 3 l -1.on ... ! .00 
s 9.5788 9. 14$9 668. 30. -1.00 G2. 7--1 -1.no -1.00 -1.1:,0 u. 3-~ 
l> S.95--19 9.1340 703. 31. 16.45 74. 9::; -1.00 1).85 -1.nn -13. 18 

10 7.585-l 9.0693 70-L - I. -1.00 59.0'.) -I .OU -1 .00 -1.00 11.91 
11 f>.5687 S.9860 725. -l. -1.00 -1.00 -1.00 -1.00 -I .Oft - I . f){) 

I ~I 5.7SS--I S.4596 ~,5~. -1. -i .oo -1.on -I .OIi -1.00 -1.110 - j .1.:t1 

:u 9.SS(i9 7.S077 76!. 28. - I .(hi -1.Ut) 2.CO -1.110 0.1.,1 ··1.00 
'.?I 9.S509 7.S-'130 761. 27. 11. 02 -1.nn -I.Oil -1.-ll - I • 1 lfl -1.00 
'.?7 7.7371 8. l:?40 7S:~. 17. I'.?. 73 -1.01) - 1 . on n.o~ - I. l)fl -1.00 
:?8 7.r.775 s. t90S 7'.?-'l. - I. - I . I ,n ·· 1 . on - I. l!U 0.3~ - I . l)l) - i .no 
:?9 7.S633 7.7856 760. 25. 8.77 -1.fJCI - I . I 10 ll.97 -1.,·,,, - I .fill 

35 C.8S9k 7.981 I 771. --l'.?. 9.kS - I .Ill) - I. ftll ,,. 7<.J -1.llll - ! . l ,11 

3f, (). '.?f;(;~ s. 1663 7SO. Sb. '.J.r.,7 -1.illl -1.110 I .IIS -1.1111 - '. .Ii'\ 
37 f>. JS:~o 7.6JOS 79'.?. '-1-'l. -1.011 co.-1;; -! .00 -1.IJll -1.IJO Cl.:?.? 
3:--: 5.7<.JJ(; 7.97SS 770. . 6<.J. - ! .1111 .. I . I JI) - I .IJi) I.~::,.: -1.fJO - I . I )I) 
30 s. "27'!.7 7.6951 7'.)5. 60. <J.S(; -1.011 

- ! ·''° 0.'.?:2 - I .UO - I • 1)11 

.. ;c, S.3808 7.8$CS 812. 57. -1.llil fill. 2-'l - I .(JI) -1.00 -1.on i. I! .~ 10. SS1):, 7.0059 81'.3. 27. I:?. C.:? - I . Oll -1.00 -1.uo -1.IJO -! .Oil ..... , 
-1-1 10.30'71 7.07-!3 775. 28. 7. ').:? -1.011 -1.1tn -0.35 -1.00 - i .1111 

.;~ IO.OUG7 G.8716 781. 29. S.J'.? -1.nu -1.110 I. -.-1 -1.110 -1 ·'"' 
-16 ~.S.:?·19 7. l-l 15 750. 33. 5.75 - I . 1)11 2.Gs I. 7 I -0.113 - ! . II• I 
.. J7 9.JS'.?l 7.4393 770. 26. :-: . ( ,u 59. 7(; -1.H(I --1.r,n - I • 110 I . '_1:~ 
-IS ~. 70•~G 7.5783 765. 2'.?. -1.(10 G 1 .G7 -1.00 -1.00 -1.on -o.y:• 
-!9 9.2652 7.3183 776. 21. IJ. 11 G0.85 -1.lllJ -1.08 -J .IJ{J J. -tS 
5 I 9.ll7 I l 7.GtJ'.?9 72:~. 18. -1.00 -1.0IJ 2.S3 -1.00 -O.IJ3 - I . 1)(1 

5-1 7.8715 7.2104 774. 20. -I .OU c:;-1. 67 -1.00 -1.00 -1.01.1 -?.SI 
55 8. IS:?3 7.2781 7-18. - !. 28.7'.? -1.0lJ -1.00 -1.00 -l .lJO - l .lllJ 

SG 7.6231 6.9674 782. 24. S.67 - I .OIi -1.00 2.28 -1.00 -I .OU 

57 7 .O-l•tG 6.95S3 SIS. 25. -I .OU ()(I. 50 -1.00 -1.00 -1.00 I. 77 
58 7 .-D5S 7. 16-14 770. - I. 7. 11 -1.011 -1.on 0.-16 - ( .Ill.I - I. (II} 

59 7.5391 7.2217 778. - I. -1.00 -1.on -1.00 - 1 . ()(j -1.110 - I . {)(I 

r.;o 6.-16G7 6.SS75 SO!J. - I. -1.00 ·-1.UO -1.00 -1.00 -1.IJ(J -1.Ull 
1:,6 :.. 1713 6.9236 S4~. 53. 7.09 -1.00 -1.IJO -0.38 -I .f11J -1.un 
f;7 5.24G7 7. 1814 830. 52. l•I. 79 -1.00 -I .00 -I .61 -1 .(I;) - I J)IJ 

GS 5.:?553 7.0934 82'.l. -16. 9.39 -1.00 -LUO 1.06 -1.UO -1.00 
7'.? 10.50:{2 6.2153 SS3. 24. -1.00 57.37 -1.(10 -1.00 -1.00 o. 11) 
73 9.971>3 6.30-19 80--l. 24. -J.00 S6.66 -1.00 -1.00 - t .1)0 l .SG 
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2-17 S. 7S~)~ '2. ~,~,,::; I i u I'.). 35. .s.s::? - I • OIJ -1.00 I). ~f-; -1.110 - : • IHI 

:?-IS ~. 0-CG °.!. ~3:-;<.; 1(1-l). 3-1. l. 11 57.311 -I .oo -o.os -1.00 ! . II] 
2-~~ ~.S'.'~:? :? . fi'.?-17 !116~. -11 l. 8.3:-.: - I . 011 - I . U11 -:1.;:;s -I.IHI - : • (II) 

:_,;;o 7. 111:<r. 2 .f,S3-i )1IS:?. 51. - I .1111 - I .011 - I .00 - I.OIi - l .1111 - I .Ill) 

::;;;1 
,., 

1.s...;3 2. •J(, I~ 11157. -l9. 5.f,7 - I .OIi -I .1111 11.70 - I. 111:, - , .tUI 
I • 

:?5:? G. 75-J~ 2.5)3~ IO~S. 50. 7. : -l - I .fill 2. 71 -ll. -l::? 0,113 -: .110 

2~3 S. ?~:?O 2.S77I I ::?2-.t. r;i • - I .llll 53.GJ -J .110 - J. Oil -I .OU - l . -l'.J 
25-1 5. 7'2-~r, ::? . SJ-! I 121'.J. sr,. 3.~:? -I .i.1I1 - ) . (Ill I. 13 -1.n11 - ! . IHI 

:?SS -1. 7S:37 :?.s-;~? 1:n. r;2. 3.<JO .5-1.03 - I. Ill I -1.00 -1.1111 -: .Ill\ 
25{, :-s. S-1:37 :: . 7C':J7 I J::?:-;. -I-I. -) .11'1 -1 ,1111 - I , Ill I - I .IU) - ! . Ill I : . S') 

257 I! . .:?91rJ ~- IS70 I lo:?. -l3. 12.IIS -J ,{)jJ - I .1111 - I • , ,11 - I, IMI - i. IHI 

2s:-; I (I. -It>:~~ :?. !tl7S 11611. -!G. Ill. -l2 - I .(111 - I. :111 - I .Oil -1 .110 - : .I 111 
:?~'.) I II.:? I 5:-:; '.?. ::s:-,2 I !2'J. -l.S. ~;. J:) ?S. 17 -1.110 0.75 - l .1111 - ; • I JI I 

:«-> I 10,0613 ~-~~92 I!:?'.-;. -l:? . !J. !7 -I .OU - I.OIi I. I:? - I ,l)IJ - ; ·'"' 
2G2 S. 13:?9 l .9~CI 117"2. -1-1. 7 .s~: -1.no - I • <11' 0.31 -1.11(1 - ! .1)11 

::?CJ 7. 1,~.;6 ::? • !J'.):, 115-1. 51. - I .IJU -!.(JI) 2.57 - I . (10 o.u:-; - .• IIH 

::?f>S ". -19C I~ 2 .OG I •:J I I t.G. 63. - I .1111 -j .00 :?.GJ -1.110 -u.1111 - : .1111 

::nn 5 .6-l7(1 3.-1818 I I 5°1. -1. - I .O•! - I .(ll) - I. ftl) -1.01, - I ,1111 - ! .t:I) 

:?7J 7. s:?11.s -I • .SsY I S611. J~). 7.S:. - I .1)f1 -1.lltl -1;. ~-I -1.no - J .,111 

:n-1 7. s~'J~: -I. f.(;1J9 SGI. - I. -1.00 -I .Oil - I. l)IJ -I .CHI - I .11'1 - ; . ! II) 

:?76 S.783~ 3. 7!.J::? t 9-1:?. 3.S. S. 1·1 -1.111.1 -( .O() - I .SI - I , I II) - ! .IJI) 

2:-:;11 6.37-1-1 3 .1_1-l8~ 113'.). so. -1.00 53.8--1 - I. tlO -1.00 -1.UO :-; .33 
'2~7 8. IS09 6.3.:?liO 7G:J. 12. l-l.-17 -I .00 -1.00 -1.110 - I .llt) -1 .,a:, 
2SS 7. ~!~ 11 G.G::-:22 79-1. 29. 7.-1<.J - ! . (11) 2.56 I. -l9 -fl.lJ(J -1.011 

291 10.661-1 9.~067 697. 35. S.39 -1.00 - I • (1f1 1.-18 -1.1>0 - I .l.'IJ 

::?'.J] 10.2051 9.S8UI 637. 37. !O. 13 58.6:? -1.00 I .-18 -1.l'il ~-'•i 
:?'J-1 10. :?Stl I 9. 17!0 ?IS. 33. 17. 7-l -1.00 - I . llCI -:? . -1'2 -!.Ull - ! .IH) 

:?'.)5 9.55-13 9.::-:11::.?9 63G. ..... 7.<.J7 -1.on -I .OIi ::.?. 13 -1.011 - ! . I )I) .• ) .. ). 

2'.)7 9. 297-1 9.61136 GS:?. - I. IG.51 -1.01.1 -1.no I. 0-1 -1.IJO -}.()I) 

2•)<) 9.'.?-Uf, Y. 1932 672. '27. 22.2-1 -1.00 -1.00 -:LSI - I. IJP -j .Ii() 

301 S.-1555 !:I. S-l-l7 671. -1. !.S .co -1.01) -( .liO -1.00 -1.UO -1.00 
30'2 s.~>117 9.5352 GS7. 33. -i .(10 GO.UI> -1.00 -I .!JO -1.00 4.01 
305 7.G'270 9.3l!CS 701. - I. -1.00 ss. t:l -1.00 -1.00 -1.UO ::? . 0-1 
301> 7.3915 9.S~2S 673. -1. 7.58 -1.00 -1.llO ~.78 -1.no -1.00 
3117 7.208:? <). '.:631 7211. -(. 11.90 -t .011 - I . llt) -IJ. 17 -1.no -1.on 
308 o.7102 ').JGU I 7:25. - I. JO.US - : .()I) -1.00 o .-11 -1.uo -1.00 
3119 C.332-1 9.5l3S 72~. 53. s.S-l -1.00 -1.00 O.S8 -1.1111 -1.UO 
313 S.GU37 9.G-lJS 721. 73. - I .,,o 6-l.::?3 -1.uo -1.IJU - 1.110 I .89 
31:; S. I:?:~:? 9. lfi~ I 77"2. 6-1. 7.C.6 -1.011 -: .00 -1. 73 -! .OU - I. 00 



\ 

317 ..t. l~SS 9.371 I 832. "-18. S. IS -1.on -1.00 -0.9J -1.00 -1.00 
323 ~.2702 8.9~86 701. 32. 9.52 -1.00 -1.00 -1.'27 -: .no -1.00 
:un I l .J7:?9 7.7n22 73S. 21. 6.83 -1.on -1.00 -1.~s -1.00 -1.00 
331 l I.OSGI 8.0l~l) 779. 2G. 111.06 -1.01) -1.no 1.27 -1.00 -1.nn 
332 l ! . 11--16 8.3391 781. 2-L IO.SI -1.1111 -1.on -:LS9 -1.00 -1.01) 
3:13 9.J2.S7 S. (1(; I I 75~. -1. 7.70 -1.00 -I .OU -2. 29 -1.no 0.6:1 
337 !"J. •).;7G S.2512 761. 26. Ill. '22 -1.1111 -1.UO -I.SI - I. I)() - I .110 

J:,!J S. ')'JII:? ~.2%::! (,'.) I • 26. -1.00 -1.UII - I. oo 11 • .:?2 -1.no -•LSI) 

3-D s.ns7-t 7. <jp77 73G. 35. l-l. 3-l -I .OU -1.00 -:? . 1-t -( .()II -(.111) 

J.;j,S 111.77117 (,. ~(?~:7 S:?fi. 2-1. I I .Ill -[.(J(I - I . (111 II.GO - J .1.10 -1.UO 
J--l7 I! .:?ISIJ 7.(.:-:15 79:s. 20. 7.9(1 - I . 0•, -1.00 ll. 13 -1.UO -1.00 
J--l~ S. ~{?(>II 7.2:?SS 7(>.~. 19. I 2. ~O -1.IIU - I. UO -1.8--1 -1.01., -I .CO 
3-19 I: .0520 r,. --!1175 ~61. 21. 9.51 - I .IHI -I .PO -0.87 - 1.110 -1.on 
JS-I I' .-t'.?76 s. ~1-..:-1u SGS. 18. r ... Js -I.fill -I .Oil 0.59 -1.00 - I . (11) 

JSS 11 •. 7fi78 :·,. '71 l'>S ~c:;. 23. - I .Oil 57. I:? - I. !Ill -1.00 -1.nn ~.JS 
JSG I!. 3-l-!8 S.h553 ~77. IG. r.. 'J7 - : . ()(I - I .(Ill 0.90 -I.Oil -1.00 
JSS ( .. :--1:::~ 5. 71:SJ ~-UI. 5--1. s.:? I - I . (Jll -1. Ill) l). --IS - ! .Cl(I - (.11(1 

JC:? 5. --, .. ,~.;::; 5.L~Gl ~.'.?(,. - I. -1.110 -l.tlll -1 .•• ,, -1 .00 -I.I)() -I .DO 

Jf,3 :, . 1:,:--::; S.95:?G ~Jli. - I. - 1.llll -I .OU -1.1,0 -l.00 -1.110 - I . l l•J 

Jt,<j 7. 82"/S -1. ! 787 ~ftl. JS. ~.7f> -I .OU 2.59 - J. -17 -11. U:' - I .1111 

37:; :-::.53]4 2.597"-l JOG:?. -1. 5.Y3 -l.011 -1.CJO -1.32 -1.eo -1.00 
375 ~- 7~11 3. ,·999 ~6J. 28. s. ~ • .s -I.OU 2.G::? IJ.G8 -0.UU - I .O'I 
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APPENDIX 3 

Oat File for "Lower Limestone" 

·""' 



' 

ID X-COOR y..,r,ooR STR Tll NEUTR SON'IC DESSITY RES-SEUTR R~-DENS RES-SONIC 

I 10.3077 8.9884 761. 4. -1.00 -I .00 -1.00 -1.00 -I.IX) -LOO 
2 9.9966 ~). 1132 712. 3. -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 
3 10.5561 8.4723 7G7. 4. 2. 72 -1.00 -I .00 2.31 -t.00 -1.00 
5 9.57xS 9.1489 696. I. -1.00 53.4:~ -1.00 -t.00 -1.00 0.3-1 
6 8. 95-t9 9. 1340 732. 2. 5.50 66.85 -t.00 u.ss -1.00 -13. t:{ 

JO 7.585-1 9.0693 752. - I. -1.00 52.3') -1.00 -1.00 -1.00 II. 'JI 
11 G.51>87 8.98G() - I. - I. -1.nn -1.on -1.00 -1.00 -1.00 -1.110 
19 5. 7S~4 s.-15% - I. - I. -1.00 -1.00 -1.00 -1.00 -1.00 - 1.1,0 
20 9.SSG9 7.8077 7Si. 3. - I .110 -1.00 2.64 -1.00 0.0 I - l,IMI 

21 9.8503 7.8430 7811, 2. 6.26 -1.00 -1 .oo -1.41 -1.00 -1.4111 
27 7.7371 8.12·t0 773. 3. 4.•\2 -I .Oil -1.00 0.09 -1.00 -) .PO 

2S 7.6775 8.190S 76!). -1. 4.12 -1.00 -1.00 0.3S -1.00 -1.110 
29 7.SG33 7.7856 77S. 6. 3.53 -I .Oil -1.00 0.97 -1.00 -1.CIO 

35 6.8~~s 7.981 I 80-~. 9. 3.•to -1.00 -I .00 0.79 -1 .00 -1.110 
36 6. 2f,C'J ~- IG63 833. 3. 2.87 -1.on -1.00 I .OS -1.00 -1.00 
37 6.35:~o 7.r-Jos 832. 5. -1.00 52.611 -1.00 -I .00 -1.no 0 .. ':? 
3S 5.7936 7.9788 83-;. 4. t.n -1.01) -1.00 I.SS -1.1111 - I. 110 

39 5.2727 7.6'..151 852. 3. 3. 16 -1.00 -1.00 0.22 - I • Ill) - I .CMI 
40 5.3SOS 7.8.SGS SGfi. 3. -1 :on 51.49 -1.00 -1.IJO -1.110 I. 11 
43 10. sso5 7.0059 842. 3. -1.00 -1.00 -1.00 -1.00 -1.0() -I .Oil 

44 lO .3071 7.0743 SOil. 4. 4.99 -1.00 -1.00 -0.35 -1.00 -I.Oil 
45 10. Oil(> 7 6.8716 Sfl.:'i. 4. 3. 15 -1 .on -1.00 1.44 -1.00 - l.110 

-tf, 9. 52-t<J 7. 1--11.S 77!). 4. 2. ~1-1 -1.00 2.69 I. 71 -0.03 -1.110 
-t7 'J.3S21 7. -1393 79fi. I. -1.011 SI .6:l -1 .110 -1.110 -1.00 I . •J:1 

4~ 9. 7U-H1 7 . .S783 7SG. 2. -I .OIJ S4. 0-~ -1.00 -1 .110 - I .rn, -o .. :n 
4~l 9. 2F>S:? 7.3!83 7~3. 3. s. 77 .S0.11'7 -I.till -1.08 -1.0tJ 3.-Vi 
51 9.0'711 7.GU29 7-IJ. 3. - I . (10 -1.011 2.68 - I .oo -(I.OJ -1.110 
5-t 7.8715 7.2104 7'J2. I. -1.00 55.97 -1.00 -1.00 -1. IJO -2.SI 
.s.s 8.1523 7.2781 -1. -1. -1.00 -1.00 -1.00 -1.00 -1.on -1.(:0 
56 7.6231 6.9G74 SO:?. 4. 2.05 -1.00 -1.00 2.28 -1.00 -1.00 
57 7 .04-t6 1>.9.SSJ 837. 3. -1.00 51. I·~ -I .00 -1.UO -1.00 I. Tl 
58 7.4355 7. 1644 soo. -1. 3.S4 -1.00 -1.00 0.46 -1.ou -I.PO 
59 7. 53~) I 7.2217 795. - I. -1.00 -1.00 -1.00 -1.00 -1.00 -1.110 
60 6. -16G7 6.8875 - I. -1. -1.no -I .00 -1.00 -1.00 -1.00 -1.00 

65 5.6G55 7.5213 - I. 2. -1.00 -1.00 -1.00 -1.00 -1.on -1.00 
66 S.1713 6.9236 S9:{. 4. 3.73 -1.00 -!.00 -0.3S -1.00 -1.110 
67 5.24G7 7. 1814 87~. 3. 5.00 -1.00 -I .00 - 1.61 -1.00 -1 .110 
GS .S.2SS3 7.0~34 S72. 3. 2.32 -1.00 -1.00 I. 06 -1.00 -1.00 
72 IO.SOS:? 6.2153 S74. 4. -1.00 53.51 -1.00 -I .OU -1.00 0. 1~) 
73 9.9763 6.3049 825. 3. -I .00 52.02 -1.00 -1.00 -1.00 I. Sfi 
74 10.2810 G.7:-i53 8211. 3. 7.S! -1.00 2.60 -3.25 0.05 -1.no 
75 9.2'.J-t9 G. G·~43 Sll-~. 6. -1.00 -1.00 2.67 -1.110 -0.02 -1.00 
76 9.s::::co G.SJ-19 st:{. 3. 5. 16 -1.00 -1.00 -0.64 -1.no -1.uo 
77 9.4601 (;. -11 s2 815. 3. 1.87 51.57 -1.00 2.GI -1.00 I .S!) 
79 8. 92-to G.8023 SIS. 6. -1.00 -1.00 2.53 -1.00 0. II -1.00 ,-. 

! 
t-·· 



\ 

$1 8.9603 6.4SJS 79•-t. :?2. S.49 -1 .01) 2.6:? -1.00 0.02 -1.00 

82 8.5792 6 . .S096 831. 4. 2.44 -1.00 2.70 2.01 -0.(6 -1.CIO 

SJ 9.0239 G.45.?6 SIS. 5. 2.53 -1.00 -1 .00 1.95 -1.llt) -I.on 

s..i 8.95..tS fi.2~G9 s 11). ·L 3.59 -1.00 -1.(10 n.ss -I .OIi -13. 1:~ 

ss ~.96!.lI G.39:'-S s 11. -L 3.7G -1. 1)1) - 1 . (1(1 0.71 -I .00 -1.00 

sr. ~- 1115 f>.8302 77:~. 5. S.28 -I .Oil - I .1_1;J -0.~--l -1.0'1 -1.00 
:•;? 7.S6l9 (,. 7f>:'.9 :'J..f. - I. 2.% -1.1111 -1 .(h) 1.·-11 -1.110 .- I . 110 

::-:t...: : . :·311s G.G:?52 }U'J. - I. 3. 1)(, - I . UI.J -1.110 1.27 - I. IHI - 1 . Ill) 

:~'J 7.83:?1 6.1l·H 801. - I. -1.1111 -n.1-~ -I.ti() -1.110 -1.1111 S.s7 
')Cl 7. 76~)6 (,. 1141 -1. - I. -1.1111 ··I.OH - I . I ,o -1.110 - j ,1)11 -1.(ltl 

~J I 7.7711() fi .08.'.?0 793. - j. '7.f>I SG.nt - I . (:fl -3.:14 - ! .Ill• -3.01 

~)~ s.2ns C.). -t ! 70 785. -1. G. GS ·-1.0fl -1.1 10 -2 .2--1 - i. I ItI -1.00 

93 ~ . .:?9G6 (,.,1-: 12 780. I -l.II ➔ - l • ()1 l - I . 'iO 0.36 -1.uo -1.no .... 
~_; 7 .1::.:557 fi.CSS8 7<J:-;. -j. r --~ - I .llP -t .oo -1.Sfi -1.n11 -1.00 

) ... -
'.).S 7. InIu (;;_ ::-::•j(I - J. - I. - I .(Ill - I . O• I -1.1,0 -I.Oil - 1 .1 ,n -1.00 
~)(, 7, IJG:~--l C.070--l 850. ..j. - I .(II, .. I . I )I I - I • t'IO -1.00 -I .OIi -1.110 

'.J7 (.. r, 7 ! ,, o.G334 :-:5 I • .1. . , . 7{> ·· I . OI l -1.1,11 -0. 7--l - I .1111 - I .oo 
~:-: .s. :,-i:.;'.J (,. 7 ls') 89S. C' ::. ](; -I .(JU - I. (,l) 0. l'.J - ! .111• -1.illl 

·'· 
~):) s.csss ( .. 375'7 - I. - I. -1.110 - I . 01' -! .00 -1.nn - ! ,fill - I. l'II 

JO:? .; • :)••'•➔ G. 7:-;sG 94!J. - I. -1. :?'.J ·• I .1)1.1 -1.nu - ! . 2!J -1.1111 - l. I >II 

ll)S I0.23SI :'-.71116 •-<•·) ..j. ~ • S~J -! .011 - I. 11:J -0 .f, I - l . Ill I - I .IJ(I ,_ .... ;,_. 

IOfi Ill. 7IG2 5.-'.G09 9H. 3. J. lfi ·- I . 01.1 -1.i.JO 0.95 -1.1111 - : .•fl• 

107 l0.(>-1-13 ~ .S-17.:.1 -1. 
,.., ~.5s s~.11:; -I.no I .SS -1.110 I .Cl 
.) . 

108 9.:Jlll7 i.-15111 S97. 3. J.3S - I • 1)1) - I.()() 0.89 -1.11(1 ··I. :.10 

11)9 9 . .JS~l'.? s.:,so6 85:=;. 3. -I. (l(; -1.1111 - I • (Iii 0.19 - I . I Ill - I . • '" 
I tu 9.6312 5. :-.-122 8-17. .1. -1.s,1 .SU. L? - I .rn1 -0.21 - I . cii", - "'\,, 

..,) ...... , 
111 9.7209 5. ~;9.17 836. 3. - I • (II I 51 .GC - I .{ill -1.00 - I . Ill> I.}, I 

l I:? 9.8S:J-l G.O-i77 8-U. 3. :? . I' J -1.01.1 -I .(iO 2.20 - J .thl - l .Oil 

113 9. ~.:.l~jO C.11171 SS-1. 3. J.S8 -I.OP -1.00 0.80 -I .Oil -1.00 

11-1 S. 83:?-~ S.fiS73 S21. I. :, . I J -1.00 -1.00 -tJ.80 - I • oo -1.00 

115 8.-1779 5.7893 835. ::.. 2. -lS ··I .Oil -1.IIU I.SJ -I .Oil -I.Oil 

116 8.4584 G.OG06 $21. s. 2 . .:?'.J -1.on 2.62 :?.117 (J .Cl~ -! _(10 

I 17 l>.7121 C.UG-t5 820. -1. 3. 12 -1.00 2.CO 1.2G U.0--l -I .Oil 

I JS S. 7.:.l•D 6.0329 S2I. 3. -t. 87. -1 . 011 2.62 -U.--IS ()•I I'.°? - i .,,n 
119 7.S745 S.316-4 8-t!J. --l. -1.uo tit .07 -1.00 -1.00 -1.lltJ -s. i:J 

120 8.2!63 5.4-196 849. 3. ..f.t17 52.67 -1.00 0. 16 -1.110 0.3G 
121 G.9--li>9 S.3319 91:~. - I. - I. l)IJ -1.00 -1.00 -1.00 -!.IIIJ -1.(1(\ 

12:? 7 .Gtt?3 S.G:131 S:.?O. -I . •I .57 -1.011 -1.UO -0.37 - I . or, -1.00 

123 7.3020 5.6181 850. -I. :?.99 -1 .o,, -1.00 I. 12 •· I . f/lJ -I.OIi 

12--l 7.23G6 ~.G652 853. - I. J. 19 ··1.00 -1.00 O.<JI -1.11n - I. IHI 

125 7. JG-~5 5.SI 14 SJS. - I. -1.56 - I . 01) -I.OU -0.--11 - I. Ill) -1.tJII 

126 7.:?992 5.SSSO 835. - I. - I. 110 -1.011 -1.no -1.00 - I • llll -I .llO 

l '.?7 6.S7HJ s.:nos 90 I. - I. -1.110 -1.on -1.uo -1.00 - l. 1111 -1.i'IO 

IJtl I I. >111<.) -t.~sss ')S:?. 2. s. 10 -1 .01) - I • (1(1 -1.26 - I .110 - I , lltJ 

131 1 l.: 17'-J S.~IJ':l ~22. ..... -t.J3 -1.0t, -1.i.::1 -II.J7 -I .till -I.0tl .>. 

...... 

.i:, 
lJ 
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DJ 10. I-l48 S.ll73I 929. s. 2.54 -1.00 2.f>6 1.57 0.00 -t .00 

135 IU. 7347 5.1360 926. 3. 3.36 - I . t11) -I .l.lO O.GS -1.00 -1.00 

136 10.6393 S.1665 921. 3. -1 .oo 50.--ll -1 .01) -1.(IO - 1.1)0 3.:?1 
137 lfl.4510 s. 13::?2 930. 3. 2. 2f>' -J .fll) - I. lltl 1.81 -1.00 -1.00 

IJS It). 195...J S.3182 - I. -1. -1.00 - I .(Ill - I . Ill) -1.00 - I .00 -1.on 
i:-:•.) 9.J-:IS:? -1.81 IS SS2. --1. 3.43 -J .011 -1.1)0 0.70 -I.on -1.00 

1--111 ~. ,r,Jr. --l.8--101 9'.?~l. --1. 
..,. 

IS - I . Ot I -1 .1)0 o. ~)'.? -1.n11 -1.011 _,. 
1--11 9.SSS-1 ::;,or.19 922. --1. 4.91 - I .11:1 - I . :10 -IJ.76 -1.00 -1 .on 

l•f? 9.'.o:~s 5. !:?GS 917. s. 3.59 •· I • Ut 1 ::.'. 71 0.56 -0.I.IS -1.1111 

1-1-1 s. :-~:.-·~ -LC 113 ~Cfi. ·L 3.G3 - I. (ll) - I .1.111 (). --19 -1.110 - I .on 
I-IS 9. ',-:n:~ -1. 760S 89::;. 3. -L?l - I . flt I - I . (II) -o.57 - I. 110 -1.110 

I --If, S. i-;S l I -1. 8')00 9.:?6. ') S.57 -1. (It) -1.110 -I .3Y -1.011 -1.00 

!-17 s .s~:? I --l.~i:20 87~). -1. -1.00 62.3'J -l .00 -1.00 -1.00 -9.:?--i 

1--IS s. (.(,( ,'J -1. 9S 13 :-;7.4. 7. S.f:.:? - I .(111 -J .il() -1 • --1:? - I .OP -I .00 

I--l·J ~J. :=:1 ,.c -L<.JSIS s7r;. ·L -1. IS 55.:?J -1 .on (). II:? - I .110 -~ .OIi 

I Sil s. -,;s:~'.? S.:?JSS sG:J. 4. -'1. ,,o -I .1.1:1 '!.Ji? -1.00 -U.02 -t .P:1 

IS:! :-:. lf>•D .J.f.S7I S9:). 4. - I .rn1 SJ.:111 - I. IHI -1.00 - I .t •II -n.:n 
1:-.3 S.J·JOI -i.7-!77 s9:?. 5. (i. 9:? -- I . t ;11 - I . ( I\) -:?.7S -1.011 - i • 1111 

1::;-t :-:; . J.?7'J -l. 7153 S~I. s. -1.0fl ... I • fl.J - I .110 - I. fill -1.110 -J .111) 

15.S 7. ·;-:,:~r. ~; .8--189 ~76. 8. 5.50 58.:",11 - I • I llJ -1.]9 -I.Cl(I -:; .r..t 
ISG 7. 15:?8 -1. 9(;'.?6 917. -l. G.:?2 - I. (JI) -1.t'IO -2. 19 -1.lJO -!.t.Jtl 

157 7.SOil3 5. I J9S -I. -1. - I .Oil -1.1,:1 -I.uo -1.{10 -1.1111 - I. 011 

IS'J 5.5'J02 5. 1573 - I. - I. - I .(JI) - I • o,, -i .no -I.IJO -1 . .. ,,, -: I .UCI 

!GIi .S.-1-1:?3 -1.6170 1127 . -L -1.00 Sil.SJ -1.110 -I.Oil - I, 1)1) l.-411 

I I'> I -l. !:?l7 -t.8:?19 I 167. -i. -1.011 S-t.57 :? . (.9 -1.00 -o. 111 -~. f,-l 

16:? 11 . .St:;s 3.9:-i'.::'.S - I. -1. -1.110 - I .(JII -) .(Ji) -1.00 -J .O() - I . ',o 
163 I l . 5-t:)5 3.~899 - I. - I. -1.00 ·- I • (II) -I.uo - I . \)0 -1.00 - I .1111 

16-1 111.~C:?.S -l. 57(>7 957. 2. 3. 7(1 -1. (111 -1.110 0.11 -1.uo ·· I . Uil 

IC:> It,. 03-!:? -1.5391 972. 2. ·l. 11 -I .I.Ill -I.uo -0.31 -1.no -1.00 
J6(; 1u.1r.-m 3.9372 9::;8. :? • 3. tl9 -1.0IJ -I .illl -u. 19 -1.UO -1.uo 
IG7 !11.3675 -1.01~1 9G6. 3. 3.29 5U.G7 -1.110 0.-48 -1.00 :? . 7-t 

1c:-: IO. :?::M-1 -l.:?(;')6 974. 3. S.SG -1.011 -1.UII --1.68 -1.00 -1.llO 

I(/J ') . 7• )!,-I 3.9]:?9 976. -I . -l. 49 -I .OIi -1.00 -0.59 -1.00 -1 .on 
17l> 9. 75f,0 3.~;J:-;S 9SS. -L -1.on -1.1.111 2.62 -I .OU 0.1)3 -1.110 

171 9.7-t~O 3.8G27 9SJ. --1. I. 2S fi--1. 73 2.7-t 2.5::: -0.07 - I I .-IB 
17:? 9. 7-11).S 3.S31 I 979. 3. -1.01) 5~. -ti, -1.00 -I .00 -1.un (1. SJ 

173 9. 77'.J:? 3.9259 97:~. 5. -1.00 -1.1111 2.65 -1.00 o.oo -1.00 
. 17-1 9.80-H 3.S391 9S7. s. -1.00 - 1 . 011 2.GS -1.00 0.00 -1.(JO 

175 9.798-1 -1. 1863 95~1. 5. :?.2S - I .tlll :?.G6 I .GS, o.uo -1.00 

t7f; 9.3:?!)~ -t.2922 9-15. 4. -1.00 S:?.5:'i -1.00 -2.29 ! -1.00 0.63 

17/ :J. 7-1:?~ -1.209-1 960. --1. :? . Stl ·-1.llll :?.70 I. IS -0.113 -I.tJO 

17S 9.G7S-I -t.3033 95:~. -1. :? • GO -17. S:~ -I.uu t.3S -1.no S.7:? 
179 ~- 15:?-I 3.~557 979. 3. -I .Oil SJ.6:? -1.00 -I .00 -1.00 -<,. 53 
1:..;1) ~. e:-.:15 -1. n-11s 954. 4. h.~-1 - I .(111 -! .uo -:?.<)2 -1 .t)(! -I.Oil 

1:,1 s.~S3S -t .01iU6 9SC. s. S. I:? -1.1111 -1.•.'U -1. 10 - I .Ill) -1.01) 

t-· 
•·· -



JS:? 9.04.SI 4. 1608 965. s. 3.54 -1.00 -I .00 0.4S -1.no -J .00 
!SJ 8.5579 4. 1186 943. 4. -1.00 53. 3~) -1.00 -1.00 -1.00 -0 . .:1:? 
I :{-I 8.-lSI.S 4.00G5 961. I. -LSI -1.00 -1.no -0.79 -1.00 -1.011 
1:-:s 8. -lsSS 4.0305 9SS. .... 5.:? I -I.on -1 .no - I. 19 - I . 1)11 - I . (Ill 

l::">h 7.S27S -l. l7S7 9-13. s. S.GO -1.011 2.GG - I • .:17 -0.02 -I.OIi 

!S7 8.453G ..;,:?Sl3 'J.:13. 4. -I .Oil 54. 7-l -1.00 -1.00 -1.00 -1. 7:.: 
!SS S,tl!SJ .1. -IJl lj 'JIJ. .... :?.SI -1.011 -1. 01..) 1.25 -1.110 .-1 .1111 
l!D 5.S7S.:I 3.~'.J:?2 l IG-L " :?.II.? - I .1111 -1.00 1.5-1 -1.00 - I .111 l .) . 
l'.J~ :'1. ~)187 4.1179 I Ill:?. J. I. ~r; - ! .111) 2.55 :? • -10 0.115 - I .1111 
l '.Jt, 5. SSG-1 -LI 11;9 I 1113. ' ~. I fi - I .IHI ~.ss 1.-19 o.n.? - 1 . 01 l .,. 
l'.J7 S.:?G•-lG 3.9SJ4 - !. -1. - I .1111 - I .1111 - I. I HJ -I .OIi -I .OIi -1 .00 
I ~JS -1. 981)5 -l. lf.94 - I. - I. - I. 00 ·-1 .1111 -1 .tll) -1.110 -I .PO -1.110 
l~<J :-.3253 -L07S7 -1. -1. -1.00 - l.(JII - I . ll(J - 1.1111 -I .OIi - I .OU 

21 )I) 5.3195 -1 • -ISl--11 1I2:L 1 I. - I ,Ill) Sil. s:, -1.110 -1.00 -1.110 I.JI 
2111 -1. 7JJ7 J.9457 I I') 1 . s. -l .117 ·· I .lltt - I .IHI -0.SJ -I.IJ(I -: .on 
211:? 11. 5--t:?S 3.7877 - 1. - I. - I .1111 -1.1111 - I.Ill) -I.oa - I .lhl -:.oo 
'.?IIJ Ill.951-i 3.::?1139 107:. 3. 7. I] - ! . 01) - I .1,11 -3. 77 -1.00 - I JIii 

:?I I-I 11.11511 J. -IOJ~i IIICIJ. ') -1.117 - I . 1111 ... -i") - . ,_ -Ii.CS -0.0-l - j .IICI 

205 10. ~ .. l'.:'.:!G 3.4C-W !USI. 3. ~- 11 - I.IJII 2. r,r, I . J--l 0. ti I -I .OIi 
:?flf, 11. 3'J-1S 3.6GSS !11JS. '") 3. (l.2 - I. IJ11 - I .00 0.32 -1.110 -1.UO 

2117 JO. lt•n 3. I ISS I IJS°:?. ') : .~() - I . OIi - I . 1,t, I .f,9 -1.110 -l .011 

211:-: Y . ..JJ58 3.37<..)~ 101~- .:I. -l. -IJ -I.n11 - I . llfJ -0.62 -).tll) - I .110 

:?11~ 9.85SO 3.(>l~JIJ !(J(J7. 3. 3. 1-1 - 1.1111 -1.110 l),f,4 -! .on - I .1111 
2 I II 9.<JU!)--t J. f,-129 lflOI. 3. 3.58 - I . (JI I - I . (Jll n.20 -1.011 - ).OIJ 

211 9.7-1:C J. 7-1--tJ :J9:-!. 3. -I.OS -f .l)U -1.w, -0.23 -I.n11 - I . 110 

2 I .2 9.9313 J.7457 99:~. .:I. :? . ~)...j - I . ()I I - I . (JO (1.86 -! .OIi - I . II() 

213 'J.SG:~G 3. 1775 1n-..:::.>. -I . - I . 1111 52.8-i - J .(1() -1.00 - I.Oil o. :1-1 
21.:1 9.57•42 3.0735 11~2. s. :?..:?5 - I .OU -1.00 1.--tS - I .111) -I .Oil 
215 9.37-tS 3.31109 IIJ2G. .:.I. 7.7'J - I. Oo - I. Ill) -3.99 -1 .1,u -:.110 

:?IC 9.~855 3.3202 J06S. 3. 2. ~>IJ -1.011 -1.00 1.28 -1 .00 -1.110 
217 9. 109--t 3. 169.2 103'..i. 6. -1.00 S--t.23 -I.(Jl) -J .00 -1.1-)0 - I . .23 
218 8.5605 3.5261 'J9--I. 4. - I .00 - I • ()11 2.G9 -1.00 -o.o~ -i .oo 
219 i-:. •~:-;ss 3.5GuS 99.'.?. 5. - I .(11) 5.2. Ill - I .00 -1.00 - I , llfl 0.:-::l 
:?:?fl 7.371G 3.2:?0I 1063. 6. 3. ~ I -1.011 -1 .. 00 -0.03 ··I.OU -1.110 
2:? I 7. 17!0 3.5081 IJS'.3. 5. -I.uo S2.33 -1.00 -1.uo -I .OU 0.21 
')·)? 7.292.2 -L45!G ')83. 5. -1.00 52.JS - t .00 -J.00 -1.00 (J • :;] .,., ... &. sn:;J 3. 1-16$ 113'.j. 7. -1.1,0 S0.57 -1.UO -l .00 -I .OIi I. S:l __ .. > 

22--1 G.9GO-t 3.4329 l0S7. ti. -1.00 SO·. 71 -1.00 -1.00 -1.00 I. Tl 
225 6. 1125 3.7--t09 1 1-t-t • 9. -t. (JI I -19.SO -1.00 -0.2S -I .OU 2.50 
2:?G G. ISfiO J.0147 - I. ·-1. - I ,ll(I -I .OU -1.00 -1.no - I ,IH) -I.Oil 
'.?2S 6. 27:J-t 3.--1900 I 1-13. J. 3.35 53. :?!) -1.00 0.3$ -1.ll(J -U. '.J"l 
:?JI 11 • -1sn--t 2.G901- 112:-.. 3. :? .113 -I .Oil -1.00 0.9-l -1.00 - I .Ill) 
? ..... .., l 1. :?O 17 :? .G:?6:? I 15-L 3. --1.37 -1.00 - I . (1(1 -1.29 -1.uo -1.00 __ ,_ 
:?:13 11. -l~G:? .:?.T/69 11 :?S. 3. :?.SG s .. 1.s:~ -I.Ou 0. -1-1 -I.1.ll:J - I .112 
:?3-t 11.,115:? :?.3523 119:?. 3. ~. 'J9 --1. I)() -1.uu 0.07 - I .IHI -1.00 

..... 

.-,. 
VI 



\ \ 

235 10.:?067 2.3590 113$. 3. 3.12 -1.01.l -1.00 0.24 -1.on -t .01) 

236 10.819-1 2.5521 1170. 4. S.011 -1.on -1.00 -1. 79 - I .Oil -1.00 

23s 111.7719 3.0ISJ 109:l. 3. 1.97 ·-1.on -1.00 I . -ti I -1.no -1.00 

239 9. :.16~6 2.3503 -1. -I. -1.llO -1.on - I .'>0 - I .IHI -J ,1)(1 -1.ilO 

240 10.11600 2.6:?63 -1. - I. - I, I.Ill -I .Oil -1.no -1.n11 -I .OU -I .OIi 

2--11 9.SISJ 2 .SS-13 1130. s. - I . llO S2. I:? -1.00 -t .00 -1.00 (l. ~-t 
2-12 9.0517 2 .-G-tS 1129. 6. -I .00 -J .Oll 2.63 -1.00 I.I.II:? - ! ,IHI 

2.:tJ '.\. 1-tll-t 2. 752-4 -1. 5. 2.S2 -I .Oil -1.00 0.89 -1.IIU -1. IHI 

2.:1...J ' . .I. 13')2 :?.8156 i077. 5. -: I . I 10 51.-t•-1 -1.110 ~1.00 -1.110 I. S:? 

2-15 s. s:~~,:---: ~.SIS6 105~J. 6'. J. JI) ··I .Otl - I . \H > 0. -l I -1.n11 - I ,IHJ 

2¥, s. ':J,'.JS :.~37-l 105'.). .:.I. J .(;S .. I . t )I, - I ,Ill) :?. 10 -1.on - I .,,o 
') ... , S. 7~•)9 :?.!J~SI lil-1'.J. -1. 3.55 -J.Oll - J • I ,o I O.:?G -! .t.HI - ! . 1111 
-·➔ I 
2-~s ~.(1-1::'6 :?.93SS 106'.). 6. 3.SJ SI .~n -J .(ll) -0.0S -1.110 I.IU 

2-1'.J s. :>2'..12 :? J,2..J,7 1097. s. 7.:13 - I ;Otl -1.00 -3.55 -I.Oil - I . I If J 

:?Si I : . 11cc. :?.GSJ4 I I 2:{. s. - 1.1111 -1.111, - I . llfl -1.00 -J .tlO -1.111} 

:?SI 7. IS-G 2.96IS I 100. 7. :; . I J -I JUI -1.110 0.70 -1.tlO - I .Oil 

~~: r.. 75 . .;:--: 2.5139 I !4:?. J. -l. Is - I. (HI 2.59 -l). -12 (),ti:> - ! . 'II) 

~SJ 5. 2'>'.?11 2. ST/! -1. - I. - I. OIi SJ. -1:J -1.IIU -i .00 -1.tltl - i .. j'J 

2S-1 :-;. 72-U> :? • 53-H 1271. 3. ~ .. ,r. ·· I . tit I - : .,,o I. 13 - I . tll) -1 ,tlll 

255 -1. 7S:l7 :?.S-121 - I. - I. - ) .IJII - I .OIi -1.uo -1.00 -! .IJU - I. ,HI 

2SG :L~-U7 :?. 71/J7 1371. I. -1.liO -t~. 7:" -1.nr, - I. ,10 -! ·"" I . :·,'.) 

'257 I I .:?·Jn<J 2. IS70 -1. -1. - I. (It) -1.oq -I .Ill.I -1.00 - I ,Ill) - I .• ,,, 

?:'is Io. -1r,:;8 2. 1078 -1. -1. - I . 00 -1.0,r -1 .uo -1.00 -1.IJfl - I ,lltl 

25~ I0.21S8 :? • 2~:~1 1170. --1. 2.s:-: ·· I . IJCJ -1.,,n 0.75 -1.IJO - 1.1,11 

:?(; I IO.IIGlJ 2. :?')92 1167. ') 2.27 -1.00 -1.,,0 I. 12 -1.1111 - ! .tlO 

:?t,:? 8. 13:?9 I . 9:'-G t 1211. 5. :1 . ...;11 - I • .-,u :..1.1)0 0.31 - I .1111 - I .tltJ 

:?63 7. IG-46 2. 1395 1200. 6. -I .Oil -1.1111 2.5-l -1.00 0.PS - I ,1111 

:?65 f..-19119 2.0G19 122-l. s. -i .00 ·· I .c:tn :? . i,.2 -1.no -(1.110 - I .1111 

270 S.C-170 J.-l81S -1. - I. - ! .1111 -1.ru1 -1 .(JO -1.00 -1.0<1 - I. OIJ 

273 7.~205 -1.SS91 S9G. 3. 5.113 -1 . (JIJ -1.ou -0.9-t -1.no - I .I.JO 

27-1 7.8S!)8 -t.6609 - I. - I. -1.on -1.00 -1 . .-,o -1.00 - I .tll I - 1 . (JI) 

276 8.7~39 3.7921 972. 4. 5 .• ,~ -1.0tl -1.00 -I.SI -1 . IJ(J -1.00 
~:')ti 6.37•1·1 3.U-IS9 1179. 10. -1.uo ·4~.9S -1.00 -1.00 -I .OU 2.3'.l 

2:n S. ISO~ 6.3200 77:{. 3. -1.00 -1.011 -I .I.JO -t .00 -1.flO -I .Oil 

2::>8 7.281 I 6.GS~2 819. -1. :?.72 -1.00 2.GJ l.-t9 -o. uo - I .1:0 

2!)1 10.C.61.t 9.8067 729. ·L 3. 9-l -I .OIi -1.uo 1 AS -1.nu - I . Ill) 

2'.)3 lli.2051 9.Sm11 669. -I • J.92 SI .0-4 -1.00 1.--18 -1.11u 3.ll! 

2!)4 HJ.250! 9. 1710 7-t7. 5. 7.6-l -1.nn -1.nu -2 . .:.12 -I .Ill! - I. uo 

2')5 9.5543 9.8029 66:~. 3. :-s. 14 -1.00 -1. <.ii.., 2. 13 -1.uo • -1.00 

2!J7 ~.297-l 9.6036 66:{. -1. -l. 1-l -t .01) -1.00 1.04 -1.uo -1.00 

29~1 9.::!-116 9. 1932 695. -l. ~.60 -I .OU -1.no -3.51 -1.IJ(J -1.00 

301 ~.-1555 Y.S447 C8J. .:..1. 6.Ul - I .OU -l .UO -1.00 -I .OU -1.u11 

3112 8.S7l7 9.S3S2 687. 3. -1 .00 49.67 -1. (JU -1.00 -1.11,, ·LOI 

311:'i 7 .(>'.?70 9.306S 7-l4. - I. - I. UU 51 . 2~) -1.IJO -1.00 -1.IJO '.?.U•I 

311G 7.'.l9l5 9.S32S 70S. - I. ! .8U -!.OIJ - I . (,I.) 2.7S -1.on -1.110 



\ 

307 7.2llS2 9.2631 7S<i. -1. --1.61 -1.on -1.00 -0. 17 - I. f:}f\ -I .00 
30S 6.7102 9.3601 77'1. -1. J.sn -1.on -1.00 0.41 -1.00 -1 .no 
309 6.33:.?-l 9.Sl3S 77x. 4. J.-D -1.00 -1.00 0.58 -1.00 -1.nn 
3 I J S.COJ7 9.6-135 7S•). s. -1.00 50.97 -1.01) -1.00 -I .Ill\ I. S') 

315 5. 1222 9. lf>9 I 83?. -I. -1.99 -1.01-l -1.110 -1. 73 -1.on -1.00 
317 -l. l9SS 9.3711 S7S. 2. J.-19 -I .Oil -J .00 -0.93 -I.no -1.110 

J:?J 8.::?7112 S. ~}886 7'>•' ·I. f~.IIS -1.011 r -J .(lfl -1.27 -1.110 - I .Oil -·' · 
3311 11. 37:?:) 7.7G:?2 S I--l. ') f>.OJ -I.Ott - I . t 10 -1.28 - , .• .,IJ - I .1111 

JJI II.us,:;1 S .1)190 ~,11. J. 3.5'.) ·• I .111°1 -1.00 I.:n -I.II() - I . n1 J 

.132 11. II-U, ~.3191 s,1I. -I • s.Sf, - l .1111 -I .OU -3.59 ·-) .110 -1.uo 
333 9.J.:?'.'i7 S.IIGI I 772. - I. 7. 1-! -I.no -I.no -:?.29 -1.1111 0.6:'l 
337 9. ~-476 :--; . 2512 785. 3. (,. 77 -1.011 - I . OI) - I .SI -I.tl,1 -1.00 
33~) s.9'3112 S.::?'.)o2 7 II>. I. ..;.CJ 58.37 -1.on n.22 -1.llO ---I.SO 
3-~J s.uS7-l 7.'Jll77 7G7. ..j • G.73 -1.1111 - , .00 -2. 1-1 -1.1111 -1 .,,o 
3-15 10. 77117 C,.~.:?S7 -..:-17. ~- J.9S -I.Oil -1.0(J O.GII -I .OU - I .110 
3.47 11.:,: 50 7.C3I5 Sl--1. -l . --L5~ -1.1111 -1.00 0.13 -1. 111 I -1.1111 
34S s.':1?0) 7.:?258 7H!·). 3. r,.--17 - I . Ill I -1.no -1.84 -1.110 - I ,Ill) 
3-19 11 .,,s:?o 1,. -IU75 87'.). 3. :- ")-i, ... ,._ .. ) - I . 1)11 - I. I.HI -0.~7 -1.011 - l . I Ill 
35-! t I .4:?76 S.9~-10 881. 2. ].SJ -I .OU -1.00 0.59 -1.011 -! .Oil 

355 10.7678 5.70s5 SS6. ') -1.110 SI .3J -1.00 -1.00 -1.00 2.JS 
35(; I I . 3-1•18 S.1>553 S9I. ') 3. 13 -I .flll -1.00 0.90 -1.nn -1.110 
358 6. 7-l:?8 5.71153 ~87. 7. 3. -1'} -1.on -1.00 0.-!S -1.00 - I.OIi 
3r;2 S. "/083 S.6st;2 - ! . - I. - : ,(HJ -I .Oil -1.00 -1.00 -J .IJll -l .flll 
3GJ 5. 15:{3 5.9S?C .... I. - I. - I ,IHI - I. (Ill -I.0fJ -1.00 -1.00 -! .'.Ill 
J69 7.827x ·L t7s7 9-1:3. 5. 5 . .SU -I .Oil ~.6G - I. -17 -0.02 -J .UII 

373 8.53:3--t ? . scn--1 1119:{. - I. s. 111 - I .OU -1.00 -1.32 -1.110 - I .1 11,1 

375 9.7SI I J. 79~•j ~~:>. 3. J. Jf, -1.00 2.66 0.68 -0.00 - I. (II) 
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APPENDIX 4 

Computer Program GRIDOP Used in Computing Mineral 

Fractions from Gridded Average Porosity Log Responses 
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PROGRAM GRIDOP READS TIIREE MATRICES ONE ROW AT A TIME 
FROM EACIJ. TIIE ~;\TRI CF.S COST A IN TUE CORRECTED, AND 
GR IDl)EO AVERAGE 1.00 RESl'O'.'iSES IN TIIE ORDER NEUTHON, 
DENSITY, ASD SO~IC. A ~i\THIX COST,\INING FOH EXAMPLE 
CO~PUTED POHOS !TY VALUES lo' I LL HE()t:I RE THE FIRST RO\./ 
OF TIIE I WEH:-a·: ~L\TH IX < EO. 22, P . 72) . 

M = ~-nmi-:R OF RO\.'S 

~ = :-;1 1)1BJ-:R OF COJ.U~S:, 

A ( I> = FIRST El .l·}!EST OF FIHST RU\J OF EQ.22 

/1.(2) = SECO~O 

A<3> • TIIIRD .. . 
cos = FOURTH 
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C 
C 
C 
C 

C 

C 

TB:GRIOOP:F 

1:-iPUT: 1 =NEUTRON ,2=DENS11'Y ,3 .. SON IC 

Dl~ENSIO~ D<l000,4>,IS<IO>,A<3> 
START AXD :SEl.'FII.E OPE:-. AND CLOSE FILES 
CALL START 
DO 100 I= 1 ,3 
\.'IUTE<6, ?llO> I 

100 CALL NEl,TII.< IS, I, l > 
W IU TE < 6 , 20 I ) 
i\CCEl'T M , N , A < l > , A < 2 > , A < 3 > , CO!': 
TYPE 'ELE~ESTS Of INVERTED MATRIX' 
TYPE ' ' 
TYPE A(ll,A(2) ,A<3>,CON 
1.·n !TE 16, 2U2> 
Ci\l.I. :-:El.'J-' IL< I 5, 4, 1 > 

DO 10 I I= I , M 
DO !02 J= I ,3 

102 READ BISARY<J)<Oll(,J>,K=l,N> 
DO 103 J= I, N 
:::.;.Q 
HO 10-1 K=l,3 

104 S=S+D<J ,tl•AO(> 
103 n1J,4>=s~co:s 
101 \;Jun: BIS,\H\'(4) (D(J ,4) ,J= I ,N) 

~ror · 
200 FUl01.\T I' Fl LENJ\~E FOR MAP:', 13) 
201 Fl'IOl,\T(' Ro1.·s,co1.s,3 COEFF,CONSTANT: ') 
202 FUH~.\T < ' OPTl'trT FI I.ENA~E: ' > 

E~D 
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