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EXECUTIVE SUMMARY 

Effective porosity (specifically referring to the interconnected pore space) was 

recently recognized as being essential in determining the effectiveness and extent of 

matrix diffusion as a transport mechanism within fractured low-permeability rock 

formations. The research presented in this report was performed to test the 

applicability of several petrophysical techniques for the determination of effective 

porosity of fine-grained siliciclastic rocks. In addition, the aim was to gather 

quantitative data on the effective porosity of Conasauga Group mudrock from the Oak 

Ridge Reservation (ORR). 

on diverse measurement techniquest but also data on the sizes of pore throats and their 

distribution, and specimen bulk and grain densities. The petrophysical techniques 

employed include the immersion-saturation method, mercury and helium porosimetry, 

and the radial diffusion-cell method. 

The quantitative data reported here include not only effective porosities based 

Mudrock specimens for analysis were sampled from the Conasauga Group on the 

ORR. Overall, 200 specimens were analyzed (132 with the immersion-saturation 

method, 33 with helium porosimetryt 33 with mercury porosimetry, and 2 with the 

radial diffusion-cell method). 

Values of effective porosity for mudrock of the Conasauga Group are much 

higher than values previously considered characteristic (i. e., 0.1% to 3.4%). Mean 

values of 9.90% (immersion-saturation method), 8.1 % (helim porosimetry), and 3.8% 

(mercury porosimetry) are reported. The majority of sampling intervals display high 

and corresponding effective porosity values based on the immersion-saturation method 

and helium porosimetryt accompanied by low values based on mercury porosimetry. 

This discrepancy can be explained by the fact that mercury porosimetry is not able to 

invade pore spaces accessed by pore throats e3 nm. Apparently, much pore space is 

sheltered behind access pore-throats of sizes e3 nm. Other sampling intervals display 

effective porosity values which are low and congruent based on the different 

measurement techniques. Some deviating values based on helium porosimetry 

apparently indicate measurement difficulties. The effective porosity data generated 

with the radial diffusion-cell method compare favorably with values obtained with other 

methods from the same/adjacent core intervals. 

as the most reliable. The data have to be considered maxjmm values, however, because 

it was not obtained under in situ conditions and because of the probable loss of 

Effective porosity values based on the immersion-saturation method are judged 
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replaced meteoric cement. Both factors, nevertheless, are judged to exert only a small 

influence on effective porosity. 

The majority of pore-throat-sizes lies between 3 nm and 100 nm (the minimum 

value is determined by equipment limitations). The shape of the size-distribution curves 

is predominantly unimodal (some bimodal) with the mode situated consistently within 

the 5 nm-size class. This set of data may be useful for evaluating the ability and extent 

of contaminant species to access the interconnected pore space of the mudrock matrix 

through diffusion. Data on specimen bulk-density and specimen grain-density display a 

mean of 2.71 gcme3 and 2.77 g ~ m - ~ ,  respectively. 

The reported porespace characteristics reflect the importance of the diagenetic 

history of the Conasauga Group mudrock. Pervasive chemical diagenesis - progressive 

cementation and/or the development of secondary dissolution pores - most likely acted 

as the prime determinant for the measured values. 

The successful application of the immersion-saturation method, helium 

porosimetry and mercury porosimetry provided a powerful combination for determining 

the pore-space characteristics of Conasauga Group mudrock on the Oak Ridge 

Reservation. Based on the research conducted for this report, the immersion-saturation 

method is judged to be superior to both mercury and helium porosimetry for the 

determination of effective porosity of Conasauga Group mudrock. The difficulty to 

obtain and preserve cylindrical mudrock specimens, however, necessitates the 

petrophysical detennination of accurate specimen bulkdensities beforeeffective 

porosity based on the immersion-saturation method can be calculated. The radial 

diffusioncell method yielded promising results and should be tested further provided 

that more and better suited specimens become available. 
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President Llamas, in the very beginning of our symposium, talked 
about hydrogeology as the interaction between hydrology and the rock 
matrix. This symposium has been dominated by the water aspect and 
has had very little discussion of the geologic aspect. I think this is very 
prevalent through the whole hydro sciences, or whole hydrogeologic 
sciences, and we don't have a strong enough emphasis in understanding 
the geology of the system. And quite often in particular, say a low 
permeability system, we can use the geology as gectively as we can 
possibly use the hydrology of that system, in that we may not be able to 
do the field testing, develop the mathematical models on this sort of 
thing, but, if we had the rock itself and we knew the diagenetic histo y, 
we could understand far more of how that rock was functioning as an 
aquitard than we can with numerical models. And similarly, when we 
do numerical modeling and we're getting into stochastic aspects of 
numerical modeling, what we're doing is we're looking at the statistical 
variability of a parameter, such as head, or another hydrologic 
parameter. But, what is controlling the statistical variability of that 
hydrologic parameter is statistical variability of a geologic parameter. 
We don't do enough at looking at those geologic parameters to 
understand how they impact the hydrology. 

Charles Kreitler 

(Panel Discussion, Symposium on Hydrogeology of Rocks of low 
Permeability, Tucson, Arizona 1985) 

PURPOSE 

The purpose of this study was to apply and to test the suitability of different 

petrophysical techniques, identified in an earlier research project (Dorsch, 1995), to 

quantify the pore characteristics of mudrock(1) from the Oak Ridge Reservation (ORR). 

The first specific aim was to compare the performance of the different petrophysical 

techniques and to present recommendations on their usefulness for the investigation of 

the pore characteristics of mudrock The second specific aim was to obtain quantitative 

data on the effective porosity of mudrock from the Conasauga Group. Accurate 

knowledge of this data is essential for the evaluation of contaminant transport by 

matrix diffusion within the low-permeability sedimentary rocks of the Conasauga 

Group. An additional aim was the determination of petrophysical data, such as 

mudrock grain- and bulk-densities, and the sizes of pore-throats and their distribution. 

(1) the term mudrock is used throughout this report for all types of finegrained 
siliciclastic rock; it follows the definition of Blatt et al. (1980); the Conasauga Group 
mudrock samples used in this study are predominantly mudstone and claystone, with 
smaller amounts of mud-shale and clay-shale; no siltstone or silt-shale samples were 
used; furthermore, no marlstone samples were used. 
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INTRODUCTION 

Mudrock samples from all stratigraphic units of the Conasauga Group from both 

the Copper Creek and Whiteoak Mountain thrust sheets were analyzed, with the 

exception of the hbynardville Limestone. Petrophysical techniques employed include 

the immersion-saturation method, helium porosimetxy, mercury porosimetry and the 

radial diffusion-cell method. Petrophysical data obtained with the laboratory 

experiments include effective porosity, pore-throat sizes and their distribution, specimen 

bulkdensity, and specimen graindensity. The data on effective porosity and density 

are the first from the ORR based on modem analytical techniques, and the data on pore- 

throat sizes are new. It is expected that the data from this study will significantly 

contribute to constraining the modeling of the hydrologic behavior of the mudrock- 

dominated Conasauga Group, the most significant aquitard on the ORR. 

Matrix Diffusion and Effective Porosity 

Effective porosity is defined as the ratio of volume of interconnected pore space 

to total volume of a rock sample. Effective porosity is believed to be an important 

parameter that controls the extent and effectiveness of diffusive processes within fine- 

grained siliciclastic rocks (e. g., Germain and Frind, 1989; Toran et d., 1995). The 

importance of matrix diffusion as an agent for efficient material transport in the 

fractured low-permeability sedimentary rocks and saprolite at the ORR was pointed out 

by Wickliff et al. (19911, Solomon et al. (19921, Shevenell et al. (19941, and Sanford et 

d. (1994). . 

Figure 1 illustrates the potential importance of matrix diffusion for contaminant 

transport within fractured low-permeability sedimentary rocks. Contaminated water 

actively moves through the interconnected fracture network, but through the process of 

diffusion contaminants are able to access the interconnected pore space of the 

surrounding matrix blocks (there also may be access of contaminants to the matrix pore- 

space through active flow, albeit at very slow rates). Access to the pore water of the 

mudrock matrix is through ma& pores connected to the fracture network. The result of 

this mass transfer by diffusion will be an apparent retardation of the spread of the 

contaminant species carried by water within the interconnected fracture network (el.g., 

Neretnieks, 1980, Tang et al., 1981; McKay et al., 1993). This scenario will develop 

while the primary contaminant source is present and active. After removal of the 

primary con taminant source, either through remediation efforts or through simple 
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Fig. 1: Schematic block diagrams illustrating the diffusion of 

contaminant species from a fracture into the surrounding mudrock 
“matrix” (apparent retardation) and vice versa (secondary 
contaminant source). 
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depletion, the direction of diffusion will reverse. Contaminants will diffuse out of the 

matrix into the fracture network now occupied by uncontaminated water. This will lead 

to the development of a secondary contaminant source, which might be active for a long 

period and which will be very difficult and expensive to remediate because of the 

required long time spans for removing the contaminants from the matrix pore space (e. 

g., Gennain and Frind, 1989; McKay et al., 1993). Accurate knowledge of effective 

porosity, therefore, is important for modeling and evaluating the possible apparent 

retardation of contaminant spread and the possible development of secondary 

contaminant sources within fractured mudrock (Toran et al., 1995). 

The effective porosity of the Conasauga Group mudrock matrix consists of two 

components. One is the primary sedimentary porosity and the other component is 

microfractures The primary sedimentary porosity developed following deposition and 

after experiencing compaction and chemical diagenesis (cementation, dissolution). 

Microfractures are considered tectonic in origin and are small enough to be part of the 

mudrock matrix. They do not cause the mudrock sample to fall apart into smaller 

blocks which might indicate that they are isolated from the interconnected fracture 

network. The tectonic origin of the microfractures remains speculative, however, because 

detailed petrographic investigations addressing this question are lacking. 

The effective porosity data reported in this document are a measure of the space 

potentially available for diffusive processes. For all potentially available pore space to 

be tested, the mudrock samples were dried to an extent (see page 17 and following) to 

ensure that all water not part of the clay-mineral structure was driven off (see Dorsch, 

1995). It is important to note, however, that some aspects have to be considered. The 

effective porosity will be used for diffusion in its entirety only, if it is saturated with 

water. Furthermore, the physical boundaries of the pores and pore throats will have a 

considerable effect on the water contained within the pore space and attached to the 

physical boundaries. Water close to solid swfaces will be strongly modified in its 

properties for a distance of 2 to 5 molecular layers (termed nonordinary water; Grim, 

1962; Bush and Jenkins, 1970, Drost-Hansen, 1991) or up to 50 molecular layers (termed 

vicinal water; Drost-Hansen, 1991) influencing the diffusion characteristics of chemical 

species. It is, therefore, probably not correct to equate the measured effective porosity 

to volume of ordinary (bulk) water and its ordinary properties including diffusion .. 

characteristics. A correction might be necessary to the measured effective porosity 

values to estimate what part is used eflcientZy by diffusive processes. Another 

consideration is the extent of microfractures induced during core drilling (coring induced 
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fractures). Macroscopic fracturing and breaking will not be an obstacle to determining 

effective porosity, because it simply would cause the mudrock samples to fall apart into 

smaller blocks. Mkrofracturing, however, will lead to an increase of laboratory- 

measured effective porosity. To what extent this latter process was active could not be 

determined on the mudrock specimens of the Conasauga Group. And Est, the effective 

porosity available in situ might be somewhat less than the values obtained in the 

laboratory under surface conditions because of loss of confining pressure. How large 

such a deviation will be is not known. The Conasauga Group mudrock, however, was 

buried considerably and experienced significant chemical diagenesis (see below) which 

led to a thorough lithification. Furthermore, the Conasauga Group mudrock was 

uplifted from basinal depths during and following the Alleghanian orogeny resulting in 

significantly reduced in situ confiniig pressures from present retrieval depths of less 

than 400 m. Therefore, elastic rebound of the mudrock matrix upon retrieval of the cores 

from the corehole can be considered small or nonexistent. 

Geologic Framework for Conasauga Group Mudrock at the Oak Ridge Reservation 

The Oak Ridge Reservation is situated within the Appalachian Valley-and-Ridge 

physiographic province, which corresponds to the Alleghanian foreland fold-and-thrust- 

belt. Stratigraphic units contained within different thrust sheets range in age from Early 

Cambrian to Early Pennsylvanian and are repeated and stacked (Figure 2; Hatcher et 

al., 19921, because the original fill of the Appalachian basin was deformed during 

thrusting associated with the Alleghanian orogeny. The stratigraphic units on the ORR 

have been grouped into regional aquifers and aquitards Figure 3; Solomon et al., 1992). 

The mudrock-dominated Conasauga Group (Middle and Late Cambrian) 

appears within the Copper Creek thrust sheet and the Whiteoak Mountain thrust sheet 

(Figure 4). The stratigraphic units underlie Melton Valley in the Copper Creek thrust 

sheet and Bear Creek Valley in the Whiteoak Mountain thrust sheet. Information on 

pore-space characteristics is especially important for the Conasauga Group, because the 

majority of waste sites on the ORR are constructed on these rocks. 

The Conasauga Group represents the fill of a Middle to Late Cambrian intrashelf 

basin that developed on the Laurentian passive continental mar@ bordering the 

evolving Iapetus ocean (Markello and Read, 1981,1982; Read, 1989; Srinivasan and 

Walker, 1993). The fill constitutes an alternation of mudrock- and carbonate-dom&ated 

stratigraphic units (Rodgers, 1953; Hasson and Haase, 1988; Walker et al., 1990). 



NW 4 b 
Oak Ridge Reservation 

SE 

Whiteoak Mountain fault 

Fig. 2: Generalized geologic cross section through part of the Alleghanian fold-and-thrust belt at the 
longitude of the Oak Ridge Reservation (Om). The stippled bands outline the Conasauga Group stratigraphic 
units (including the Maynardville Limestone), black outlines Precambrian basement (modified from 
Hatcher et al., 1992). Explanation of stratigraphic symbols: U = undifferentiated, P = Pennsylvanian, SDM = 
Silurian-Devonian-Mississippian, Or-Os = Reedsville She-Sequatchie Fm., Och = Chickamauga Grp., 
O€k = Knox Grp.,€c = Conasauga Grp.,€r = Rome Fm. 
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Fig. 4 Generalized location map. Dark stippled bands traversing the 0R.R outline the mudrock-dominated part of the 
Conasauga Group in outcrop. Barbed solid black lines indicate the location of the Whiteoak Mountain fault and of the 
Copper Creek fault, whereas stippled lines indicate major roads. Triangles refer to the location of coreholes from which specimens 
were selected: corehole Wol-1, corehole 0.5MW012A, and coreholes GW-132, -133, -134. The line connecting A and A' depicts the 
approximate surface trace of the cross section shown in Figure 6 (based on Hatcher et al., 1992). 
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In the area of the ORR, the Conasauga Group is dominated by mudrock (Hatcher 

et al., 1992; Figure 5) in contrast to well studied areas to the southeast (e. g., Srinivasan 

and Walker, 1993). Hatcher et al. (1992) proposed the names Dismal Gap Formation 

(informal) to replace Maryville Limestone, and Friendship Formation (informal) to 

replace Rutledge Limestone in order to reflect this characteristic. The formal 

stratigraphic nomenclature, however, is retained in this report. 

Only limited mineralogical and petrological data are available for the Conasauga 

Group mudrock on the ORR. Mineralogical investigations indicate that mudrock of the 

Conasauga Group is illite rich with smaller amounts of chlorite and kaolinite in the clay 

fraction (Lee et al., 1987; 1991, Baxter, 1988; see also Weaver, 1984). Other minerals 

include quartz and feldspar (e22 %), glauconite and carbonate minerals. Of importance 

is the absence of smectites, whose swelling nature might preclude the accurate and 

reliable application of petrophysical techniques (Krushin, 1993). 

Of special significance for the pore characteristics is the diagenetic history of the 

mudrock. Compaction of freshly deposited mud and mudrock is the primary 

determinant in reduction of original sedimentary porosity. Data on the maximum burial 

of Conasauga Group mudrock of the Whiteoak Mountain thrust sheet was provided by 

Foreman (1991). According to basin-subsidence modeling the Conasauga Group 

mudrock experienced burial of up to 4 km. Structural evidence, however, indicates that 

the Copper Creek thrust sheet was on top of the Whiteoak Mountain thrust sheet 

following the Alleghanian orogeny (P. Lemiszki, pers. corn.), thus making a larger 

burial depth more likely. Conasauga Group strata in Virginia are believed to have been 

buried to between 6 and 8.5 km (Mussman et al., 1988; Montana, 1994). 

Chemical diagenesis (later-stage precipitation and dissolution of cements) can 

have a marked effect on the pore characteristics of mudrock (e. g., Katsube and 

Williamson, 1994). Based on TEM and SEM analysis Lee et al. (1987,1991) report a 

general pauaty of cement in mudrock samples of the Nolichucky and Pumpkin Valley 

shales, and the occurrence of micropores. Nevertheless, pore filling organic matter (?), 

d a t e ,  authigenic quartz, and framboidal pyrite was found. Sample coverage from the 

Nolichucky and Pumpkin Valley shales, however, was very limited. Only two 1 m- 

intervals from the core of the Joy-2 well in the Copper Creek thrust sheet were sampled. 

Baxter (1988) conducted a more detailed investigation of the diagenetic history of the 

Pumpkin Valley Shale from the Copper Creek thrust sheet. She noted the folIowing" 

(chemical) diagenetic events: 1) crystallization of framboidal and authigenic pyrite, 2) 

glauconite formation and alteration, 3) formation of pseudohexagonal kaolinite booklets, 
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Fig. 5 Stratigraphic cross section of the Conasauga Group along an 
ESE to WNW transect. Stipple pattern denotes the predominance of mudrock, 
whereas the unpatterned part of the cross section denotes the predominance 
of carbonate rock. Note the increase in mudrock away from the eastern carbonate- 
dominated area, and the proposed change in stratigraphic nomenclature within the 
area of the ORR (informal stratigraphic designations provided in parentheses); 
(modified from Walker et al., 1990, Hatcher et al., 1992; based on Rodgers, 1953). 
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4) formation of authigenic quartz-overgrowths, 5) feldspar dissolution, 6) illitization 

and chloritization of kaolinite and chloritization of biotite, 7) crystallization of fine- 

grained kaolinite, 8) precipitation of carbonate cement, and 9) crystallization of barite 

associated with carbonates. Precipitation of mineral phases will lead to a reduction in 

primary porosity, whereas dissolution of feldspar will lead to the development of 

secondary porosity. Pseudohexagonal kaolinite is only a minor diagenetic phase 

(Baxter, 1988) but, together with the quartz-overgrowths, will lead to a reduction in 

porosity. The secondary porosity developed through feldspar dissolution is thought to 

be counterbalanced by the ubiquitous porefilling fine-grained kaolinite (Baxter, 1988). 

The carbonate cement is important for its presence and especially for the patchiness of 

its occurrence. 

Data on the porosity of Conasauga Group mudrock available until now is very 

scarce. Porosity values provided by deLaguna et al. (1968), Diment and Robertson 

(19631, and Goldstrand and Menefee (in preparation) range between 0.1 and 3.4% 

Cable 1). No discussion of the measurement technique was furnished by deLaguna et 

al. (1968) and Diment and Robertson (19631, but some form of water-immersion/dryinrying 

technique apparently was used. Goldstrand and Menefee (in preparation) used a bulk 

specific gravity method. Based on the methodologies employed the reliability of the 

currently available porosity values for Conasauga Group mudrock have to be 

questioned. 
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Table I: Summary of effective porosity data of mudrock from the ORR 
reported in earlier studies. Sources are Diment and Robertson (19631, deLaguna et 
al. (19681, and Goldstrand and Menefee (unpublished data). Methods employed 
were versions of the immersion-saturation method for the first two sources and a 
bulk specific gravity method for Goldstrand and Menefee. 

source corehole strat. unit drill depth [ml eff. porosity [%I 

Diment and Robertson Joy-1 ? ? 2.2 

deLaguna et al. Joy-1 ? 47.2 1.3 

? 154.8 1.1 

Pumpkin Valley Sh. 201.2 0.46 

Pumpkin Valley Sh. 219.2 1.1 

Pumpkin Valley Sh. 244.2 1.9 

I 

v1 , 

I. I, 

,I I, 

Goldstrand and Menefee 

I 

05Mw013A MaryvilleLs. 

Maryville Ls. 

Maryville Ls. 
Maryville Ls. 

Maryville Ls. 

Maryville Ls. 

Maryville Ls. 
Maryville Ls. 

Maryville Ls. 
Maryville Ls. 

Maryville Ls. 

Maryville Ls. 
Maryville Ls. 

Maryville Ls. 

Rogersville Sh. 

Rogersville Sh. 

Rogersville Sh. 
Rogersville Sh. 

Rogersville Sh 

Rogersville Sh. 

Rogersville Sh. 

Rogersville S h  

Rogersville Sh. 

Rogersville Sh 

Rogersville Sh. 

Rogersville Sh. 

Rogersville Sh. 

,I 

I* 

I, 

I, 

I t  

I, 

,I 

t 

,I 

I, 

I, 

I, 

521 

52.7 

57.9 

585 

65.1 

66.1 

7l.8 

73.0 

77.0 

80.2 

81.7 

83.5 

93.9 

94.6 

105.8 

107.3 

115.9 

116.3 

122.7 

130.8 

1326 

135.3 

138.1 

141.4 

141.7 

147.2 

151.5 

0.4 

0.1 

1.1 

0.4 

0.3 

1.5 

0.7 

0.1 

2.0 

0.8 

1.9 

27 

1.5 

1.9 

3.4 

1.8 

1.3 

0.9 

1 .o 
2.3 

1.3 

1.4 

2.1 

1.7 
1.6 

0.8 

0.6 
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SAMPLING(*) 

Cores 

Mudrock specimens for the petrophysical measurements were obtained from 

coreholes drilled into the Whiteoak Mountain and Copper Creek thrust sheets. From the 

Whiteoak Mountain thrust sheet, cores GW-132, GW-133, and GW-134 ("Figure 6)  were 

used, and from the Copper Creek thrust sheet, cores Wol-1 and 0.5MW012A were used 

(Figure 4). For both thrust sheets, specimens were selected from each of the mudrock- 

dominated stratigraphic units of the Conasauga Group (i. e., Nolichudcy Shale, 

Maryville Limestone, Rogersville Shale, Rutledge Limestone, and Pumpkin Valley Shale; 

Figure 5). 

Sampling Intervals 

The cores were inspected visually and sampling intervals were selected. 

Selection criteria were: a) macroscopic homogeneity of the sampling interval, b) absence 

of excessive deformation, c) mudrock lithology, d) stratigraphic coverage. A sampling 

interval is generally GO cm in length and was used for obtaining specimens for the 

different petrophysical measurement techniques. Appendix II gives an overview of the 

selected sampling intervals (core, drill depth, stratigraphic unit). Overall, 42 sampling 

intervals were selected from the different cores. 

Specimens for Helium Porosimetry, Mercury Porosimetry, and the Immersion- 

Saturation Method 

Specimens from each sampling interval fall into two types: irregularly shaped 

specimens and cylindrically shaped specimens. The specimens, regardless of shape, 

were generally e10 g. Both types of specimens were obtained as close to the center of 

core segments as possible. This was planned to avoid marginal areas of the cores which 

might have been affected by invading drilling fluids and clay detritus, or coring-induced 

microfracturing. In addition, macroscopically visible mineralized fractures were also 

avoided. 

(2)note: see Appendix I for a detailed explanation of the notation system for cores, 
sampling intervals, and specimens. 
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Fig. 6: Schematic cross section along section line A to A' (see Fig. 4). The stippled pattern highlights the clastic 
redbed succession of the Rome Formation, the crosshatched pattern indicates the carbonate rocks of the (lower) Knox 
aquifer (Copper Ridge Dolomite, Maynardville Limestone), whereas the unpattemed part of the cross section refers to 
the mudrock-dominated units of the Conasauga Group (Nolichucky Shale, Maryville Limestone, Rogersville Shale, 
Rutledge Limestone, Pumpkin Valley Shale); stratigraphic names in parantheses (Dismal Gap Formation, Friendship 
Formation) are informal stratigraphic designations introduced by Hatcher et al. (1992). Location of wells GW-132, -133, 
and -134 are shown together with the stratigraphic units penetrated by each well (modified from Dreier and Koerber, 1990). 
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Irregularly shaped specimens were pieces of mudrock broken off of core 

segments. Pocket knife, small hammer, kimwipe@ tissues to soften light blows with the 

hammer, small flat-head chisel for splitting rocks along bedding planes, nail clippers, 

and pliers were used to obtain the specimens. Overall, 186 irregularly shaped specimens 

were analyzed with the different petrophysical techniques (120 with the immersion- 

saturation method, 33 with helium porosimetry, 33 with mercury porosimetry). 

various lengths from coherent core segments at the University of Tennessee Engineering 

Machine Shop. These core plugs were drilled using a drill press with a 1 in inner 

diameter diamond coring bit and tap water as coolant. A coring bit with an outer 

diameter of 3/8 in was also used in a few instances. Thirty-four core segments were 

taken for drilling, from which 26 usable core plugs and parts of core plugs were 

obtained. Some core segments yielded several potentially useful specimens, because core 

plugs could be split easily along bedding providing several cylinders. The core plugs 

were then lightly abraded at the ends with 220 - 400 grit sandpaper and measured with 

a caliper and straight-edged rulers to ensure that the surfaces were parallel and flat. 

Twelve usable cylinders with a length of generally 10.75 an were finally available for 

testing with the immersion-saturation method. 

The cylindrically shaped specimens were obtained by drilling core plugs of 

Specimens for the Radial Diffusion-Cell Method 

Sealed mudrock intervals from core 0.5MW012.A were used for the radial 

diffusion-cell method. Coring was accomplished in February and March of 1994. 

Mudrock intervals were wrapped into cellophane paper and then immediately sealed 

(airtight) into thick aluminum foil upon retrieval from the corehole. Sealed intervals of 

mudrock are necessary for the radial diffusioncell method to ensure continued 

saturation of the specimens for the experiment (see below). Overall, 11 sealed intervals 

with a length between 4.6 and 15.2 cm were available. Of these intervals 8 were of 

sufficient length and apparent structural integrity. After opening the original seals most 

mudrock intervals proved to be unsuitable because they broke along bedding into smaller 

segments. Only 3 core segments were of suffiaent integrity and length to be potentially 

useful. The ends of these 3 core segments were trimmed flat and parallel with a 

diamond trim saw using tap water as a coolant. Following this, two core segments were 

coated at the sides with a rubber heat-shrink mantle using a heat gun; the third core.’ 

segment was too short for this procedure. Breaking of the original seal, inspection, 

trimming, and rubber mantling were accomplished within 30 minutes to minimize loss of 
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fluid from the core segments; the core segments were then covered with cellophane and 

immersed in water within plastic sample containers. Inner reservoirs were drilled at the 

University of Tennessee Engineering Machine Shop (equipment described above, core bit 

of 3/8-in outer diameter) providing two core segments for laboratory experiments. 



PETROPHYSICAL MEASUREMENT TECHNIQUES 

Effective porosity values for Conasauga Group mudrock from the ORR were 

obtained by using a suite of laboratory-based petrophysical techniques. These 

techniques include helium porosimetry, mercury porosimetry, the immersion-saturation 

method, and the radial diffusion-cell method. The first three techniques are well 

established and are commonly used for determining the effective porosity of 

hydrocarbon reservoir rocks. These techniques, however, have also been applied to f ine 

grained, low-permeability deposits, such as mudrock (Issler and Katsube, 1994; Loman 

et al., 1993; Katsube et al., 1992a; Katsube and Scromeda, 1991; Katsube and Best, 

1992; Soeder, 1988). All of these techniques generate porosity data using a sample size 

commonly less than 10 g. 

press; Novakowski and van der Kamp, in press). In contrast to the first three 

techniques, it determines the effective porosity over a larger volume of rockmaterial. 

For the experiments reported here, the chosen core segments were about 50 times the 

volume of the specimens used for the other porosimetry techniques. 

The radial diffusion-cell method is a new technique (van der Kamp et al, in 

The specimens used for helium porosimetry, mercury porosimetry, and the 

immersion-saturation method were dried at temperatures above 100°C. This was done 

to ensure the measurement of all interconnected pore space available for water storage. 

Drying of specimens above 100°C will drive off all pore water in the specimen and all 

water adsorbed to clay minerals (Scromeda and Katsube, 1993). It will not affect the 

crystal-lattice water, which is part of the clay minerals (Dorsch, 1995). 
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Immersion-Saturation Method 

Principle. The immersion-saturation method is based on determining the 

difference in specimen weight between the fully saturated state and the dry state of the 

sample. Re-saturation of the specimen with a liquid (deionized water) is assumed to 

penetrate all of the interconnected pore space (Katsube et al., 199%; Katsube, 1992). 

€ffe&%e Porosity. Effective porosity can be calculated by: 

$I = effective porosity (determined with the 1mers.Sat. Method) 
S, = bull< density of the rock specimen 
W, = sample weight wet 
w d  = Sample weight dry 
6, = bulk density of water. 

Effective porosity can also be calculated from: 

V = pore volume of specimen 
4 = bulk volume of Specimen 

(this can easily be determined by caliper on a regularly shaped 
specimen leg.,. cylinder]). 

V = volume of cylinder 
h = length of cylinder 
A = area of basehop surface of cylinder 
a = constant 
r = radius of cylinder 
d = diameter of cylinder. 

Procedure. The following analytical procedural steps for the immersion- 

saturation method were followed during the experiments (Figure 7). The procedure 

corresponds to the one employed at the Geological Survey of Canada Katsube and 

Scromeda, 1991; Katsube et al., 1992b; Scromeda and Katsube, 1993,1994; N. ,, 

Scromeda-Perez, pers. comm. 1995). 

On day one of the procedure, the specimens, contained in dry glass beakers, were 

subjected to 15 minutes of vacuum degassing using a vacuum chamber and an applied 
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Immersion-Saturation Method 

Day I 

Day II 

Vacuum Degassing at 27"-285" Hg 

15 min 

I 

I 

Saturation of Sample with Deionized (DI) H20 

Vacuum Degassing at 27-285" Hg 

15 min 

Sample left in DI H$ at Atmospheric Pressure 

24h 

I 
- 

Weigh and Inspect Saturated Sample (WST) 

I Oven Drying of Sample at 112°-1160C 
24h 

Fig. 7: Flow chart outlining the procedural steps for the immersion- 
saturation method as used for the data reported in this study. Flow chart is 
based on the procedure employed at the Geological Survey of Canada 
(Katsube ,and Scromeda, 1991; Katsube et al., 199%; N. Scromeda-Perez, 
pers. corn., 1995). 
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vacuum ranging from 27 to 28.5 in Hg (68.6 to 72.4 an). Following vacuum degassing, 

the hood of the vacuum chamber was removed and the specimens were submerged by 

filling the beakers with deionized water. Thereafter, the vacuum chamber was closed 

again and another period of vacuum degassing (for 15 min, at an applied vacuum 

between 27 to 28.5 in Hg) was administered. Day one concluded with removal of the 

water-filled specimen beakers from the vacuum chamber. The specimen beakers 

remained under atmospheric pressure for 24 h ensuring complete saturation of the 

specimens. 

On day iwo of the procedure, one specimen at a time was carefully removed from 

the water-filled beaker and the water was discarded from the beaker. The specimen and 

the beaker were touched only with tweezers or a kimwipe@ tissue. The surface of the 

specimen was carefully patted with a kimwipee tissue to ensure that all surface water 

was removed from the specimen (no reflection sheen left), but avoiding to completely 

dry the surface. It is important to keep this drying process consistent for each specimen 

and to accomplish this task quickly. During this phase, the specimen was studied 

carefully for any irregularities, such as breakage. Thereafter, the specimen was weighed 

to determine the saturated weight W,,,>. Specimen weights were recorded in g to the 

fourth decimal using a balance with a sensitivity of B.1 mg. Following weighing, the 

specimen was put back into an empty glass beaker and placed into an oven preheated 

to 112 to 116OC. The specimens remained in the oven at this temperature for 24 h to 

ensure complete drying of the specimens. 

Day three of the procedure started with removing the specimens from the oven. 

The specimen beakers were quickly put into a desiccator and remained there shielded 

from the laboratory air for 20 min to cool. Then, one specimen beaker at a time was 

removed from the desiccator using tongs and weighed (see above). This step was 

accomplished quickly to avoid the specimen drawing moisture from the laboratory air. 

Following this, the specimen was removed from the glass beaker and the empty beaker 

was weighed. At this point the specimen was again carefully inspected for irregularities. 

The dry specimen weight (WDRY) was determined by subtracting the weight of the 

beaker from the combined specimen and beaker weight. 

Specimens and Decisions. Specimens for the immersion-saturation method were 

either of irregular shape or cylinders. Both types of specimen were handled the same 

way during the procedure. 

The cylindrical specimens were used to determine the effective porosity only if 

they remained intact during the procedure. The bulk volume was determined by 
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measuring the dimensions of the cylinders with a caliper. Formula (6) and (3) were used 

to calculate the effective porosity (Appendix III). 

The determination of effective porosity of the irregularly shaped specimens 

required data on the bulk density and the use of formula (1). Bulk densities were either 

determined from the mercury-porosimetry tests or were assumed in a few cases. 

Assumed values were constrained, however, by bulk-density values from adjacent 

sampling intervals. The value of effective porosity was considered reliable, if the 

specimen survived the experimental procedures completely intact. The value was judged 

to be reliable, if cracking occurred only after final drying (i. e., no material was lost and 

the specimen was intact after water saturation). A specimen exhibiting cracks following 

water immersion was discarded because of the artificial increase in pore space infilled 

with water. A specimen exhibiting disintegration following water immersion was lost for 

measurement. In a few cases, cracks appeared following water immersion just on the 

outer fringes of a specimen. If these fringe areas could be removed and the rest of the 

specimen remained intact, the specimen was used in the experiment. The effective 

porosity value of the specimen was then judged reliable (Appendix IV). 

Five specimens were analyzed using a 1N NaQ solution as the saturation fluid. 

This was undertaken to prevent the specimen from disintegrating during water 

immersion. The performance of these specimens during the experiments, however, was 

not better than that of other specimens from the same sampling interval. Furthermore, 

the procedure was not repeated because of the uncertainty whether halite crystals would 

form within the pore-space, thus adding additional weight to the specimens following 

oven drying. Two observations have to be noted: 1) no halite crystals were visible on 

the outside of the specimens following experiments, 2) effective porosity values compare 

well with reliable values of other specimens from the same sampling intervals (A6, A12) 

when data based on both types of saturation fluids are available. The effective porosity 

results from these five specimens are not considered in the final evaluation. 

Mercury Porosimetry 

Principle. Mercury porosimetry involves the forceful injection of a non-wetting 

liquid (mercury) into a specimen in discrete pressure steps using a mercury porosimeter. 

The pressures required to force mercury into the specimen correspond to the size of the 

pore throats and pores (Washburn, 1921; Rootare, 1970; Wardlaw, 1976; Kopaska; 

Merkel, 1988; Wardlaw et al., 1988; Kopaska-Merkel, 1991). With each increasing 

pressure step, successively smaller pore throats are accessed by mercury. Mercury 
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porosimetry results are displayed as capillary-pressure m e s  that plot the amount of 

intruded mercury versus injection pressure (Figure 8). The amount of intruded mercury 

can be converted to volume of mercury, and the injection pressure can be converted to 

pore-throat diameters with the Washburn Equation (see below). Mercury porosimetry, 

therefore, provides quantitative information on the distribution of pore-throat sizes. 

The sizes of pore throats are important because they control access to pores. Pores of 

the same size might be accessed through throats of different sizes, but mercury enters the 

pore space only after a certain injection pressure is reached (Figure 9). The pore space 

with the larger sized pore throat wiU be accessed earlier than the pore space of equal 

size but with a smaller pore throat. 

Washbum Equation. The Washburn Equation relates the amount of pressure 

required to force mercury into pores to the pore-throat diameter greater or equal to d (e. 

g., Katsube and Issler, 1993). Cylindrical pore shapes are assumed to characterize the 

pore system in mudrock (Katsube and Issler, 19931, and therefore 

d = throat size 
y = interfacial (surface) tension (for Hg/vacuum = 0.48 N m-l) 
8 = contact angle (for Hg/vacuum = 30’9 
p = intrusion pressure (ma). 

With the help of the Washburn Equation a corresponding pore-throat size can always be 

dculafed from a measured injection pressure. 

Procedure. Prior to the petrophysical measurements the specimens were dried in 

a vacuum oven at a temperature of 105°C for 24 h. All specimens were of irregular 

shape and less than 10 g (generally between 2 to 6 g). Following oven drying the 

specimens were cooled in a desiccator. 

A Micromentics Autopore 9200 porosimeter was employed for the petrophysical 

measurements. This mercury porosimeter can generate pressures from 0.14 to 420 m a ,  

which corresponds to an equivalent pore-throat size ranging from 10 to 0.003 p (10000 

to 3 nm). A measurement accuracy for volume of intruded mercury of kO.0015 cm3 or 

smaller, but certainly not larger, can be expected (Kopaska-Merkel, 1991). 

During the petrophysical experiments the mercury-injection pressure was 

increased successively in discrete steps (56 steps from 0.14 to 420 m a ) ,  more or less 

equally dividing the available pressure range provided by the apparatus on a logarithmic 

scale. Following each step, time is allotted for equilibration of the system so that no 

change in volume of mercury taken up by the specimen with time occurs. Equilibrium 
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injection pressure Pi --t 

Pi;! Pi* 

4- porethroat diameter d 

Fig. 8: Capillary-pressure curves, plotting the measured injection pressure 
and/or the calculated porethroat diameter versus the amount of intruded mercury 
(arrows point toward higher values). 
A) cumulative intrusion curve, where the total amount of intruded mercury can be 
read at the right-side end of the curve; dl and d2 are porethroat diameters 
calculated from inbmion pressures Pi1 and Pi2 using the Washburn Equation. 
B) inaemental intrusion curve showing the amount of mercury intruded at the 
chosen consecutive pressure steps. Note the porethroat size distribution obtained 
in this way. The larger pore throats are invaded earlier at lower injection pressures 
(from Dorsch, 1995). 
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Fig. 9: Illustration of the importance of pore throats for controlling 
access to pores. Pores of the same size (V = volume) are accessed by pore 
throats of different sizes (d = diameter); mercury enters the pore throat only 
after an injection pressure (= Pi) is reached to force mercmy through the 
pore throat. The pore accessed by the larger pore throat will be invaded 
earlier at a lower injection pressure than the pore of equal size but with a 
smaller entry pore-throat (from Dorsch, 1995). 

times were about 40 s for high pressure steps (> 0.7 MPa) and 10 s for low pressure 

steps (< 0.7 MPa) (Katsube and Issler, 1993). For each pressure step the volume of 

mercury intruding the sample is recorded. Based on the Washburn Ecpation each 

discrete pressure step corresponds to a certain pore-throat size. The volume of mercury 

intruding the specimen at each discrete pressure step can be converted into the porosity 

for that pore-throat size and for pores accessed through pore throats of that size 

(Katsube and Best, 1992; Katsube and Issler, 1993). 

Effective Poros&~. The effective porosity of the specimen ($Hg> can be 

determined by summing up all partial porosity values. Partial porosity $a refers to the 

porosity contributed by each chosen range of pore-throat sizes (Katsube and Best, 

1992). Partial porosity $a is calculated for each pore-throat-size range by using the 

volume of the intruded mercury at this size range and the bulk volume of the sample. 

The bulk-sample volume was determined with calculations involving the penetrometer 

volume and its weight (with mercury, with sample and mercury). Katsube and Issl& 

(1993) split $Hg into a $Hgl (sum of all  $a from porethroat sizes 510 

(sum of all $a from pore-throat sizes 1250 PI. The reason for this split is that $q,2 

and a $ ~ ~ 2  
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might contain measurement errors induced by the space left between Sample and 

penetrometer waU @Hgl is more likely to reflect a true effective porosity of the Sample 

for pore sizes of 3 to 10000 nm. 

Tabulation of partial porosities provides the distribution of pore-throat sizes for 

the analyzed specimen. Pore-throat-size data are grouped into size classes, with each 

decade of the logarithmic pore-throat-size Scale being subdivided into 5 size ranges of 

equal physical spacing (Katsube and Mer, 1993; Katsube and Williamson, 1994). 

Helium Porosimetry 

Principle. Helium porosimetry is based on the Boyle-Mariotte Law. A change in 

gas volume or gas pressure causes a commensurate change in gas pressure or volume, 

given that the temperature remains constant. Important for helium porosimetry is that 

an increase in available space causes the gas to expand resulting in the decrease in gas 

pressure (American Petroleum Institute, 1960; Luffel and Howard, 1988). 

Procedure. Prior to the petrophysical measurements, the specimens were dried in 

a vacuum oven at a temperature of 105°C for 24 h. AJl specimens were irregularly 

shaped and less than 10 g (generally between 2 to 6 g). Following oven drying the 

specimens were cooled in a desiccator. 

volume. Helium isothermally expands into the chamber from a reservoir of known 

volume and pressure until equilibrium pressure is reached 130 min to 1.h). From the new 

gas pressure the grain volume can be calculated. The bulk volume of the sample is then 

determined by immersion of the specimen in mercury (measuring volume of mercury 

displaced from a pycnometer, or measuring the buoyant force, based on the Archimedes 

principle). 

For helium porosimetry the specimen is placed into a steel chamber of known 

Effective Porosity. Effective porosity is calculated by subtracting the grain volume 

from the bulk volume, and dividing the result by the bulk volume of the specimen. 

(#'H~ = (Vbimm - vg) 1 Vbimm (8) 

QH,= effective porosity (determined with helium porosimetry) 
Vg = gain volume 
Vb- = bulk specimen-volume measured with mercury 

immersion. 



Radial Diffusion-Cell Method 

Principle. The radial diffusion-cell method is based on the diffusion of a 

dissolved tracer from a cylindrical reservoir into the porous matrix of the surrounding 

rock. Due to the existing concentration gradient between the water in the reservoir and 

the water in the matrix, tracer will diffuse into the matrix pore-space until the gradient 

no longer exists. The effective pore volume of the rock is determined from the final 

steadystate concentration of the tracer in the reservoir. 

Procedure. A cylindrical (axial) reservoir was drilled into a segment of core 

(Figure 10). The sides of the rock specimen were sealed with heatshrink tubing to 

prevent water loss. The internal reservoir was completely filled with a NaBr solution 

containing 1000 ppm Br- and the ionic strength adjuster required for analysis. Rubber 

gaskets were placed on the top and bottom of the specimen between two aluminum 

plates, which were tightened using connecting screws to form a water-tight seal. 

L 

Fig. 10: Diffusion cell used for the effective 
porosity measurement with the radial diffusion-cell method. 
Abbreviations: L = length of the full core section used, 

= full core radius, r = radius of the central reservoir ‘L R 

(from Novakowski and van der Kamp, in press). 
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Samples of the reservoir solution were collected periodically with a syringe by 

puncturing the top gasket with a needle through a small access hole in the top plate. The 

2-ml sample was analyzed for Br- concentration using an Orion@ solid state ion- 

selective dectrocie with an Orion@ singlejunction reference electrode. After 

measurement, the sample was injected back into the reservoir. 

Two specimens (CM, C8-d) were used for the experiments. The dimensions of 

the specimens are provided in Table 2 Because of some irregularities in the dimensions 

of the specimens and the drilled internal reservoirs, minor corrections were necessary in 

order to arrive at more accurate specimen and internal reservoir volumes (Table 2). 

Table 2 Data on the specimens used for the radial 
diffusion-cell method and mass-balance calculations. 

specimen 

C6-d C8-d 

specimen diameter [cml 

specimen length [cml 

reservoir diameter [cml 

reservoir length [cml 

specimen volume [a131 

reservoir voIume [ m 3 I  

rock volume [m3] 

initial B i  concentration 

[mg 1-11 

[mg m - 3 1  

final Br- concentration 
[mg 1-11 

[mg m - 3 1  

(corrected) 

(corrected) 

final reservoir-liquid volume 

[ a 3 1  

v*=v,-v, 

c o  

Cf 

Vfl 

initial mass of B i  [mgl Mi = C,. Vr 

4.62 

5.60 

1.22 

4.65 

95.55 

5.27 

90.28 

1060. 

1.06 

692 

0.692 

1.5 

5.59 

4.71 

5.45 

1.23 

4.35 

94.96 

5.17 

89.79 

1020 

1.02 

764 

0.764 

1.5 

5.27 
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Irregularities include a small chip-off at the top of one s p e ~ ~ n e n  and a small piece of 

protruding rack remaining at the bottom of one drilled internal reservoir. 

Effective Porosity. A mass-balance method was used for determining the effective 

porosity of the two specimens used in the radial diffusion cells. This method is a 

modi€ication of a procedure used by van der Kamp et al. (in press). The concentration 

histories of the tracer in the reservoirs are given in Appendix V and shown graphically in 

Figures 11 a and b. During the tests, two problems were encounter& 1) the volume of 

liquid in the reservoirs of both specimens slowly decreased with time necessitating the 

addition of distilled water at 1435 on 06/05/95 ; and 2) liquid was spilled during the 

analysis of the sample talcen from specimen C8-d, requiring further addition of distilled 

water (at 823 on 06/02/95 1. Because of these problems, not al l  the data was used in 

the determination of effective porosity. For specimen C6d, the data used covered 12.94 

d to just prior to the addition of distilled water and for specimen C8-d, the data from 

the first 9.94 d was used (to just before the spill). It was assumed that both systems 

reached equilibrium conditions within these time intervals. Additional assumptions 

were: 1) the core segment was initially completely saturated with water and contained 

no bromide; 2) there was no bromide lost d-uring the experiment; and 3) the core segment 

was completely saturated at the end of the experiment. 

The effective porosity of the specimens was determined using the following 

equation (compare to data and abbreviations in Table 2): 

Cf = final concentration of Br- in reservoir [mg - 
Vfl= final volume of liquid in reservoir [m3] 
V, = rock volume fCm31 

Mi = initial mass of bromide added to reservoir [mgl. 
= effective porosity based on radial diffusion-cell m. [m3 c~n-~l 

Both specimens remained intact throughout the preparation process and the 

experiments. This was verified at the end of the experiments when the rubber sealing 

was removed. 



1200 

C6-d 

1000 

800 

600 

400 

200 

0 

0 5 10 15 20 25 

time [d] 

Fig. 11 a: Concentration of bromide versus time in specimen C6-d (corresponds to sample #2 
in Bechtel core 0.5MW012A). 
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Fig. 11 b: Concentration of bromide versus time in specimen C8-d (corresponds to 
sample #24 in Bechtel core 0.5MW012A). 
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GRAIN-DENSITY AND BULK-DENSITY DATA 

Specimen Bul k-D ensity 

Thirty-three bulk density measurements were obtained from specimens during 

mercury porosimetry (Appendix VI). The values range from 2.67 to 2.74 g ~ m - ~  with a 

minimum value of 2.64 gan-3 and a maximum value of 277 gan-3 (Figure 12). The 

arithmetic mean for all data is 2.71 (a.03) gune3. For the Whiteoak Mountain and 

Copper Creek data the means and standard deviations are 271 (kO.03) g ~ m - ~  and 2.72 

(B.03) gan-9 respectively. In general, bulkdensity values are higher from the Copper 

Creek thrust sheet than from the Whiteoak Mountain thrust sheet on the formation level. 

Table 3 gives an overview of the calculated mean values and standard deviations 

of bulk density for different formations. There is a considerable spread in values for 

particular formations, so it is important to consult the original data as provided in 

Appendix VI. Note also that some of the statistical measures are based on a small 

number of samples. 

" 

5- 

4- 

3- 

2- 

@ l m * m  
up?: 

n=33 

bulk density [g/cm3] 

Fig. 12: Frequency distribution of bulk-density 
data for mudrock of €he Conasauga Group based on 
mercury immersion. 
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Table 3: Some statistical measures of specimen-density data. Abbreviations: WOM = Whiteoak Mountain 
thrust sheet; CC = Copper Creek thrust sheet; x = arithmetic mean; sx = standard deviation; n = number of 
specimen analyses. Note: statistical measures were calculated for all stratigraphic units, for the sake of 
completeness, even if the data base was too small (rendering some statistical measures statistically unreliable). 

All Units WOM + CC 

WOM 

cc 

Nolichucky Sh WOM +CC 

WOM 

cc 

Maryville Ls WOM + CC 

WOM 

cc 
I 

Rogersville Sh WOM +CC 

WOM 

cc 

Rutledge Ls WOM + CC 

WOM 

cc 

Pumpkin WOM +CC 

Valley Sh WOM 

cc 

Bulk-Densihr 

X 

2.71 

2.71 

2.72 

2.70 

2.70 

2.72 

2.70 

2.70 

2.70 

2.71 

2.71 

2.72 

2.71 

2.72 

2.71 

2.73 

2.73 

2.76 

SX 

0.03 

0.03 

0.03 

0.03 

0.03 

0.01 

0.03 

0.04 

0.04 

0.03 

0.04 

0.02 

0.03 

0.04 

0.03 

0.03 

Grain-Densitv 

n X 

33 2.77 

22 2.77 

11 2.79 

14 2.78 

10 2.77 

4 2.80 

6 2.76 

4 2.75 

2 2.78 

5 2.77 

3 2.76 

2 2.80 

3 2.77 

1 2.73 

2 2.79 

5 2.78 

4 2.78 

1 2.79 

SX 

0.03 

0.03 

0.02 

0.03 

0.03 

0.03 

0.02 

0.02 

0.01 

0.04 

0.05 

0.02 

0.03 

0.01 

0.02 

0.03 



33 

The values of bulk density of Conasauga Group mudrock are higher than values 

commonly reported for "shale" (Oelhoeft and Johnson, 1989; Katsube and Issler, 1993) 

and are closer to values reported for slate (Oelhoeft and Johnson, 1989). Bulkdensity 

values ranging from 2.64 to 2.77 gcm-3, to as high as 2.80 gun-3, however, are reported 

for tight shales from the Ventura gas field offshore Nova Scotia Katsube et al., 1991). 

Specimen Grain-Density 

Thirty-three measurements are available for specimen graindensity (Appendix 

VII). These measurements were obtained from the same sampling intervals as the 

measurements for bulk density. The values of grain density for Conasauga Group 

mudrock range from a minimum of 2.70 gaK3 to a maxim= of 2.83 g ~ m - ~  (Figure 13). 

The modal value is 2.79 g ~ r n - ~  with a mean of 2.77 (B.03) g - ~ m - ~  based on all 

measurements. Values from the Whiteoak Mountain thrust sheet have a mean of 277 

(iO.03) g ~ m - ~ ,  whereas values for the Copper Creek thrust sheet have a mean of 2.79 

Fig. 13: Frequency distribution of graindensity 
data for mudrock of the Conasauga Group based on 
helium porosimetry. 
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(S.02) g ~ m - ~ .  Comparison of formations across the two thrust sheets reveals that 

graindensity values from the Copper Creek thrust sheet are consistently slightly higher 

than values from the same formation within the Whiteoak Mountain thrust sheet. 

Table 3 gives an overview of the mean values and standard deviations of grain 

density for different formations. There is a considerable spread in values for particular 

formations, so it is important to consult the original data as provided in Appendix VII. 

Note also that some statistical measures are based on a small number of samples. 

Overall, the measured graindensity values compare well with values reported from 

other basinal shale sequences (Katsube and Jssler, 1993). 
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PORE-THROAT SIZE DATA 

Quantitative data on the sizes of pore throats, their distribution, and geometric 

means for the different sampling intervals were obtained with mercury porosimetry. 

Overall, 33 measurements were made from specimens in the Whiteoak Mountain and 

Copper Creek thrust sheets. The measurement results are provided in Appendix VIII 

and the pore-throat-size distribution curves for each specimen are presented in 

Appendix X. 

All pore-throat-size distribution curves have several aspects in common (Figure 

14). First, the lowermost reported pore-throat-size value is 3.2 nm (geometric mean for 

the lowermost size class). This can be explained by the fact that the highest intrusion 

pressures generated by state-of-the-art mercury porosimeters can force mercury only 

through pore throats 23 nm. Pores and their attendant partial effective porosity 

accessed by pore throats e3 nm will, therefore, not be characterized. Second, the mode 

on each curve resides in the size class with a geometric mean of 5.0 nm (Appendix Do. 
Third, the curves are skewed toward lower values, with a rather sharp drop toward 

smaller sizes and a long tail toward higher values. The equipment limitations on 

available intrusion pressures and the resulting limit on pore-throat sizes which can be 

characterized (see below) will probably influence the modal values and the shape of the 

pore-throat-size distribution curves. 

The shape of most pore-throat-size distribution curves is unimodal (some with a 

weak secondary mode) with a smaller percentage being bimodal. The secondary mode 

always resides within a larger size class. There are also three specimens displaying 

polymodal pore-throat-size distribution curves. The pore-throat sizes range from about 

3 nm to about 5000 nm. The vast majority of pore-throat sizes are, however, between 3 

nm and 100 nm. Some size curves display rare outliers in larger size classes. 

The shapes of the pore-throat-size distribution curves suggest that the mudrock 

specimens of the Conasauga Group are well compacted and have experienced burial 

depths in excess of 2.5 lan, based on comparison with other basinal mudrock sequences 

(Katsube and Williamson, 1994; 1995; Katsube et al., 1995). Furthermore, the 

distribution curves imply that the main fluid-transport pores (Katsube at al., 1992b) are 

likely accessed and connected by pore throats in the size range of 4 to 60 nm. This 

interpretation is based on comparison of porosity studies of basinal mudrock samples 

with permeability measurements and formation-factor determinations on the same 

samples (Katsube et al., 1991,1992b). 
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Fig. 14: Examples of pore-throat-size distribution curves 
displaying typical characteristics of Conasauga Group mudrock 
from the ORR. See text for discussion. 
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Following Katsube and Issler (1993), the geometric mean of the entire porethroat- 

size distribution of a specimen was calculated using the equation 

n 

i= l  

$a = partial effective porosity 
dHg = geometric mean of the entire 

pore-throat-size distribution 
d, = geometric mean of distinct poresize range 
n = number of distinct poresize ranges. 

The geometric means for specimens from the different sampling intervals are listed in 

Table 4. The maximum geometric mean value is 96.8 nm (sampling interval B3) and the 

minimum value is 18.1 nm (sampling interval C2). There is no trend with depth 

discernible from the data Gable 4). An exception is the Nolichucky Shale from the 

Copper Creek thrust sheet (core Wol-1) which displays a decrease of geometric mean 

value-with depth. This trend is based, however, on only four measurements. 

The reported data on measured pore-throat sizes and their distribution may be 

useful for evaluating whether pore throats are able to exclude or retard certain 

con taminant species from accessing the interconnected pore space of the mudrock 

matrix through diffusion. Contaminant species larger or of nearly the same size as the 

dominant entry pore-throats/connecting pore throats might be forced to continue their 

journey by advective transport,within the interconnected fracture network of Conasauga 

Group mudrock. Even contaminant speaes smaller than the reported dominant pore- 

throat sizes might be slowed considerably in invading the interconnected pore space, 

because the narrow physical confines of these pore throats (and their effect on the 

adsorbed molecular layers of water) will influence the diffusion characteristics of the 

respective contaminant species. For comparison, hydrated radii of common ions are 

smaller than 0.5 nm (Nightingale, 19591, much smaller than the most common porg 

throat sizes obtained from Conasauga Group mudrock. Ion pairs, chelated organic 

compounds and colloids, however, will be larger (J. E McCarthy and P. M. Jardine, pers. 

corn.), and their behavior within the matrix pore-space should be evaluated. 
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Table 4: Summary of geometric means (dHg) 
calculated from pore-throat-size distribution data obtained 
through mercury pornshetry. 

Al-a 

A2-a 

A3-a 

A4a 

A5-a 

A6-a 

A7-a 

A8-a 

A9-a 

Al0-a 

All-a 

A12-a 

A13a 

A14a 

A15-a 

A16-a 

A17-a 

Al8-a 

A19-a 

A20-a 

A21-a 

A22-a 

A23-a 

A24a 

A25-a 

30.5 

24.5 

51.3 

33.9 

40.7 

19.2 

49.3 

35.9 

41.1 

38.7 

26.2 

66.5 

31.9 

51.2 

25.4 

42.7 

56.6 

51.9 

58.2 

38.0 

23.1 

49.8 

Maryville Ls. 

Maryville Ls. 

Maryville Ls. 

Maryville Ls. 

Rogersville Sh. 

Rogersville Sh. 

Rogersville Sh. 

Rutledge Ls. 

Pumpkin V. Sh. 

Pumpkin V. Sh. 

Pumpkin V. Sh. 

Pumpkin V. Sh. 

Nolichucky Sh. 

Nolichucky Sh. 

Nolichucky Sh 

Nolichucky Sh. 

Nolichucky Sh. 

Nolichucky Sh. 

Nolichucky Sh. 

Nolichucky Sh. 

Nolichucky Sh. 

Nolichucky Sh. 

B1-a 

B2-a 

B3-a 

B4-a 

B5-a 

B6-a 

B7-a 

B8-a 

B9-a 

B10-a 

C2-a 

C3-a 

C4-a 

C5-a 

CGa 

C7-a 

C8-a 

96.8 

41.5 

49.1 

30.9 

5Q.O 

51.1 

50.4 

18.1 

27.2 

23.3 

33.3 

Nolichucky Sh. 

Nolichucky Sh. 

Nolichucky Sh. 

Nolichucky Sh. 

Maryville Ls. 

Rutledge Ls. 

Pumpkin V. Sh. 

Maryville Ls. 

Rutledge Ls. 

Rogersville Sh. 

Rogersville Sh. 
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EFFEC"E POROSITY DATA 

Immersion-Saturation Method 

F&y-six reliable effective porosity values were determined with the immersion- 

saturation method. These measurements cover all mudrockdominated stratigraphic 

units of the Conasauga Group from both the Whiteoak Mountain and Copper Creek 

thrust sheets. Five reliable measurements were obtained from cylindrical specimens 

(Appendix IU), whereas the other 51 reliable measurements were obtained from 

irregularly shaped specimens (Appendix IV). The accuracy of the immersion-saturation 

measurements is estimated to be within 10% of the reported value. 

A good to excellent match between results based on cylindrically shaped and 

irregularly shaped specimens is apparent from sampling intervals where both types of 

specimen were tested (Figure 15; Appendices ID, IV; sampling intervals Al, B10, C7). 

Multiple reliable data from irregularly shaped specimens are available for 11 sampling 

intervals (Appendix IV). In general, there is an excellent correspondence between the 

different measurements within the same sampling interval (Appendix IV, Figure 151, 

with the difference between the maximum and minimum measured effective porosity 

value@) ranging from 0.13 to 1.87%. The exceptions are sampling interval Al, with a 

considerable difference of 6.18%, and interval A17, with a difference of 4.15% 

(Appendix IV, Figure 15). 

The effective porosity values cluster between 9% to 12% (Figure 161, with a mode 

at 11 to 12%. Values tail off sharply to both sides from this cluster. A smaller 

secondary mode is developed at 5 to 6% (Figure 16). Maxim* and minimum measured 

values are 15.87% and 3.67% respectively (Appendices El, IV). 

The mean value of effective porosity is 9.90 (&2.62)% Uable 5). The mean for 

the data (n = 39) from the Whiteoak Mountain thrust sheet is slightly higher (10.61%) 

with a smaller standard deviation of 1.95% (Table 5). This indicates a smaller scatter of 

the data (Figure 251, especially when the wider range of values for sampling interval A1 

is disregarded. The mean effective porosity value for specimens from the Copper Creek 

thrust sheet is lower with 8.3% (n = 17). The standard deviation, however, is higher 

(3.33%) (Table 51, emphasizing the wider scatter of effective porosity data within the 

Copper Creek thrust sheet (Figure 15). 
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Table 5: Some statistical measures of effective 
porosiv obtained with the immersion-saturation method. 
Abbreviations: WOM = Whiteoak Mountain thrust sheet; 
CC = Copper Creek thrust sheet; x = arithmetic mean; sx = 
standard deviation; n = number of specimen analyses. 
Note: statistical measures were calculated for all 
stratigraphic units, for the sake of completeness, even if 
the data base was too small (rendering some statistical 
measures statistically unreliable). 

x sx 

All units WOM+ CC 9.90 2.61 

WOM 10.60 1.95 

cc 8.27 3.33 

Nolichucky Sh WOM + CC 11.08 2.39 

WOM 11.29 1.93 

cc 10.52 3.53 

MaryvilleLs WOM+CC 9.64 2.86 

WOM 9.97 2.66 

cc 8.56 3.84 

Rogersville Sh WOM + CC 9.08 2.43 

WOM 10.72 0.76 

cc 7.02 2.21 

Rutledge Ls WOM + CC 7.96 1.53 

WOM * 9.28 0.16 

cc 6.64 0.28 

Pumpkin WOM+ CC 8.95 2.49 

Valley Sh WOM 10.18 1.19 

cc 5.25 0.14 

n 

56 

39 

17 

22 

16 

6 

13 

10 

3 

9 

5 

4 

4 

2 

2 

8 

6 

2 
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Mean effective porosity data are highest within the Nolichucky Shale in both 

thrust sheets. A steady decline in mean effective porosity is discernible with increasing 

stratigraphic age within the Copper Creek thrust sheet. Notice, however, the often small 

sample number on which this trend is based. The trend cannot be observed within the 

Whiteoak Mountain thrust sheet (Table 5). A further discussion of these observations 

will be presented in the chapter 'Effective Porosity and Depth.' 

Mercury Porosimetry 

Thirty-three measurements of effective porosity with mercury porosimetry are 

available, covering all mudrock-dominated stratigraphic units of the Conasauga Group 

within the Whiteoak Mountain and Copper Creek thrust sheets (Table 6). The results 

are tabulated in Appendix VI. The data used for evaluation are the @Hg,-values, which 

correspond to pore space accessed through pore throats 510 p. This is based on the 

inference that the a~~2-va lues  (pore space accessed through pore throats B O  p) are 

more likely to contain measurement errors (Katsube and Issler, 1993). As expected, the 

@Hgrvalues are consistently slightly higher than the $Hg,-values, the deviation ranging 

from 0.3% to 1.9%. The accuracy of the measurements is estimated to be within 10 to 

20% of the measured value. 

The effective porosity data display a strongly unimodal distribution with a 

modal value at 3 to 4% (Figure 17). Significant are the consistent relatively low values 

with a mean for all specimens of 3.8% with a small standard deviation of 0.7%, 

indicating a very small scatter of the data. The narrow range of measured effective 

porosity values, with a minimum of 3.0% and a maximum of 5.2%, for all  stratigraphic . 

units from both thrust sheets is shown in the scatter plot (Figure 18). 

Helium Porosimetry 

Effective porosity data based on helium porosimetry are derived from exactly 

the same sampling intervals as the data based on m e r q  porosimetry, providing for a 

total of 33 measurements. The results of effective porosity measurements based on 

helium porosimetry are tabulated in Appendix VII. As for mercury porosimetry, the 

accuracy of the measurements is estimated to be within 10 to 20% of the measured 

value. 



Table 6: Some statistical measures of effective 
porosity obtained with mercury porosimetry. 
Abbreviations: WOM = Whiteoak Mountain thrust sheet; 
CC = Copper Creek thrust sheet; x = arithmetic mean; sx = 
standard deviation; n = number of specimen analyses. 
Note: statistical measures were calculated for all 

stratigraphic units, for the sake of completeness, even if 
the data base was too small (rendering some satistical 

measures statistically unreliable). 

X sx n 

All Units WOM + CC 3.8 0.7 33 

WOM 3.7 0.7 22 

cc 3.9 0.7 11 

Nolichucky Sh WOM + CC 4.0 0.7 14 

WOM 3.9 0.7 10 

cc 4.2 0.8 4 

MaryvilleLs WOM+CC 

WOM 

cc 

Rogersville Sh WOM + CC 

WOM 

cc 

Rutledge Ls WOM + CC 
WOM 

cc 

Pumpkin WOM+ CC 

Valley Sh WOM 

cc 

3.6 0.7 6 

3.8 0.8 4 

3.3 0.2 2 

3.9 0.6 5 

3.6 0.7 3 

4.4 0.2 2 

3.6 0.8 3 

2.9 1 

4.0 0.7 2 

3.5 0.6 5 

3.6 0.7 4 

3.2 1 
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Fig. 17: Frequency distribution of 
effective porosity values based on mercury 
porosimetry. 
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Fig. 18: Scatter plot of effective porosity data obtained with 
mercury porosimetry. 
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Significant is the bimodal distribution of the values, with one mode centered at 3 

to 4% and the second mode centered at 10 to 11% (Figure 19). Overall, there is a 

considerable spread in the data ranging from a minimum value of 29% to a rnaximm 

value of 19.2%, although the vast majority of data clusters from 3% to 13% (Figures 19, 

20). The mean based on all data is 8.1 (st4.3)%. The standard deviations for the data 

from the Whiteoak Mountain (n = 22) and Copper Creek (n = 11) thrust sheets are 

similarly large (4.4% vs. 4.1%), with respective means of 8.7% and 6.9% (Table 7). The 

large spread in the data within stratigraphic units makes it imperative to look at the raw 

data (Appendix VII). For example, within the Whiteoak Mountain thrust sheet, data 

from the Maryville Limestone show a good accordance (n = 4) whereas data from the 

Nolichucky Shale display a bimodality of values ~ 5 %  and 210%. 

n=33 

6 

4 

2 

0 

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 :  2 

Fig. 1% Frequency distribution of effective 
porosity values based on helium porosimetry. 
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Fig. 20: Scatter plot of effective porosity data obtained with 
helium porosimetry. 

Radial Diffusion-Cell Method 

Only two effective porosity results are available using the radial diffusion-cell 

method due to problems preparing adequate core segments. Both were obtained from 

corehole 0.5MW012A from the Copper Creek thrust sheet. Effective porosities are 6.0% 

for specimen C8-d from the RogersviIle Shale, and 7.3% for specimen C6-d from the 

Maryville Limestone. 



Table 7: Some statistical measures of effective 
porosity obtained with helium porosimefry. Abbreviations: 
WOM = Whiteoak Mountain thrust sheet; CC = Copper 
Creek thrust sheet; x = arithmetic mean; sx = standard 
deviation; n = number of specimen analyses. Note: 
statistical measures were calculated for all stratigraphic 
units, for the sake of completeness, even if the data base was 
too small (rendering some statistical measures statistically 
unreliable). 

x sx n 

All Units WOM+ CC 8.1 4.3 33 

WOM 8.7 4.4 22 

cc 6.9 4.1 11 

Nolichucky Sh WOM + CC 
WOM 

cc 

Maryville Ls WOM + CC 

WOM 

cc 

Rogersville Sh WOM + CC 

WOM 

cc 

Rutledge Ls WOM + CC 

WOM 

cc 

Pumpkin WOM + CC 

Valley Sh WOM 

cc 

7.0 3.8 14 

7.1 4.3 10 

6.1 3.4 4 

10.2 4.0 6 

10.5 2.2 4 

9.7 8.1 2 

11.8 5.5 5 

14.5 4.1 3 

7.8 5.7 2 

5.5 2.1 3 

5.1 1 

5.7 3.0 2 

6.7 3.2 5 

7.5 3.1 4 

3.5 1 
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Comparison of Effective Porosity Data 

Effecti.oe Porosity. In general, effective porosity values obtained with the 

immersion-saturation method are consistently high, whereas data generated with 

mercury porosimetry are consistently low. Effective porosity values obtained with 

helium porosimetry show a distinct dichotomy of low and high values (Table 8). Several 

characteristic data triads can be identified (Figures 21,221. Data triads refer to 

effective porosity values obtained for the same sampling interval with helium 

porosimetry, mercury porosimetry and the immersion-saturation method. 

high (some medium high) and corresponding effective porosity values based on the 

immersion-saturation method and helium porosimetry, accompanied by low effective 

porosity values based on mercury porosimetry (Table 8; Figures 21,Z). The type I data 

triad is exemplified by values from sampling intervals A3, All, A17, and B7. 

This pattern can be explained by the fact that the mercury porosimeter is limited 

to mercury intrusion-pressures which correspond to a minimum accessible pore-throat 

size of 3 nm Apparently, much pore space is sheltered behind access pore-throats of 

sizes <3 nm. In contrast, water (immersion-saturation method) and helium (helium 

porosimetry) are believed to be able to access all pores and pore throats (Katsube, 1992; 

Issler and Katsube, 1994). A large number of pore throats are c3 nm either through 

compaction or, more likely, because of diagenetic overprint with cement coating the 

surfaces of pore throats and thereby narrowing the connecting and access paths to 

pores. Furthermore, the fact that the analyzed mudrock specimens appear to be well 

compacted (based on the pore-throat-size distribution curves) but yield high effective 

porosity values (helium porosimetry, immersion-saturation method) might also point 

toward the possibility that the specimens contain secondary dissolution pores, 

connected by pore throats <3 nm. The values based on the immersion-saturation 

method and helium porosimetry most likely approach the true effective porosity of the 

analyzed sampling interval. 

on helium porosimetry, the immersion-saturation method, and mercury porosimetry (e. 

g., sampling intervals B3, BlO; Table 8; Figures 21,221. This observation can be 

explained by an absence of interconnected pore space accessed by pore throats <3 nm. 

Type 11 data triads can be interpreted as a final stage in the development from type I 

data triads with continuing cementation, whereby much of the connecting pore throats 

are occluded. Should this interpretation be correct, the possibility of significant isolated 

The type I data triad appears to be the most common form. It is characterized by 

. 

The type 11 data triad displays a low and congruent effective porosity value based 
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Table 8: Summary overview of effective porosity values for Conasauga Group 
mudrock from the ORR. Effective porosity Q is given in %; subscripts He, Hg, 11, I2, 
and wm refer to helium porosimetry, mercury porosimetry, the water-immersion 
method (I: irregularly shaped specimens, 2 cylindrically shaped specimens), and 
the radial diffusion-cell method, respectively. The asterisk denotes averaged 
effective porosity values (water-immersion method) for sampling intervals where 
several reliable specimens were available. 

A1 

A2 
A3 
A4 

A5 
A6 

A7 

A8 

A9 
A10 

Al l  

A12 

A13 
A14 

A15 

A16 

A17 

A18 

A19 

A20 

A21 
A22 
A23 
A24 
A25 

Bl 
B2 

B3 
B4 
B5 

B6 
B7 
B8 
B9 
BIO 

0 
C3 
c 4  

c5 
a 
c7 
c8 

41.07 

67.18 

80.52 

95.86 

114.53 

138.73 

163.12 

165.56 
45.95 

6533 
90.73 

102.97 

130.71 
130.76 

187.83 

44.45 

5827 

8029 
99.8 

109.53 
151.59 
15827 

171.86 

181.14 
201.19 

12.04 

12.95 
26.67 

38.41 

57.38 

81.43 

99.9 
243.84 

320.09 
352.6 

51.44 

148.1 
83.1 
118.1 

38.34 

135.13 

138.83 

11.4 

127 
102 

7.6 

11.5 
12.7 

192 

5.1 
9.3 

10.7 

63  

3.8 
9.9 

12.2 
32  

2.9 

4.9 
39  

4.7 

14.7 

4.1 
10.4 

4.4 
53 
6.0 

10.9 

15.4 

7.8 
3.5 

3.9 

3.6 
11.8 

3.7 

3.8 

4.9 

3.1 

3.4 

3.0 

3.5 
4.4 

2.9 
3.8 

3.0 

4.5 

3.1 

2 7  

3.4 

3.8 

4.3 
4 3  

4.0 

5.1 
4 2  

3.7 

3 2  

4 2  

4.1 
52 

3 2  

3.4 
3.5 

3 2  

3.1 

4.5 

4 2  

4.5 

7.6F 7.08 
11.4T 
11.83* 

11.51 
1o.w 
11.03* 
9.75 
9.16 

9.39 

924* 

1035 
11.41 

9.43 

11.44 

9.46* 

11.52* 

l2.04* 
1329 
15.87 
9.16 

11.60 
11.95 

11.74 
10.57 

13.W 

3.67 

10.81* 

11.80 

7.43 

6.84 
535 

1284 
6.44 
458 

9.59 

7.97 

5.15 

5.41 

5.94 

7.3 

6.0 
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Fig. 21: Plot of effective porosity based on different petrophysical techniques to show the 
characteristics of the different data triads (I = type-I data triad, I1 = type-I1 data triad, I11 = type-I11 data 
triad, IV = type-IV data triad). The type-I data triad is represented by two examples - one with high 
effective porosity and one with lower effective porosity values (based on helium porosimetry and the 
immersion-saturation method). Sampling intervals are indicated on horizontal axis. 
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:1 

effective porosity ph] 
(immersion-saturation method) 

Fig. 22: Discrimination diagram to differentiate data triads. 
Effective porosity based on helium porosimetry is plotted against 
effective porosity based on the immersionsaturation method. Data 
points group into fields representing type-I 0, type-II (II), type-III 0, 
and type-IV (IV) data triads. Mercury-porosimetry values are neglected 
because they consistently fall between 2.7 and 5.2%. 



5 2  

pore space diagenetically decoupled from the interconnected pore space exists. 

Alternatively, the type II data triad can be seen as the 'initial situation' after 

cementation, with secondary dissolution increasing the effective porosity to the level of 

the type I data triad, but retaining a predominance of pore throats Q nm. Type I data 

triads with medium high effective porosity values generated with helium porosimetry 

and the immersion-saturation method, which are closer to the low mercury porosimetry 

values (e. g., sampling interval B9), might constitute an 'intermediate stage' between the 

end members of type I and type 11 data triads. 

effective porosity based on the immersion-saturation method and a low value based on 

mercury porosimetry (same as for the type I data triad), but with a low value based on 

helium porosimetry which is as low as (or lower than) the mercury-porosimetry value 

(Table 8; Figures 21,22). This pattern might indicate a problem with helium 

porosimetry. This interpretation is supported by the fact that some helium-porosimetry 

values are smaller than mercury-porosimetry values for the same sampling interval (e. g., 

sampling intervals A18, A19). Furthermore, type III data triads alternate with type I 

data triads with both types of data triads displaying similar effective porosity values 

based on the immersion-saturation method throughout the corehole, indicating the 

deviating nature of the helium-porosimetry data of the type III data triads (e. g., 

Nolichucky Shale of the Whiteoak Mountain thrust sheet). 

Another problematic set of helium-porosimetry data are encountered in sampling 

intervals where helium-porosimetry data are much higher than accompanying immersion- 

saturation data (e. g, AS, B8, C4). These type N data triads can be interpreted as type I 

data triads with helium-porosimetry data deviating at the higher end (Figures 21,22). 

There might be the possibility that small cracks developed within some of the analyzed 

specimens, as was observed during experiments with the immersion-saturation method, 

and that this induced porosity was measured and added to the specimen effective 

porosity. Differential cementation within the same sampling interval could also serve as 

an explanation for the apparently anomalous helium-porosimetry data. Specimens 

within sampling intervals were chosen, however, from homogeneous mudrock intervals 

based on macroscopic criteria. The immersion-saturation values most likely approach 

the true effective porosities for sampling intervals exhibiting type 

triads. 

The typical type III data triad displays a high (or some medium high) value of 

or type IV data 

Overall, the diverse effective porosity data combined with the quantitative 

information on pore-throat sizes emphasize the apparent importance of the chemical 

diagenetic history of the Conasauga Group for mudrock pore-characteristics. 
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Cementation appears to be important, and may be even pervasive, together with 

dissolution. The pore connectivity most likely will not be very good. This interpretation 

is based on unpublished data (T. J. Katsube) which show that cementation has a very 

negative effect on pore connectivity. Mudrock exhibiting the same degree of compaction 

and the same values of porosity can display marked differences in pore 

connectivity/permeability, with cemented mudrock showing much lower pore 

connectivity/permeability than uncemented mudrock. However, a more solid 

interpretation of the influence of chemical diagenesis on the pore characteristics of the 

Conasauga Group mudrock requires further study, especially the use of optical analysis 

fechniques (SEM, TEM, and quantitative image analysis). This is especially true for 

deciding whether type I data tiads developed from type II data triads through 

secondary dissolution or whether type 11 data triads developed from type I data triads 

through progressive cementation. 

Effective porosity values generated with the radial diffusioncell method should 

be considered separately because of the large difference in analyzed mudrock volume. 

Nevertheless, the values of 6.0% for specimen C8-d and 7.3% for specimen C6-d match 

well with immersion-saturation effective porosities from the same core. Both specimens 

appear to be well cemented and solid, with specimen C8-d displaying abundant 

bioturbation. 

There are, however, several aspects which might shed some negative light on the 

results. The rubber sealing may not be good enough to completely insulate the specimens 

(K. Novakowski, pers. comm., 1995). Furthermore, it is not certain that all of the 

specimen material was saturated at the start of the experiments. Fluid might have been 

lost during storage time (despite plastic wrap and aluminum sealing) between core 

retrieval and experiments and/or from the rims of the core segments during the heat 

shrinking process to put on the rubber seal. The results might also be biased toward the 

core segments which were best cemented and were the only ones solid enough to 

withstand the preparation process. 

Effective Purusify and Depth. A typical characteristic of basinal mudrock is the 

exponential decrease in porosity with depth, mainly through compaction (e. g., Rieke 

and Chilingarian, 1974; Katsube and Williamson, 1995). At burial depths in excess of 2 

km the decrease in porosity is small. Recent studies (e. g., Katsube and Williamson, 

1994; 1995) suggest that maximum compaction of mudrock is approached at the critical 

depth of burial (CDB) at about 2.5 to 3.0 km. According to these studies, while 

porosity will rapidly decrease with depth until the CDB, porosity will show little 

. 
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decrease or may even show a slight increase with depth at burial depths greater than the 

CDB (Katsube and Williamson, 1994; 1995). The burial depth of the Conasauga Group 

mudrock on the ORR is estimated as (at least) 4 km (Foreman, 1991; P. Lemiszki, pers. 

comm.) suggesting that the mudrock should have reached the CDB for the Conasauga 

basin. 

Figure 23 shows the effective porosity values obtained by mercury porosimetq, 

helium porosimetry and the immersion-saturation method with depth in coreholes from 

the Whiteoak Mountain thrust sheet. Rather than a continuous corehole through all 

formations of the Conasauga Group, several coreholes had to be used to cover the 

targeted stratigraphic interval (Figure 6). For each of the coreholes the depth interval 
' 

characterized in terms of effective porosity is small reaching a maximum of 150 m. The 

depths shown on the figure represent present depth below ground surface following 

structural and erosional uplift since the Permian and not the original burial depth. The 

uniformly low mercury-porosimetry values again highlight the notion that much pore 

space is shielded by pore throats <3 nm, which cannot be accessed with the currently 

available mercury porosimeters. Helium-porosimetry values in general either match 

immersion-saturation data reasonably well or are much lower. Immersion-saturation 

data do not show a trend of decreasing porosity with depth conforming to expectations 

for mudrock buried to a depth of 4 km or more. The data from corehole GW-132 might 

even suggest an increase in effective porosity with depth, but the analyzed depth range 

spans only 142 m rendering this interpretation questionable. 

Figures 24 and 25 show effective porosity-versus-depth plots for coreholes Wol- 

1 and 0.5MW012A from the Copper Creek thrust sheet. The depth intervals from which 

specimens were available span 340 m for corehole Wol-1 (Figure 24) and only 100 m for 

corehole 0.5MW012A (Figure 25). In contrast to the data from the Whiteoak Mountain 

thrust sheet, the two plots from the Copper Creek thrust sheet display an apparent 

decrease in effective porosity with depth based on immersion-saturation data. This 

raises the question why these mudrock specimens, which have experienced burial of 4 

km or more, show this steady decrease in effective porosity based on the immersion- 

saturation method, but not on helium and mercury porosimetry. 

replacement of some cement in the mudrock, and at least part of that replaced cement 

has dissolved during the immersion-saturation experiments to determine effective :. 

porosity in the laboratory. If the degree of replacement increases toward the present 

day surface, the effective porosity determined by this method is likely to show a steady 

decrease with depth, as displayed in Figures 24 and 25, until the amount of replacement 

A possible explanation to this question is that meteoric water has caused 
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cement is zero. Analysis of mudrock texture, using for example SEM, light microscopy, 

and X-ray diffraction, is necessary to test this hypothesis. Low effective porosity values 

based on the immersion-saturation method from sampling intervals close to the present 

day surface might reflect pervasive cementation indicative of type II data triads (eg., 

Figure 24, sampling interval at 27 m). Meteoric diagenetic effects might have 

preferentially affected type I data triads with the higher effective porosity values. 

Loss of replaced meteoric cement during immersion-saturation experiments might 

also explain the effective porosity values of 13 to 16% (Figures 15,23,24,25; Appendix 

IV) that seem rather high for mudrock specimens that have experienced such burial 

depths (Katsube et al., 1991,1992a; Katsube and Williamson, 1994). High effective 

porosity values (>lo %) based on the immersion-saturation method have to be 

considered close to accurate, however, if they are corroborated by matching values 

based on helium porosimetry (Figures 23,24). 

Summa y of Effective Porosity of Conasauga Group Mudrock. Effective porosity 

values determined from mudrock specimens of the Conasauga Group are higher than 

previously measured W e n t  and Robertson, 1963; deLaguna et al., 1968; Goldstrand 

and Menefee, in preparation; Tables 1 and 8) or assumed (Toran et al., 1995) values. 

In situ effective porosity will be somewhat less than the values reported in this 

study because of the existing confining pressure at depth. The deviation from the 

reported values must be considered small, however, because Conasauga Group mudrock 

experienced a thorough lithification. Furthermore, the retrieval depth of the analyzed 

specimens was less than 400 m thus minimizing the potential effect of porosity increase 

due to loss of confining pressure (Katsube and Williamson, 1994; Katsube et al., 1996). 

In general, reported values of effective porosity based on the immersion- 

saturation method are considered to most accurately approach the true values of 

effective porosity of the analyzed specimens. However, the possible loss of replaced 

meteoric cement during immersion-saturation porosimetry, presented to explain the 

anomalous porosity-versus-depth trends in coreholes from the Copper Creek thrust 

sheet, implies that these effective porosity values must be considered as maximum 

values. The mean effective porosity of 9.90% for Conasauga Group mudrock on the 

ORR based on the immersion-saturation method should be corrected to a slightly lower 

value reflecting the possibility of cement loss during the laboratory measurements. This 

is especially true for individual immersion-saturation data from sampling intervals dose 

to the present day surface and for specimens whose effective porosity is not 

independently corroborated by helium-porosimetry data. 
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While the concept of replaced cement must remain speculative in the absence of 

data on mudrock texture, it could have important implications if it were true. For 

example, will the chemical characteristics of the contaminated water migrating through 

the waste-disposal facilities have an effect on the cementation of the mudrock? If it 

does, will it have a dissolving or enhancing effect on the cementation? If it has such 

effects would it increase or decrease effective porosity and thereby influence the 

retardation capacity of the mudrock? The potential impact of the chemical 

characteristics of contaminated water on the porosity of the surrounding rock is 

unknown at this time. 
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COMPARISON OF PETROPHYSICAL TECHNIQUES 

The immersion-saturation method is judged to be appropriate for determining the 

effective porosity of Conasauga Group mudrock, although there was much loss of rock 

material during experiments and during preparation of some specimens. It is the most 

inexpensive of the methods used during the research project. Furthermore, the method is 

simple, not too time consuming, and was easily installed in one of the laboratories at the 

Environmental Sciences Division. It has the further advantage that the specimens can be 

observed and studied following the different procedural steps, thus increasing the 

likelihood that only intact (or judged to be intact) specimens are used. The method 

reguires some experience for inspecting the specimens following each procedural step 

and for judging the reliability of the results. Repeat measurements on specimens from 

the same sampling interval are recommended and very often are necessary because many 

of the specimens do not survive the procedural steps intact. Reliable data from 

specimens of cylinder shape require much effort to obtain in contrast to reliable data 

from specimens of irregular shape. Cylindrically shaped specimens are difficult to 

acquire from the mudrodc-dominated stratigraphic units of the Conasauga Group and 

often do not preserve their exact volume during the experiments. For calculation of 

reliable effective porosities based on specimens of irregular shape accurate data on 

specimen bulk-densities are indispensable. These data should be gathered with state-of- 

theart petrophysical measurement techniques, such as mercury immersion. 

Mercury porosimetry is by far the most expensive petrophysical measurement 

technique used in this research project. Because of the nature of the Conasauga Group 

mudrock specimens and the mechanical limitations of the currently available mercury 

porosimeters, mercury porosimetry tended to underestimate effective porosity for the 

majority of the sampling intervals. The method provided, however, important data on 

pore-throat sizes and their distribution, and required data on specimen bulk-density. 

Helium porosimetry is a less expensive method than mercury porosimetry. It 

proved valuable in conjunction with the immersion-saturation method to characterize 

the effective porosity of mudrock from the Conasauga Group. There were, however, 

deviating values (generally too low, in a few cases too high) which might indicate 

possible analytical problems. 

characterizing the pore characteristics of Conasauga Group mudrock from the ORR. 

These methods provide a powerful set of complementary techniques to investigate and 

clarify the pore-space characteristics of fine-grained siliciclastic rocks. Overall, 

In general, all three analysis techniques constituted a highly useful combination in 
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however, with the emphasis on determination of effective porosity for this research 

project, the immersion-saturation method should be given preference based on the 

reliability of the results and the analysis costs. For a detailed characterization of the 

pore-space characteristics of fractured mudrock and for predictive purposes, all three 

petrophysical techniques should be combined and augmented by petrographical 

methods (SEM, EM, polarizing microscope). 

The usefulness of the radial diffusion-cell method is currently limited by the type 

and nature of the specimens available from the Conasauga Group. Furthermore, some 

aspects of the experimental set up may have to be reconsidered. The method, however, 

should be tested further provided that more and better suited specimens become 

available through future drilling campaigns. The use of solutes with this method has the 

potential to better mimic the behavior of contaminants within the interconnected pore 

space of mudrock specimens. 
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CONCLUSIONS 

1. In order to quantify effective porosity for mudrock of the Conasauga Group 

several petrophysical techniques were employed, including the immersionsaturation 

method, helium porosimetry, mercury porosimetry, and the radial diffusion-cell method. 

The latter technique is novel and is currently in its experimental stages, whereas the first 

three methods are commonly used for reservoir core-analysis in the petroleum industry. 

Apart from effective porosity, the experiments yielded quantitative data on specimen 

grain-densities, specimen bullc-densities, and the size of pore throats and their 

distribution. 

2. Effective porosity values for mudrodc-dominated stratigraphic units of the 

Conasauga Group on the ORR (Table 9) are significantly higher than previously 

measured (reported to range between 0.1% and 3.4%) and assumed values. The mean 

value of effective porosity measured with the immersion-saturation method is 9-90 

(k2.61)% based on a total of 56 measurements. Helium porosimetry yielded a mean 

effective porosity value of 8.1 (st4.3>% based on 33 measurements. However, there is a 

considerable spread in the data. Data generated with mercury porosimetry display a 

mean of 3.8% with a standard deviation of 0.7% (n = 33). The effective porosity data 

generated with the radial diffusion-cell method (7.3%, 6.0%) compare favorably with 

values obtained with other methods from the same/adjacent core intervals. 

3. Overall, effective porosity values based on the immersion-saturation method 

are considered to provide the most reliable measures of effective porosity of Conasauga 

Group mudrock. The results have to be considered as maximum effective porosity 

values, because in situ conditions were not simulated and because of a possible loss of 

Table 9: Summary of petrophysical data of mudrock from the 
Conasauga Group on the ORR Abbreviations: Sampl. I. = sampling interval 
from which specimens were removed; Depth = drill depth below ground surface; 
@He = effective porosity measured with helium porosimetry, @Hg = effective 
porosity measured with mercury porosimetry, $1 = effective porosity measured 
with the immersionsaturation method (1 - irregularly shaped specimens, 2 - 
cylindrically shaped specimens), @WM = effective porosity measured with the 
radial diffusion-cell method, dHg = geometric mean of pore-throat-size 
distribution, SHe = specimen endensity, 6Hg = specimen bulk-density, Strat. 

Unit = stratigraphic unit. Asterisk indicates that the value is an average of 
several values for this sampling interval. 

.' 
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replaced meteoric cement during analysis. The possible influence of these two factors on 

the reported effective porosity values is considered to be small. 

4. Comparison of effective porosity data from the same sampling intervals 

reveals the presence of distinct types of data triads (a data triad encompasses helium 

porosimetry, mercury porosimetry and immersion-saturation data from the same 

sampling interval). Type I data triads are the most common form and display high and 

congruent effective porosity values based on the immersion-saturation method and 

helium porosimetry with low values based on mercury porosimetry. This can be 

explained with the fact that the mercury porosimeter is limited to mercury intrusion- 

pressures which comespond to a minimum accessible pore-throat size of 3 nm. 

Apparently, much pore space is sheltered behind access pore-throats of sizes e3 nm. A 

large number of pore throats are <3 nm either through compaction or, more likely, 

because of diagenetic overprint with cement coating the surfaces of pore throats thereby . 
narrowing the connecting and access paths to pores. The data might also indicate the 

presence of secondary dissolution pores sheltered by pore throats -3 nm. Type II data 

triads display low and congruent effective porosity values based on helium and mercury 

porosimetry and on the immersion-saturation method. This might be seen as a h a l  

stage in the development from type I data triads with continuing cementation, or as the 

initial stage following cementation before development of secondary dissolution pores. 

Type III and type IV data triads display very low and very high values of effective 

porosity, respectively, based on helium porosimetry. Otherwise, these data triads are in 

line with type I data triads. There is reason to believe that the deviating helium- 

porosimetry data might be inaccurate. 

5. Pore-throat-size distribution data show a range from 3 nm to 5000 nm, with a 

majority of sizes between 3 nm and 100 run. The minimum value is determined by 

equipment limitations. The curves are mostly unimodal (some bimodal) with the mode 

resting consistently within the 5 nm-size class. The geometric mean of pore-throat-sizes 

of sampling intervals ranges from 18.1 nm to 96.8 nm (Table 9). Data on measured 

pore-throat sizes and their distribution may be useful for evaluating the ability and 

extent of contaminant species to access the interconnected pore space of the mudrock 

matrix through diffusion. 

6. Data on specimen bulkdensity and specimen grain-density (Table 9) display 

a mean of 2.71 (standard deviation of 0.03 g ~ m - ~ )  and 277 g ~ m - ~  (standard 

deviation of 0.03 g ~ m - ~ ) ,  respectively, based on 33 measurements each. These data 

may be useful especially for geophysical surveys on the ORR. 
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7. The immersion-saturation method is considered appropriate in determining 

the effective porosity of Conasauga Group mudrock Mercury porosimetry 

underestimated effective porosity, whereas helium porosimetry provided useful effective 

porosity data, although for part of the data set analytical problems must be suspected. 

All three analysis techniques combined, however, provide a powerful set of methods to 

investigate and clarify the pore-space characteristics of fine-grained siliaclastic rocks. 

The usefulness of the radial diffusioncell method is currently limited by the type and 

nature of the specimens available from the Conasauga Group. 
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APPENDIX I: Notation System Of Sampling Intervals And 

Specimens 

Sampling intervals are coded with a capital letter immediately followed by a 

number (e.g, A17). Several specimens are available from each sampling interval for the 

different petrophysical measurements. A suffix following the sampleinterval code 

indicates for which petrophysical technique the specimen was used. 

Sampling Intervals 

Code A samples are from coreholes GW-132, GW-133, and GW-134 from the 

Code B: samples are from corehole Wol-1 from the Copper Creek thrust sheet; 
Code C samples are from corehole BechtelO5.MWOlZA from the Copper Creek thrust 

Whiteoak Mountain thrust sheet; 

sheet (WAG 5). 

The GW-cores and the Wol-1 core are available in the corebarn (Building 7042 at 

X-IO), whereas the Bechtel core 05.MW012A is stored at the Bechtel field office at X-10. 

The number following the code letter simply indicates the numbered sample interval 

from the respective cores. More detail on the sampling intervals (drill depth, 

stratigraphic units) is provided in Appendix II. 

Specimens from Sampling Intervals 

Specimens with the suffix -a, -b, or -c are irregularly shaped chips, whereas 

specimens with the suffix -e are cylinders. Specimens generally weigh between 3 to 10 g. 

Suffix -a: denotes chips used for mercury porosimetry; 
Suffix -b denotes chips used for helium porosimetry; 
Suffix -c: denotes chips used for the immersion-saturation method; 
Suffix -a: denotes additional chips used for the immersion-saturation method; 
Sufi -d denotes larger core segments which were used to obtain core plugs; also 

material used for radial diffusion-cell method (when appropriate); 
Suffix -e: denotes cylindrical core-plug segments (commonly drilled from specimen d) of 

known volume used for the immersion-saturation method. 
Sufi -er: denotes additional cylindrical core-plug segments of known volume used for 

the immersion-saturation method. 

The number attached to some suffixes denotes that there were more than one 

specimen available for analysis (usually for the immersion-saturation method). 
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APPENDIX II: Sampling Intervals 

Summary information on sampling locations of specimens: designation of 

sample (intervals), cores and core-box numbers, drill depths, and 

stratigraphic units. 
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Sampling Intervals 

Sample Core Drill Depth stratigraphic Unit 

A1 

A2  

A3 

A4 

A5 

A6 

A7 

A8 

A9 

A10 

A1 1 

A12 

A13 

A14 

A15 

A16 

A17 

A18 

A19 

A20 

A21 

A22 

A23 

A24 

A25 

B1 

B2 

B3 

B4 

B5 

B6 

B7 

B8 

B9 

B10 

a 
c3 
c4 
c5 

c6 

c7 

CB 

GW-133 (BOX 6) 

GW-133 (BOX 17) 

GW-133 (BOX 20) 

GW-133 (BOX 25) 

GW-133 (BOX 32) 

GW-133 (BOX 40) 

GW-133 (Box 48) 

GW-133 (BOX 49) 

GW-132 (BOX 6) 

GW-132 (BOX 13) 

GW-132 (BOX 21) 

GW-132 (BOX 26) 

GW-132 (BOX 35) 

GW-132 (BOX 35) 

GW-132 (BOX 35) 

GW-134 (BOX 12) 

GW-134 (BOX 17) 

GW-134 (BOX 24) 

GW-134 (BOX 30) 

GW-134 (BOX 34) 

GW-134 (BOX 47) 

GW-134 (BOX 50) 

GW-134 (BOX 54) 

GW-134 (BOX 60) 

GW-134 (BOX 64) 

Wol-1 (Box 3) 

Wol-1 (Box 3) 

Wol-1 (Box 8) 

Wol-1 (Box 12) 

Wol-1 (Box 18) 

Wol-1 (Box 27) 

Wol-1 (Box 34) 

Wol-1 (Box 84) 

Wol-1 (Box 111) 

Wol-1 (Box 123) 

0.5MWO12A (Betchel#6) 

0.5MW012A (Betchd #28) 

0.5MW012A (BetcheI#ll) 

0.5MW012A (Betchel #18) 

0.5MW012A (Betchel#2) 

0.5MW012A (Betchel#22) 

0.5MW012A (Bekhel#24) 

134'9" (41.07 m) 

220' 5" (67.18 m) 

264- 2" (8052 m) 

314' 6" (95.86 m) 

375'9" (114.53 m) 

455' 2" (138.73 m) 

535' 2" (163.12 m) 

543' 2" (165.56 m) 

150' 9" (45.95 m) 

214' 4" (65.33 m) 

297'8" (90.73 m) 

337' 10" (102.97 m) 

428' 10" (130.7l m) 

429' (130.76m) 

616'3" (187.83 m) 

145' 10" (44.45 m) 

191'2" (5827 m) 

2 m  5" (8029 m) 

327' 5" (99.80 m) 

359' 4" (109.53 m) 

497'4" (15159 m) 

519'3" (15827 m) 

563'10" (171.86 m) 

617'3" (181.14 m) 

660'1" (201.19 m) 

39' 6" (1204 m) 

42' 6" (1295 m) 

87' 6" (26.67 m) 

126' (38.41 m) 

188' 3" (57.38 m) 

267' 2" (81.43 m) 

32T 9" (99.90 m) 

327' 2" (99.72 m) 

800' (243.84m) 

1050' 2" (320.09 m) 

1156' 10" (35260 m) 

168' 10" (51.44 m) 

485' 8" (148.1 m) 

387' 7" (118.1 m) 

125' 8" (38.34 m) 

443' 5" (135.13 m) 

455' 6" (138.83 m) 

272' 6" (83.1 In) 

Maryville Ls. 

Maryville Ls. 

Maryville Ls. 

Maryville Ls. 

Maryville Ls. 

RogersviUe Sh 

RogersviUe Sh 

Rogersville Sh 

Rutledge Ls 

Rutledge Ls. 
Pumpkin Valley Sh 

Pumpkin Valley Sh. 

pumpkin Valley Sh. 
Pumpkin Valley Sh 

Pumpkinvalley Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolichucky Sh 

Nolihcky Sh 

Nolichucky Sh 

Nolichucky Sh 

Maryville Ls. 

Rutledge Ls. 

Pumpkin Valley Sh 

Maryville Ls. 

Rutledge Ls. 

Rogersville Sh 
Rogersville Sh 

MaryviUe Ls. 

Rogersville Sh 

RogersviUe Sh 
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APPENDIX III: Results - Immersion-Saturation Method 

(cylindrically shaped specimens) 

Summary of effective porosity data obtained from cylindrically shaped 

specimens with the immersion-saturation method. $n refers to effective 

porosity, h and d are specimen height/thickness and diameter, 

respectively, V refers to the calculated specimen volume. WSAT and 

WDRY refer to the measured weight of the water-saturated specimen and 

to the weight of the dried specimen, respectively, whereas AW gives the 

difference between the saturated and dry specimen weights. 'lost' refers 

to specimens which disintegrated during the experiments; '-' refers to 

unreported data, because the specimen was either lost, or displayed 

characteristics during the experiment which caused the 

measurements/calculations to be judged unreliable. 

Immersion-Saturation Porosimetry Data (cylindrical forms) 

A1-e 
A3-e 
A7-e 

A8-e 

A9-e 

AlO-e 

A12-e 

A15e 

B3-e 
B10-e 

C6-e 
C7-e 

5.36 25.29 
6.15 25.30 

10.25 25.28 

7.60 25.21 

5.72 25.32 

4.18 25.30 

10.48 25.28 

10.47 25.28 

10.89 25.27 

10.79 25.30 

27.10 9.32 

16.58 9.28 

2691.48 
3093.29 

5143.53 

3792.09 

2881.66 

2098.89 

5258.40 

5254.39 

5463.21 

5421.26 

1848.84 
1120.20 

7.24 
8.46 

14.01 

10.49 

7.80 

5.67 

lost 
lost 

14.92 

14.89 

4.91 

3.04 

7.05 0.19 7.08 
8.17 0.29 - 
13.56 0.45 - 
10.17 0.32 

7.50 0.29 

5.50 0.17 - 
- - - 

14.72 0.20 3.67 

14.61 0.28 5.15 

4.81 0.10 5.41, 

2.97 0.07 5.94 -. 
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APPENDIX Iv: Results - Immersion-Saturation Method 

(irregularly shaped specimens) 

Summary of effective porosity data obtained from irregularly shaped 

specimens with the immersion-saturation method; $11 refers to effective 

porosity values; W ~ A T  and WDRY refer to the measured weight of the 

water-saturated specimen and to that of the dried specimen, whereas AW 

gives the difference between the saturated and dry specimen weight; 6~~ 

refers to the bulk density of the specimen as determined by mercury 

porosimetry (used in calculating effective porosity); A refers to reliable 

values and B to values judged reliable (values in bold); u refers to 

unreliable values, 1 to specimens lost during the experiment, and S 

designates measurements where saline (NaC1) solution was used as a 

saturation liquid; the asterisk denotes effective porosity values which 

were calculated with an assumed bulk density ( 6 ~ ~  in italics) and not 

with a measured bulk density value from the specimen. 
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Immersion-Saturation Porosimetry Data (irregularly shaped specimens) 

Specimen wSATI&l WDRY @ AWIgl 6Hgka-31 @II [%I Comment 

Al-c 
A l a 1  
A l a 2  
A l a 3  
A2-c 
A2ul 
A 2 4  
A2u3 
A2a4 
A 2 - d  
A3-c 
A3Ul  
A3d2 
-3 
-4 
A4-C 
A k l  
A4-d 
A5-c 
A k l  
A 5 - d  
A6-C 
A 6 u l  
A6-d 
A k 3  
A k 4  
A6-d 
A7-c 
A 7 a l  
A 7 d  
A7u4 
A 7 d  
A8-C 
A k l  
A 8 4  
A8-d 

A9-c 
A9-d 
A 9 4  
A9-3 
AlOC 
A l k l  
AlO& 
AlOQZXX 
A1l-c 
A l l a l  
A l l 4  
All-cr3 
A l l a 4  
A l l 4  
A12-c 
A12al 
A 1 2 4  
A13-c 
A13-crl 
A 1 W  
A14-c 
A l k l  
A15-c 
A l k l  

7.3282 
3.6128 
3.0208 
4.2145 
7.9369 
3.9560 
4.1569 
24056 
1.m 
24795 
5.8927 
3.5571 
5.7556 
1.6112 
26748 
4.1075 
Iost 
1.8015 
8.6659 
lost 
25885 
7.5445 
3.8859 
4.4880 
5.5949 
3.8784 
4.7582 
5.3924 
3.0244 
4.6788 
4.2077 
3.0690 
8.7645 
4.2103 
6.4124 
5.4243 

8.5221 
4.0651 
3.6208 
73583 
6.7918 
4.3642 
3.3188 
24340 
7.9845 
4.9834 
28445 
5.1314 
20754 
3.7192 
7.9571 
3.0436 
3.0234 
6.3970 
3.5903 
4.6435 
3.8445 
3.8089 
4.2620 
3.7147 

A15-a-x 8.1667 

6.9029 
3.5567 
29264 
4.0556 
7.5631 
3.7827 
3.9841 
23132 
1.8306 
2.37% 
5.6028 
3.3983 
5.4948 
1.5657 
25722 
3.8973 

1.7117 
8.2389 

24827 
7.2579 
3.7609 
43051 
5.3803 
3.7322 
4.5873 
5.1701 
29000 
4.5053 
4.0472 
29355 
8.4497 
4.0656 
6.1558 
5.2304 

8.1523 
3.8958 
3.4849 
7.1177 
6.5348 
4.2024 
3.1818 
2.3528 
7.6369 
4.8089 
27592 
4.9461 
20054 
3.5582 
7.5838 
293% 
29126 
6.0700 
3.4446 
4.4566 
3.7157 
3.7008 
4.0930 
3.5799 
7.8940 

- 

0 . w  264 
0.0561 264 
0.0944 264 
0.1589 264 
0.3738 271 
0.1733 271 
0.1728 271 
0.0924 271 
0.0717 271 
0.0999 271 
0.2899 273 
0.1588 273 
0.2608 273 
0.0455 273 
0.1026 273 
0.2102 2.72 - 2.72 

0.0898 2.72 
0.4270 270 

270 
0.1058 270 
0.2866 267 
0.1250 267 
0.1829 267 
0.2146 267 
0.1462 267 
0.1709 267 
0.2223 271 

0.1735 271 
0.1605 271 
0.1335 271 
0.3148 274 
0.1447 274 
0.2566 274 
0.1939 274 

0.3698 2.71 
0.1693 2.72 
0.1359 2.71 
0.2406 2.71 
0.2570 272 
0.1618 272 
0.1370 272 
0.0812 272 
0.3476 270 
0.1745 270 
0.0853 270 
0.1853 270 
0.0700 270 
0.1610 270 
0.3733 272 
0.1040 272 

'0.1108 272 
0.3270 2.72 
0.1457 272 
0.1869 2.72 
0.1288 272 
0.1081 272 
0.1690 277 
0.1348 277 

0.1244 271 

0.2727 277 

16.27 
4.16 
8.52 
1034 
13.39 
1242 
11.75 
10.83 
10.61 
1138 
14-13 
1276 
12% 
7.93 
10.89 
14.67 

14.27 
13.99 

11.51 
10.54 
8.87 
11.34 
10.65 
10.46 
9.95 
11.65 
11.62 
10.44 
10.75 
1232 
10.21 
9.75 
11.42 
10.16 

1229 
11.78 
10.57 
9.16 
10.70 
10.47 
11.71 
9.39 
12.29 
9.80 
835 
10.12 
9.42 
1222 
13.39 
9.62 
1035 
14.65 
11.51 
11.41 
9.43 
7.95 
11.44 
10.43 
9.57 

- 

U 

A 
B 
B 

B 
U 

U 

U 

A 
B 

B 
U 

U 

U 

B 

1 
U 

U 

U 

1 
B 

S 
B 

B 

U 

U 

U 

U 

B 
B 
U 

U 

U 

U 

U 

B 

U* 
U* 
U* 

B+ 
U 

U 

U 

A 
U 

U 

B 
B 
U 

U 

U 

S 
B 
U* 

U* 

B* 
A 

A 
U 

U 

U 
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A15a-x~ 
Al6-c 
A l k l  

A1k2 
A 1 k 3  
A l a  
A17-c 
A17al 
A 1 7 4  
A17a3 
A 1 7 4  
Al8-c 
A18-d 
A I M  
A l h 3  
Al9-c 
A1-1 
A1-2 
A19-3 
A2o-c 
A21-C 
A21al 
A 2 1 4  
A21-3 
A21u4 
A 2 1 4  
A22-C 
A23-c 
A24-c 
A25c 

B k  
Bl-crl 
B lu2  
Blu3 

B2-c 
B2-1 
B2u2 
B3-c 
B 3 - d  
BCr2 
B4-c 
B4-d  
k 2  
-3 
B5-C 
B5-crl 
B k 2  
B6-C 
Bdcrl 
B7-c 
B8-C 
B9-c 
BlOc 

0 - c  

(3c 

c3al 
C4-C 
c5-c 
c7-c 

6.2314 
6.5145 
3.3040 

3.5575 
4.1371 
3.9512 
5.5813 
3.1502 
3.7834 
4.7712 
3.6828 
7.3423 
2.8409 
lost 
12809 
3.6370 
20708 
lost 
3.7316 
53531 
7.3751 
3.4117 
3.0193 
3.%1 
4.2790 
4.0911 
6.6814 
9.1940 
26330 
28137 

4.3691 
3.0391 
2.4580 
2.4179 
lost 
28991 
lost 
lost 
3.2745 
1.2612 
3.4265 
20937 
3.3616 
4.0157 
5.4416 
4.1477 
13.1298 
4.2000 
3.7520 
4.8307 
6.5071 
6.2522 
10.0725 

4.9687 
5.1447 
7.4455 
6.6881 
3.7429 
6.4331 

6.0485 
6.2654 
3.1958 
3.4352 
3.9972 
3.8133 
5.2657 
3.0041 
3.6166 
4.6172 
3.5642 
6.9554 
27195 

1.2267 
3.3681 
1.9613 

3.5559 
5.0631 
7.0301 
3.2605 
2.8885 
3.3753 
4.1041 
3.9568 
6.4043 
8.8001 
25229 
27066 

- 

4.1158 
28643 
23466 
23068 

27524 

- 

- 

3.1221 
1.1855 
3.2369 
1.9866 
3.1940 
3.8412 
52202 
3.9995 
11.8924 
4.oooo 
3.5887 
4.6292 
6.3309 
6.0999 
9.8810 

4.7448 
5.0240 
7.2104 
6.5777 
3.6154 
6.2486 

o.im 277 
0.2491 269 
0.1082 269 

0.1223 2.69 
0.1399 269 
0.1379 269 
03156 270 
0.1461 270 
0.1668 2.70 
0.1540 270 
0.11% 2.70 
0.3869 271 
0.1214 271 
- 271 

0.0542 271 
0.2689 2.69 
0.1095 269 
- 269 
0.1757 269 
0.2900 277 
0.3450 270 
0.1512 2.70 
0.1308 270 
0.1598 270 
0.1749 2.70 
0.1343 2.70 
0.2771 268 
0.3939 267 
0.1101 269 
0.1071 267 

0.2533 2.72 
0.1748 2.72 
0.1114 2.72 
0.1111 2.72 

2.72 
0.1467 2.72 

2.72 
- 274 

0.1524 274 
0.0757 274 
0.18% 271 
0.1071 271 
0.1676 271 
0.1745 271 
0.2214 272 
0.1482 272 
1.2374 272 
0.22oOo 2.71 
0.1633 2.n  
0.2015 27l 
0.1762 267 
0.1523 274 
0.1915 276 

0.2239 272 
0.1207 268 
0.Wl 268 
0.1104 273 
0.1275 2.72 
0.1845 270 

838 
10.69 
9.11 
9.58 
9.41 
9.73 
16.18 
13.13 
1245 
9.01 
8.98 
15.07 
1210 

11.97 
21.48 
15.02 

13.29 
15.87 
13.25 
1252 
1223 
1278 
11.51 
9.16 
11.60 
11.95 
11.74 
10.57 

- 

- 

16.74 
16.60 
1291 
13.10 

14.50 

- 

- 
- 

. 13.37 
17.50 
15.87 
14.61 
14.22 
12.31 
11.54 
10.08 
28.30 
13.55 
1233 
11.80 
7.43 

6.84 
535 

1284 
6.44 
8.74 
4.58 
9.59 
7.97 

U 

U 

B 
B 
B 
B 

B 
B 

B 

B 
1 
B 

U 

U 

U 

U 

U 

1 
B 
B 
U 

U 

U 

U 

U 

B 
B 
A 
A 
A 

U* 

U* 

B* 
B* 
1 
S 

S 
U 

U 

U 

U 
S 
B 
B 

U* 

U* 

A 
A 
A 
A 

U 

A 
B 

A 
A* 
A 

U 
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APPENDIX V: Results - Radial Diffusion-Cell Method 

Summary of the measurement data from the experiments with the radial 

diffusion-cell method. 



. . - 
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Radial D Eu-m-Cell Measurement Data 

date time elapsedtime(days) 

5/23/95 10:00 

5/23/95 11:03 

5/23/95 1630 

5/24/95 850 

5/24/95 9:35 
5/24/95 15:32 

5/25/95 1030 

5/25/95 1530 

5/26/95 9:15 

5/26/95 12:35 

5/26/95 1600 

5/30/95 835 

5/31/95 850 

6/2/95 825 

6/5/95 8:30 

6/7/95 8:45 

6/9/95 842 

6/12/95 837 

6/14/95 9:30 

5/23/95 945 

5/23/95 11:oo 

5/23/95 1630 

5/24/95 8:47 

5/24/95 9:32 

5/24/95 1529 

5/25/95 1025 

5/25/95 15:s 

5/26/95 9:12 

5/26/95 1233 

5/26/95 1600 

5/30/95 833 

5/31/95 847 

6/2/95 8:23 

6/5/95 8:30 

6/7/95 840 

6/9/95 8:40 

6/12/95 8:35 

6/14/95 930 

0 

0.04 

0.27 

0.95 

0.98 
1.23 

2.02 

2.23 

2.97 

3.11 

3.25 

6.94 

7.95 

9.93 

12.94 

14.95 

16.95 

19.94 

21.98 

0 

0.05 

0.28 

0.96 

0.99 

1.24 

2.03 

2.24 

2.98 

3.12 

3.26 

6.95 

7.96 

9.94 

12.95 

14.95 

16.95 

19.95 

21.99 

conc. (ppm) 

lo00 

1060 

lo00 

1060 

992 
952 

895 

886 

856 

842 

844 

797 

779 

785 

692 

337 

351 

357 

371 

lo00 

1020 

968 

988 

924 

968 

847 

855 

816 
809 

792 

778 

757 

764 

238 

137 

142 

161 

175 

C/CO specimen 

C6-d 

1 

1.06 

1 

1.06 

0.992 
0.952 

0.895 

0.886 

0.856 

0.842 

0.844 

0.797 

0.779 

0.785 

0.692 

0.337 

0.351 

0.357 

0.371 

1 specimen 

1.02 C&d 

0.968 

0.988 

0.924 

0.968 

0.847 

0.855 

0.816 

0.809 

0.792 

0.778 

0.757 

0.764 

0.238 

0.137 

0.142 

0.161 

0.1 75 
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APPENDIX VI: Results - Mercury Porosimetry 

Summary of effective porosity and specimen bulk-density data obtained 

with mercury porosimetry. &~,l refers to effective porosity of pore 

space accessed by pore throats less than or equal to 10 pm,  refers 
to effective porosity of pore space accessed by pore throats up to 250 

pm, and 6Hg refers to spechen bulk-density. 



.. . . 

80 

Mercury-Porosimetry Data 

Al-a 
A2-a 

A3-a 

A4-a 

A5-a 

A6-a 

A7-a 

AB-a 

A9-a 

AlO-a 

All-a 

A12-a 

A13-a 

A14a 

A15-a 

A16-a 

A17-a 

A18-a 

A19-a 

A20-a 

A21-a 

A22-a 

A23-a 

A24a 

A25-a 

2.64 
2.71 

2.73 

3.8 
4.9 

3.1 

4.2 
5.6 

3.9 

B1-a 

B2-a 

B3-a 

EM-a 
B5-a 

B6-a 

B7-a 

BB-a 

B9-a 

B10-a 

2.74 

2.71 

2.72 

4.2 

4.1 
5.2 

5.3 

4.7 

6.0 2.70 

2.67 

2.71 

2.74 

3.4 

3.0 

3.5 
4.4 

3.7 

3.4 

3.9 
5.3 

2.71 

2.67 

2.74 

2.76 

3.2 

3.4 

3.5 

3.2 

3.7 

4.1 

4.2 

3.7 2.72 

2.70 

2.72 

2.9 

3.8 

3.0 

3.3 

4.3 

4.9 C2-a 

C3-a 

C4a 

C5-a 

C6-a 

C7-a 

C8-a 

2.72 

2.68 

2.73 

3.1 

4.5 

4.2 

4.1 

4.8 

4.8 2.72 

2.77 

2.69 

2.70 

2.71 

2.69 

2.77 

2.70 

2.68 

2.67 

2.69 

2.67 

4.5 

3.1 

2.7 

3.4 
3.8 

4.3 

4.3 

4.0 

5.1 

4.2 

3.7 

3.2 

5.0 

3.7 

3.1 

3.9 

4.2 

5.0 

5.2 

4.7 

6.1 

4.7 

4.1 

3.9 

2.70 4.5 5.1 
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APPENDIX VII: Results - Helium Porosimetry 

Summary of effective porosity and specimen grain-density data obtained 

with helium porosimetry. @ H ~  refers to effective porosity, 6He refers to 

specimen grain-density. 



Helium-Porosimetry Data 

Al-b 

A2-b 

A3-b 

A4-b 

A5-b 

A6-b 

A8-b 

Al0-b 

A7-b 

A9-b 

A1 l-b 

A12-b 
A13-b 

A14-b 

A15b 

A16-b 

Al8-b 

A20-b 

A17-b 

A19-b 

A21-b 

A22-b 

A23-b 

A24-b 

A25b 

2.73 

2.78 

2.74 

2.74 

2.72 

2.75 

2.81 

2.73 

2.77 

2.76 

2.82 

2.78 

2.73 

2.78 

2.79 

2.79 

2.76 

2.79 

2.70 

2.79 

2.77 

2.80 

11.4 

12.7 

10.2 

7.6 

11.5 

12.7 

19.2 

5.1 

9.3 

10.7 

6.3 

3.8 

9.9 

12.2 

3.2 

2.9 

4.9 

3.9 

4.7 

14.7 

4.1 

10.4 

B1-b 

B2-b 

B3b  

B4-b 
B5.b 

B6-b 

B8-b 

B7-b 

B9-b 

B10-b 

C2-b 

C3-b 

C4-b 

C5-b 

C6-b 

C8-b 

C7-b 

2.83 

2.79 

2.82 

2.77 

2.79 
2.79 

2.79 

2.77 
2.78 

2.81 

2.78 

4.4 

5.3 

6.0 

10.9 
15.4 
7.8 

3.5 

3.9 

3.6 

11.8 

3.7 
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APPENDIX VIII: Results - Pore-Throat Sizes 

Tabulation of pore-throat-size data obtained with mercury porosimetry. 

Abbreviations are as follows: d (nm) refers to the geometric mean pore- 

throat sizes of the different pore-throat-size ranges (expressed in 

nanometers), $a refers to the partial porosity (expressed in percent), 

9 ~ ~ 1  refers to effective porosity measured by mercury porosimetry for 

pore-throat sizes ~ 1 0  J.UII (expressed in percent), $13~2 refers to effective 

porosity measured by mercury porosimetry for pore-throat sizes a 0  pm 

(expressed in percent), and dHg refers to the geometric mean of the entire 

pore-throat-size distribution (expressed in nanometers) for the analyzed 

specimen. 



I 

I 

A1 A2 

Pore-Throat Size Data based on Mercury Porosimetry 

A3 A5 A6 A7 A8 A10 A l l  A12 A14 A15 A16 

3.2 0.34 

5 0.92 

7.9 0.58 

12.6 0.50 

20 0.37 

31.6 0.26 

50.1 0.29 

79.4 0.26 

126 0.08 

200 0.11 

316 0.03 

501 0.00 

794 0.00 

1259 0.00 

1995 0.00 

3162 0.00 

5012 0.00 

7943 0.00 

4Hgl 3.75 

4Hg2 4.17 

0.65 

1.14 

0.78 

0.38 

0.60 

0.24 

0.70 

0.16 

0.19 

0.08 

0.00 

0.00 

0.00 

0,OO 

0.00 

0.00 

0.00 

0.00 

4.93 

5.60 

0.36 

0.68 

0.55 

0.44 

0.36 

0.16 

0.16 

0.16 

0.08 

0.05 

0.05 

0.05 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

3.12 

3.88 

0.27 

0.67 

0.65 

0.46 

0.49 

0.27 

0.22 

0.16 

0.05 

0.05 

0.00 

0.03 

0.00 

0.03 

0.00 

0.03 

0.00 

0.00 

3.37 

3.72 

0.27 

0.67 

0.45 

0.37 

0.40 

0.16 

0.21 

0.16 

0.03 

0.11 

0.00 

0.05 

0.03 

0.00 

0.03 

0.03 

0.00 

0.00 

2.96 

3.39 

0.49 

0.89 

0.54 

0.62 

0.35 

0.22 

0.22 

0.19 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

3.52 

3.92 

0.60 

0.99 

0.60 

0.74 

0.38 

0.27 

0.33 

0.25 

0.14 

0.00 

0.00 

0.00 

0.05 

0.05 

0.00 

0.03 

0.00 

0.00 

4.44 

5.32 

0.35 

0.57 

0.35 

0.43 

0.30 

0.19 

0.22 

0.08 

0.11 

0.05 

0.05 

0.08 

0.03 

0.03 

0.00 

0.00 

0.00 

0.00 

2.85 

3.29 

0.43 

0.78 

0.46 

0.54 

0.35 

0.24 

0.46 

0.08 

0.03 

0.08 

0.14 

0.11 

0.03 

0.03 

0.03 

0.03 

0.00 

0.00 

3.81 

4.27 

0.35 

0.68 

0.46 

0.38 

0.33 

0.19 

0.19 

0.11 

0.05 

0.05 

0.03 

0.05 

0.03 

0.03 

0.03 

0.00 

0.00 

0.00 

2.96 

4.90 

0.54 

0.95 

0.71 

0.52 

0.49 

0.27 

0.57 

0.14 

0.05 

0.11 

0.05 

0.05 

0.03 

0.00 

0.00 

0.00 

0.00 

0.00 

4.48 

5.00 

0.28 

0.69 

0.44 

0.42 

0.36 

0.17 

0.19 

0.11 

0.11 

0.03 

0.08 

0.08 

0.03 

0.03 

0.00 

0.03 

0.00 

0.00 

3.05 

3.70 

0.22 

0.65 

0.38 

0.35 

0.32 

0.19 

0.30 

0.11 

0.05 

0.05 

0.03 

0.03 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

2.66 

3.10 

dHg 30.5 24.5 51.3 33.9 40.7 19.2 49.3 35.9 41.1 38.7 26.2 66.5 31.9 



A17 

3.2 0.32 

5 0.70 

7.9 0.57 

12.6 0.43 

20 0.38 

31.6 0.24 

50.1 0.27 

79.4 0.14 

126 0.11 

200 0.05 

316 0.05 

501 0.08 

794 0.03 

1259 0.05 

1995 0.00 

3162 0.00 

5012 0.00 

7943 0.00 

OHgl 3.43 

dHi  51.2 

A18 

@a (%I 

0.38 

0.84 

0.60 

0.49 

0.43 

0.24 

0.46 

0.16 

0.11 

0.08 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

3.79 

4.20 

25.4 

A19 

@a (%I 

0.38 

0.99 

0.83 

0.56 

0.48 

0.21 

0.27 

0.19 

0.08 

0.05 

0.08 

0.03 

0.03 

0.05 

0.03 

0.00 

0.00 

0.00 

4.27 

4.94 

A20 A21 

@a(%) @a(%) 

0.50 

0.97 

0.72 

0.61 

0.44 

0.22 

0.28 

0.19 

0.14 

0.06 

0.06 

0.06 

0.03 

0.00 

0.00 

0.00 

0.00 

0.00 

4.27 

5.20 

42.7 56.6 

0.32 

0.84 

0.62 

0.59 

0.43 

0.22 

0.24 

0.16 

0.22 

0.22 

0.05 

0.05 

0.00 

0.03 

0.00 

0.00 

0.00 

0.00 

3.99 

4.66 

51.9 

A22 

@a (%I 

0.48 

1.21 

0.80 

0.62 

0.51 
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APPENDIX Ix: Pore-Throat-Size Distribution Curves 

Pore-throat-size distribution curves for the mudrock specimens from the 

Conasauga Group on the ORR analyzed with mercury porosimetry. 



8 8  

1.5 

1.25 

1 

0.75 

0.5 

0.25 

0 

1 .o 10.0 100.0 1Ooo.o 

pore-throat size [nm] 

1.5 

1.25- A2 - 
Y 

Y 

Y 

4 

2 0.25- 

0.0 

1 .o 10.0 100.0 1000.0 10000.0 

porethroat size [nm] 

1 .o 10.0 100.0 1000.0 10000.0 

pore-throat size [nml 



partial effective porosity t%l partial effective porosity t%l partial effective porosity t%l 

0 
b 

w 
0 

8 

n 
0 
0 

8 

0 
0 
0 
0 
b 



9 0  

A8 

E - 4  1.25 A10 
x 
Y .e 

$ 1 :  
0 
a 
.d g 0.751 
Y - 
u 

a3 

a 

Q 
a 

0.5 

z 0.25 

0 

- 
.- 

1.5 

g 1.25 

.e - 1  

z 
a 0.75 
2 
" 0.5 

.s 0.25 

I 

x 

+cI Y 

Q) - 
& 
Q 
a 

0 

A l l  

I o 

1.0 10.0 100.0 1000.0 10000.0 

porethroat size [nm] 



9 1  

1.25 - n 

b? 
Y 

x 
Y 
.d m 

E! 

s 
M 

0 
a 

-s 

2 
0)  

m 
d 

.d Y 

2 
a 

A12 

1.0 10.0 100.0 1000.0 10000.0 

pore-throat size [nml 

1.5 I 

E 1.25 4 A14 

,x 
.e 

1- 

s 0.75- 

S 0.5- 

'c 0.25- 
2 

8 
a 

3 
0)  

m 
I 

a 

0 
1 .o 10.0 100.0 1000.0 10000.0 

porethroat size [nml 

1.0 10.0 100.0 1000.0 lo( 10.0 

porethroat size [nml 



9 2  

A16 

1.0 10.0 100.0 1000.0 10000.0 

porethroat size [nm] 

1.5 

- A17 &? 1.25 

,x 
m 1  

a 0.75 

0.5 

Y 

- 
8 
? 

s 
g? 0.25 
2 

.d Y 

V 

0) - 
a 

0 

1000.0 10000.0 1.0 10.0 100.0 

pore-throat size [nml 

15 

&? 1.25 

m l  

0.75 

- 
Y 

x 
Y .- 

8 
.e $ 

$ 0.5 

a 

Y 
W 

0, - 
0.25 

0 
z 

1 .o 10.0 100.0 1000.0 10000.0 

porethroat size [nm] 



9 3  

n 

E 123- 

A19 

Y 

A20 

1 .o 10.0 100.0 1000.0 10000.0 

porethroat size [nml 

A21 

1.0 10.0 100.0 1000.0 101 

pore-throat size Inml 

10.0 



9 4  

1.5 

A22 

- 

1.0 10.0 100.0 1000.0 10000.0 

pore-throat size [nm] 

1.5 

1.25 

1 

0.75 

0.5 

0.25 

0 

A23 

00.0 

pore-throat size [nm] 

15 

12.5 

1 

0.75 

0.5 

0.25 

0 

1.0 10.0 100.0 1000.0 10000.0 

pore-throat size [nm] 



A25 

1 .o 10.0 100.0 1000.0 10000.0 

porethroat size [nml 

- 
sp 1.25 
Y 

B3 

1 

0.75 

0.5 

0.25 

0 
1 .o 10.0 100.0 1000.0 101 

porethroat size ~nml 

s 125 - 4  Y 

B4 

10.0 

1.0 10.0 100.0 1000.0 10000.0 

porethroat size [nml 



9 6  

1.5 

s 1.25 
- 
I 

h 
Y .r( 

8 1  
z 

.-4 s 
a 

0.75 

$ 0.5 

-- 0.25 

0 

Y 

u 

a, 

Q 
- 
3 

1 .o 10.0 100.0 1000.0 10000.0 

pore-throat size [nm] 

1.5 

B7 
n 

s 1.25- 
Y 

x 
Y .r( 

In 

8 
a 

CI 

.- Y 
Q 

h 

ix 

pore-throat size [nm] 

1.5 

s 1.25 

" 1  

0.75 

3 0.5 

0.25 

0 

B7 
n 

Y 

x 
Y .r( 

8 
a 

s .- Y 

CJ 

P) 

Q 
CI 

ix 

1 .o 10.0 100.0 1000.0 100 

pore-throat size [nm] 

1 .o 10.0 100.0 1000.0 100 

pore-throat size [nm] 

1.5 

1.25 

1 

0.75 

0.5 

0.25 

0 

B8 

0.0 

1.0 10.0 100.0 1000.0 

pore-throat size [nm] 

10000.0 



97 

B9 

1 .o 10.0 100.0 1000.0 10000.0 

pore-throat size inml 

- B10 
E 1.25 

a 
.CI 

1 

g 0.75 

cn 

a 

.L. Y 

0 

Q 

a 

s 0.5 
H 

.e - 0.25 s 
0 

a 

1.0 10.0 100.0 

porethroat size tnml 

1000.0 10000.0 

i o  10.0 100.0 1000.0 10000.0 

pore-throat size [nml 



9 8  

1.5 

1.25 

1 

0.75 

0.5 

0.25 

0 

1.0 10.0 100.0 1000.0 100 

porethroat size [m] 

1.5 

1.25 

1 

0.75 

0.5 

0.25 

0 

0.0 

1.0 10.0 100.0 1000.0 10000.0 

porethroat size [nm] 

1.5 -7 

1.25- Q 

porethroat size [nm] 

1.5 -7 

1.25- Q 

1- 

0.25 - 



9 9  

APPENDIX X Brief Specimen Description 

For explanation of code letters, suffixes and numbers please refer to Appendix I. 

Weights are approximate weights at time of sampling, and not necessarily the 

weights at the time of analysis (e. g., further trimming of specimens prior to 

analysis). Specimens e and -er were drilled from specimens 4. 

'no special observations' means no laminae, fractures, veins, etc. observed 

(would be noted specially). 

SAMPLING BRIEF 

pTERVAL DEScRTpTlON 

A1 d: gray mudstone; few laminae (5 max. 4 mm, highly laterally changing in thickness); 

a: (ca. 7.6 g); one side fracture surface (with calcite specks); small part with original 

b: (ca. 5.95 g); somewhat coarser grained than specimen d silty mudstone; one side 

c: (ca. 7.21 g); no special Observations; 
crl: (ca. 3.58 g); some fracture surfaces with calcite specks visible; 
cr2: (ca. 2.97 g); one side formed by fracture surfaces with calcite specks; 
cr3: (ca. 5.43 g); one side, and another side partly, formed by fracture surfaces with 

e: ; available for analysis; 

d: gray, silty mudstone to siltstone; trilobite fragments; bioturbation; fracture surfaces 
lined with calcite; 

a: (ca. 6.5 g); much mica; small pockets of &/fine sand -> bioturbation (?I; 
b: (ca. 4.4 8); no special observations; 
c: (ca. 7.71 g); no special observations; 
crk (ca. 4.45 g); one side formed by fracture surface with calcite specks; 
cr2: (ca. 5.41 8); one side formed by fracture surface with calcite specks; 
a3 (ca. 4.22 8); one side formed by fracture surface; 
cr4 (ca. 352 g); with drilling rim from wore-plug drilling; much mica; 
a3 (ca. 2.68 g); with drilling rim from e-core-plug drilling; much mica; more fragile; 
e: not available for analysis; 

mica; fine fracture sets lined with calcite parallel to core axis; . 

core rim; specimen bottom with more shiny fracture surface; 

bound by fracture surface (with calcite specks); 

calcite specks; 

A2 

A3 d: gray mudstone; mica; apparently some bioturbation? laminae (S 2 111111, lateral 
change in thickness; fizzing = carbonate); fracture set with calcite lining 
parallel to core axis, shiny & polished fracture surfaces (somewhat 
slickensidedl perpendicular to core axis; 
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A4 

A5 

A6 

A7 

a: (ca. 8.1 g); two sides bound by fractures (rare calcite specks); one lamina (1 mm); 
b: (ca. 4.5 g); fracture surfaces at sides; one lamina (5 1 mm); 
c' (ca. 5.72 g); two sides bound by fracture surfaces; fractured internally; 
crk (ca. 3.46 g); two sides formed by fracture surfaces; ; 
a2 (ca. 559 g); one side formed by fracture surface; 
cr3: (ca. 3.43 g); three sides formed by fracture surfaces; 
a4 (ca. 5.70 g); with drilling rim from e-core-plug drilling; one side formed by rough 

e: available for analysis; 
fracture surface; 

d: gray claystone; mica; distinct fracture sets parallel to core axis lined with calcite; 
a: (ca. 8.05 g); one side partly bound by fracture surface (no calcite specks); specimen 

"bottom" mostly shiny fracture surface; much mica; somewhat coarser grained 
than specimen d -> more mudstone (somewhat silty); 

b: (ca. 5.8 g); claystone; mica; two sides bound by fracture surfaces (with smaU calcite 
specks); one edge with remnant of ori@ core rim; 

c: (ca. 3.99 g); bound on three sides by fracture surfaces (with small calcite specks); 
crk (ca. 5.80 g); "top" surface is shiny; one small fossil fragment; 
cd: (ca. 4.24 g); one side formed by fracture surface with calcite specks; 
e: not available for analysis; 

no specimen d; overall. gray (silty) mudstone; 
a: (ca. 7.3 g); one side apparently bound by fracture (no calcite specks); 
b: (ca. 65 g); one side apparently bound by fracture (no calcite specks); specimen 

c: (ca. 8.44 g); exactly the same as forb; 
crk (ca. 3.10 g); no special observations; 
cd: (ca. 5.49 g); no special observations; 

"bottom" is a shiny fracture surface; much mica; 

d gray (silty) mudstone; much mica; shiny (polished) fracture surfaces; 
a: (ca. 8.2 g); one side bound by fracture surface; one small edge seems to be part of 

b: (ca. 7.85 g); no special observations; 
c: (ca. 9.3604 g); exactly the same as for a; 
mk (ca. 4.7l38 9); more irregular specimen, one side formed by non-rough fracture 

surface, no calcite specks; 
cr2: (ca. 4.3944 g); three sides formed by non-rough fracture surfaces, no calcite specks; 
a3 (ca. 65921 g); three sides formed by non-rough fracture surfaces, no calcite specks; 
cr4 (a. 4.61 g); with drilling rim from ecore-plug drilling; thin disc; top partly 

cr5: (ca. 4.68 g); with drilling rim from e-core-plug drilling; thin disc; top and base 

e: not available for analysis; 

original core rim; 

sanded, base sanded; 

sanded; 

d: gray claystone to mudstone; laminae; mica-rich in parts; fracture sets parallel to 
core axis: some with calcite fill, some apparently not; 

a: (ca. 6.5 g); one side a "rough" fracture surface with calcite specks; 
b: (ca. 4.05 g); much mica; one lamina (< 1 mm); one part (at side) "rough" fracture 

c: (ca. 529 g); one part (at side) "rough" fracture surface with calcite specks; 
crk (ca. 4.45 g); one side formed by fracture surface with calcite lining; 
cd: (ca. 4.60 g); one side formed by fracture surface with calcite specks; 
a4 (ca. 4.15 g); with drilling rim from e-coreplug drilling; thin disc; top and bottom 

surface with calcite specks; 

sanded; 
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crz (ca. 3.05 g); with drilling rim from e-core-plug drilling; thin disc; more fragile 

e: available for analysis; 

d: gray claystone; one trilobite fragment; very fine sand/silt laminae (max. ca. 4 mm 
thick); fractures ? 

a: (ca. 7.4 g); much mica; one lamina (1 mm); 
b: (ca. 4.4 g); no special observations; 
c: (ca. 8.60 g); much mica; one lamina (ca. 15 mm thick); 
crl: (ca. 4.14 g); one coarser grained lamina/lens (ca. 2 mm, silt, dies out laterally 

a2 (ca. 6.28 g); with drilling rim from e-core-plug drilling; bottom sanded, top partly 

cr3: (ca. 5.34 g); with drilling rim from e-core-plug drilling; bottom sanded, top partly 

e: available for analysis; 

d: gray mudstone to claystone; laminae (I 2 mm, laterally discontinuous - pinch-&- 
swell); fractured: fracture surfaces parallel to core axis mostly with calcite 
fill and non-shiny; 

(small hairline fractures?); 

A8 

within specimen!); 

sanded; 

sanded; 

A9 

a: (ca. 9.7 g); some calcite specks along one side; internally calcite-lined fracture; 
b: (ca. 5.0 g); two to three laminae (1 mm); 
c: (ca. 833 g); one side formed by original core rim -> sanded off; 
crl: (ca. 7.08 g); one side formed by fracture surface with calcite specks; 
cr2: (ca. 4.73 g); one side formed by fracture surface with calcite specks; 
cr3: (ca. 7.74 g); with drilling rim from More-plug drilling; fatter disc; one carbonate 

lamina? 
e: available for analysis; 

d gray mudstone; discrete laminae (I 2 mm, fizzing = carbonate); fractured: non-shiny A10 
fracture surfaces parallel to core axis, shiny fracture surfaces (slickensided) 
perpendicular to core axis; 

a: (ca. 9.5 g); bound on three sides by non-shiny fracture surfaces; 
b: (ca. 5.7 g); bound on two sides by fracture surfaces (one with calcite specks); 
c: (ca. 6.66 g); bound on one side by fracture surface; 
crk (ca. 5.76 g); two side formed by fracture surface with calcite specks; 
cr2: (ca. 5.63 g); two side formed by fracture surface with rare calcite specks; 
e: available for analysis; 

A l l  d maroon/tobacco-brown mudstone; few burrows; much mica; few laminae (I 1 mm); 
shiny fracture surface; 

a: (a. 7.55 8); no special observations; 
b: (ca. 7.8 g); two laminae (1 mm); 
c: (ca. 7.77 g); one burrow; one side bound by a non-shiny fracture surface; 
crk (ca. 5.05 g); one side formed by fracture surface with calcite specks; 
a2 (ca. 2.80 @; one side formed by fracture surface with calate specks; one comer 

cr3: (ca. 5.29 g); with drilling rim from e-core-plug drilling; one side with rough 

cr4 (ca. 3.75 g); with drilling rim from e-core-plug drilling; one side with rough . 

crz (ca. 3.66 g); with drilling rim from e-core-plug drilling; one side with rough 

e: not available for analysis; 

original rim of core; 

fracture surface and minor calcite specks; 

fracture surface and minor calate specks; 

fracture surface and minor calcite specks; 
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A12 d maroon/tobacco-brown mudstone; few discrete 'bedding'-oblique burrows (diameter 
<1 cm), infilled with greenish very fine sand; much mica; silt laminae (S 2 
m, laterally discontinuous/difference in thickness); fracture sets, some 
fracture sets are shiny, others are not; dispersed and patchy silt; 

a: (ca. 7.3 g); no special observations; 
b (ca. 4.4 g); no special observations; 
c: (ca. 920 g); no special observations; 
crk (ca. 2.990g); 
cr2: (ca. 3.00 g); 
e: available for analysis; 

d: not sampled, overall: marmn/tobacco-brown claystone to mudstone; fractured (with 

a: (ca. 55 g); one side bound by straight, non-shiny fracture surface; a remnant of shiny 

b: (ca. 3.05 g); one side bound by core rim; one side bound by straight, non-shiny fracture 

c: (ca. 629 g); two sides bound by straight, non-shiny fracture surfaces; specimen 

crk (ca. 3.70 g); one side formed by fracture surface with calcite specks; "top" surface 

cr2: (ca. 456 g); one side formed by fracture surface with calcite specks; "top" surface 

e: not available for analysis; 

d: maroon mudstone; silt laminae (I 2 mm, lateral change in thickness); one fracture 

a: (ca. 5.0 g); one oblique burrow (?!I; 
b: (ca. 3.6 @; core plug (from UT drilling campaign); 
c: (ca. 4.18 g); long side formed by original rim of core -> cropped and sanded off; one 

side fracture surface; 
crk (ca. 3.94 g); "top" surface shiny; 
cr2: (ca. 3.85 @; one side formed by fracture surface with calcite specks; "top" surface 

e: not available for analysis; 

d maroon/tobacco-brown mudstone; laminae (I 1 nun); shiny fracture surfaces as 
specimen "top" and "bottom"; 

a: (ca. 8.1 g); one side bound by somewhat shiny, crinkled fracture surface; 
b: (ca. 6.0 g); small remnant of shiny fracture surface; 
c: (a. 4.43 g); no special observations; 
crl: (ca. 4.32 g); "top" surface in part shiny; 
cr2 (ca. 658 g); one side formed by fracture surface; 
e: available for analysis; 

d gray mudstone to claystone; one lamina (I 2 nun); 
a: (ca. 7.9 g); same; nolamina; 
b: (ca. 55 g); no special observations; 
c: (ca. 6.74 g); no special observations; note: there are small overhangs: it is very 

A13 
shiny fracture surfaces); 

fracture surface on specimen top; 

surface; 

"bottom" exhibiting shiny fracture surface(s1; 

shiny; one comer remnant of original core rim; 

shiny; . 

. 

A14 
surface cutting through specimen (smaller rest piece of core specimen is missing); 

shiny; 

A15 

A16 

important to wipe water sheen off completely and carefully before weighing 
following water saturation! 

crk (ca. 3.25 g); two sides formed by fracture surfaces with rare calcite specks; 
c r 2  (ca. 359 g); one side formed by fracture surface with rare calcite specks; 
cr3: (ca. 4.07 g); one side formed by fracture surface with rare calcite specks; 
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crk (ca. 3.89 g); with drilling rim from e-coreplug drilling; one side with rough 

e: not available for analysis; 

d grayish-maroon mudstone; laminae (I 1 m); shiny fracture surface ("bottom" of 

a: (ca. 5.4 g); one side: non-mineralized, smooth fracture surface; 
b: (ca. 5.7 8); one side: non-mineralized, smooth fracture surface; 
c: (ca. 6.60 g); small remnant of shiny fracture surface on specimen "top"; 
crk (ca. 3.10 g); part of one side formed by fracture surface with calcite specks; 
cr2: (ca. 4.24 g); two sides partly formed by fracture surfaces with some calcite specks; 
cr2 (ca. 4.71 g); with drilling rim from e-core-plug drilling; trilobite imprint; 
crk (ca. 3.63 g); with drilling rim from e-core-plug drilling; one side broken surface; 
e: not available for analysis; 

d maroon/tobaccebrown mudstone; laminae (S 1 mm); shiny fracture surfaces, 
'bedding'-oblique calcite veins (I 3 mm, laterally changing thickness); 

a: (ca. 7.8 g); no special observations; 
b: (ca. 52 g); no special observations; 
c: (a. 6.97 g); no special observations; 

crl: (ca. 2.77 g); no special observations; 
cr2: (ca. 6.29 g); one side formed by fracture surface with calcite specks; irregularly 

shaped piece; 
a2 (ca. 2.75 g); with drilling rim from e-core-plug drilling; 
e: not available for analysis; 

d maroon/tobacco-brown mudstone; shiny fracture surfaces (slickensided); 
a: (ca. 7.0 g); somewhat shiny "bottom" surface; 
b: (ca. 5.5 g); no special observations; 
c: (ca. 8.98 g); no special observations; 
crk (ca. 4.63 g); no special observations; 
cr2: (ca. 4.46 g); one side formed by fracture surface with calcite specks; 
c& (ca. 5.65 g); with drilling rim from e-core-plug drilling; top and base sanded; 
e: not available for analysis; 

fracture surface, no calcite specks; 

A17 
specimen); 

A18 

A19 

A20 d gray claystone (to mudstone); 
a: (ca. 6.6 g); no special observations; 
b: (ca. 5.4 g); no special observations; 
c: (ca. 5.80 g); no special observations; 
crk (ca. 4.14 g); one side formed by fracture surface with rare calcite specks; 
CR: (ca. 5.38 g); mica, appears a bit coarser grained; 
e: not available for analysis; 

A21 d: dark-gray claystone/shale to mudstone/shale; some silt laminae (I 2 mm); shiny 

a: (ca. 6.3 g); no special observations; 
b: (ca. 5.45 g); no special observations; 
c: (ca. 7.39 g); no special observations; 
ak (ca. 3.57 g); no special observations; 

cr2 (ca. 3.25 g); no special observations; 
d: (ca. 3.44 g); one side partly formed by fracture surface with rare calcite specks; 
crk (ca. 4.24 g); with drilling rim from e-core-plug drilling one minor part of one side 

cr5: (ca. 4.03 g); with drilling rim from wore-plug drilling; one side with rough 

fracture surfaces, very thin calcite-filled fractures; 

rough fracture, with calcite specks; 

fracture surface and calcite specks; top and base sanded; 
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e: not available for analysis; 

a: (ca. 5.5 g); no special observations; 
b: (ca. 6.3 g); no special observations; 
c: (ca. 7.81 g); no special observations; 
crl: (ca. 6.49 g); "top" surface partly formed by fracture surface with rare calcite 

cr2: (ca. 6.91 g); one side formed by fracture surface with rare calcite specks; 
e: not available for analysis; 

A22 d grayclaystone; 

specks; 

A23 d gray claystone; discrete fractures (no calcite filling observed, but might be there; 
a: (ca. 4.85 g); no special observations; 
b: (ca. 4.3 g); no special observations; 
c: (ca. 8.98 g); few fracture surfaces oblique to 'bedding'; 
crl: (ca. 3.88 g); one side formed by fracture surface with rare calcite specks; 
cr2: (ca. 4.15 g); one side formed by fracture surface with rare calcite specks; 
e: not available for analysis; 

d gray claystone; some shiny fracture surfaces; 
a: (ca. 6.7 @; Same; one lamina (1 mm); some tiny calcite specks (left over from fracture 

b: (ca. 5.1 g); some coarser material (50% claystone, 50% mudstone); "top" is a fracture 

c (ca. 7.22 @; one side bound by non-shiny fracture surface; 
crl: (ca. 355 g); one side formed by fracture surface with some calcite specks; 
dl: (ca. 3.75 g); one side partly formed by shiny fracture surface; 
e: not available for analysis; 

A24 

fills ?); 

surface; 

A25 d gray claystone; fractures visible, incl. small, discontinuous calcite-filled fractures; 

a: (ca. 7.55 g); one lamina (1 mm); 
b: (ca. 4.6 g); no laminae; 
c (ca. 5.61 g); one side is a fracture surface (non-shiny, no calcite specks); 
crl: (ca. 3.13 g); no special observations; 
dl: (ca. 3.60 g); one side formed by fracture surface with some calcite specks; 
e: not available for analysis; 

lamination (S 2 mm); 

Bl 

82 

d maroon mudstone; fracture surfaces (partly with calcite lining 
a: (ca. 7.4 g); bound in part by fracture surfaces (including "bottom"), some calcite 

b: (ca. 4.4 g); one side bound by fracture (with calcite specks); 
c: (ca. 9.0919g); nice broken surfaces at sides; 
crk (ca. 3.7399 g); "top" surface formed by shiny fracture surface; 
dl: (ca. 4.14 g); with drilling rim from Moreplug drilling one side broken; 
cr3 (ca. 529 g); with drilling rim from More-plug drilling 
e: not available for analysis; 

no specimen d; overall: maroon claystonemudstone; fracture surfaces: shiny and non- 

a: (ca. 6.6 g); apparent fracture surfaces (shiny and non-shiny); 
b: (ca. 5.8 g); maroon mudstone (somewhat grittier than specimen a); 
c: (ca. 6.73 g); two to three fractures run clearly through the specimen, are of the rough 

specks; 

shiny (with calcite specks); 

& calcite-speckled type (-> interesting to analyze: continuous calcite or series 
of specks with gaps in-between? calcite vein, fill of discontinuous fracture, to be 
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counted to matrix porosity and not to interconnected fracture framework?); one 
side with fracture of same type; 

crl: (ca. 4.64 g); one side formed by a fracture surface with calcite specks; 
cr2: (ca. 258 g); one side formed by a fracture surface with calcite specks; 

d: gray claystone; one marl band (1 an thick, lateral change in thickness -> down to 5 

a: (ca. 8.2 g); some fracture surfaces (with calcite specks) at side, shiny specimen "top" 

b: (ca. 6.6 g); see a; 
c: (ca. 5.54g); one side bound by rough fracture + calcite specks -> sanded off; 

crl: (ca. 4.50 g); 
e (ca. 2.99 g); 
e: available for analysis; 

d gray mudstone; many shiny fracture surfaces; 
a: (ca. 6.9 g); specimen "top" and "base" with shiny polished fracture surfaces; 
b: (ca. 63 8); specimen "top" with shiny polished fracture surfaces; mica; remnant of 

c: (ca. 538 g); one side bound by rough fracture surface with calcite specks -> partly 

B3 
m; indistinct top and base); shiny fracture surfaces; 

and %ottom" surfaces; 

84 

original core rim on one side; 

sanded off; note: some tiny "overhangs"; "top" and *'base" are shiny, probably 
fracture surfaces; one side is fracture surface, f smooth/not rough, no calcite 

specks; 
crl: (ca. 3.00 g); 

(ca.353g); 
a3: (ca. 4.04 g); two sides formed by a fracture surfaces, one with calcite specks; 
e: not available for analysis; 

d gray mudstone; much mica; discontinuous limestone lamina (5 1 cm); fractured: 

a: (ca. 8.5 g); one side with fracture (with calcite specks), specimen "bottom" more 

b: (ca. 6.2 g); mica; sides are more or less fracture surfaces, specimen "top" and "bottom" 

c: (ca. 532 g); %ottom" is shiny fracture; one side bound by a rough fracture surface 

crk (ca. 4.06 g); "top" and "bottom" surfaces formed by shiny fracture surfaces; two 

B5 
shiny & polished fracture surfaces, many thin calcite veins; 

shiny fracture surface; 

are more shiny fracture surfaces; 

with calcite specks; 

sides formed by fracture surfaces with calcite specks; appears/feels more 
rough silt content (?I; 

c r 2  (a. 13.03 g); cylinder piece; base sanded, top oblique fracture/vein with abundant 
calcite specks; 

e: not available for analysis; 

no specimen d; overall: maroon mudstone; 
a: (ca. 8.2 g); specimen "top" and "bottom" are shiny & polished fracture surfaces; one 

b: (ca. 4.8 g); shiny fracture surfaces indicated throughout specimen; 
c: (ca. 6.14 g); "top" is partly a shiny fracture surface; lots of tiny "overhangs"; 
crk (ca. 4.50 g); "top" formed by shiny fracture surface; 

d gray mudstone; laterally discontinuous marl layers (4 cm thick); fracture surfaces: 
shiny and polished perpendicular to core axis, and non-shiny and calcite-lined 
parallel to core axis; 

a: (ca. 7.12 g); shiny fracture surfaces; one specimen side formed by calcite-coated 
fracture surface; another side apparently part of original core rim; 

B6 

side fracture surface, one side part of original core rim; 

B7 
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b: (ca. 5.55 g); same as for a; 
c: (a. 5.97 g); many shiny and rough fracture surfaces; 
crk (ca. 2.65 g); bound on all sides by more or less shiny fracture surfaces; 
cr2: (ca. 2.87 g); bound on almost all sides by more or less shiny fracture surfaces; more 

e: not available for analysis; 

d: gray mudstone; shiny and polished, and non-shiny (vein calcite) fracture surfaces; 
a: (ca. 7.4 g); appears to be completely transected by shiny and polished fracture 

surfaces; much sparry calate; "a strange piece of rock"; slickensided? 
b: (ca. 4.95 g); micaceous; shiny, irregular; 
c: (ca. 6.44 g); some shiny smooth surfaces on parts of *'bottom" and "top"; 
e: not available for analysis; 

d gray mudstone; shiny and polished fracture surfaces; one side (base) highly 

a: (ca. 7.9 g); some parts are shiny; apparently some calcite; 
b: (ca. 6.7 g); some parts are shiny; apparently some calcite; specimen "bottom" is flat, 

c: (ca. 6.19 g); "bottom" and "top" with k shiny fracture surfaces; 
crk (ca. 3.30 g); one side formed by remnant of original core rim; another (short) side 

cr2 (ca. 3.79 g); one side formed by remnant of original core rim; more irregular piece; 
e: not available for analysis; 

d maroon mudstone; shiny and polished fracture surfaces perpendicular to core axis; 
one side rougher fracture surface (with calcite specks) parallel to core axis; 

a: (ca. 7.7 g); specimen "top" and "bottom" are shiny fracture surfaces; one side is 
rougher fracture surface (with calcite specks); small part of one side with 
remnant of original core rim; 

one side with remnant of original core rim; 

fracture surface with calcite specks, one side part of original rim of core ; 

fragile; 

B8 

B9 
irregular; base in part calcitelined/specks, slickensided; , 

shiny and polished fracture surface; 

formed by somewhat shiny fracture surface; 

BlO 

b: (ca. 6.4 g); one side is rougher fracture surface (with calcite specks); small part of 

c: (ca. 10.01 g); shiny fracture surface at "bottom", partly at "top"; one side rough 

e: available for analysis; 

c: (ca. 5.54 g); gray mudstone; shiny, fragile; one side formed by rough fracture 

a: (ca. 7.3 g); shiny fracture surfaces running through specimen; 
b: (ca. 6.7 g); shiny fracture surfaces; one rough fracture surface with calcite specks; 
d: available for drilling; 
e: not available for analysis; 

<corresponds to Bechtel-core sample #6>; 

a: (ca. 5.2 g); dark-gray mudstone, &silty; one apparent calcite vein running through 
specimen; one side formed by rough fracture surface with calcite specks (i. e., 
vein broken open); 

C2 

surface with minor calcite specks); *'bottom" formed by a shiny fracture surface; 

C3 

b: (ca. 3.7 g); shiny "bottom" and "top"; 
c: (ca. 5.11 g); two sides formed by rough fracture surfaces with calcite specks; 
crk (ca 7.34 g); piece of cylinder; one whole side obliquely "decapitated" by rough 

d: available for drilling; 
e: not available for analysis; 

fracture surface with only a few calcite specks; 

<corresponds to Bechtel-core sample #28>; 
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C4 b: (ca. 5.5 g); dark-gray mudstone; shiny, fragile; one side with a small remnant of the 

a: (ca. 5.7 g); shiny, fragile; 
c: (ca. 6.65 g); shiny; some silt; 
d: not available; 
e: not available; 

<corresponds to Bechtel-core sample #11>; 

a: (ca. 5.25 g); gray silty mudstone/siltstone; shiny, slightly brown, micaceous; some 
laminae (1 mm thick); 

b: (ca. 5.5 g); dark-gray silty mudstone; some laminae (1 mm thick); one fracture with 
calcite fill), hair-thick, running through specimen; 

c: (ca. 3.69g); dark-gray mudstone (finer grained than a, b); friable; one lamina (a 
mm); micaceous; with small irregularities due to breaking perpendicular to 

d: not available; 
e: not available for analysis; 

original core rim; 

C5 

bedding 

<corresponds to Bechtel-core sample #18>; 

C6 e: (a. 4.95 g); core plug of small dimensions (left from drilling for radial diffusion -cell 

d: this is used for radial diffusioncell method; 
method); 

light-gray, finer grained mudstone; micaceous; coherent but feels more delicate 
than specimen C8; some silt laminae (51 mm), no bioturbation VisibIe; numerous 
calcite veins (Sl mm); some grooves from drilling at the sides; 

<corresponds to Bechtel-core sample #2>; 

a, b, c: no specimens available; 

c8 

C7 e: (ca. 3.25 g); core plug of small dimensions (left from drilling for radial diffusioncell 

d: this is used for radial diffusioncell method; 
a: (ca. 6.0 @; dark-gray (silty) mudstone; "bottom" formed by a shiny fracture surface; 

some silt laminae (4 mm thick); 
b: (ca. 3.4 g); dark-gray mudstone; some shiny fracture surfaces (including "bottom"); 
c: (ca. 6.38 g); dark-gray mudstone; some shiny fracture surfaces, highly uneven 

appearance; with small irregularities due to breaking perpendicular to 
bedding; 
<corresponds to Bechtel-core sample #22>; 

method); 

e: (ca. 3.75 g); dark-gray mudstone; core plug of small dimensions (left from drilling for 
radial diffusion-cell method); 

d: this is used for radial diffusioncell method; 
maroonish gray, silty mudstone; feels gritty; compact and hard; high silt and 
sand (very fine to fine) content, organized in laminae; laminae uninterrupted in 
upper part of specimen, chaotically disrupted in lower part of specimen because 
of abundant bioturbation; crossed by numerous calcite veins (Si mm), with one 
through-going vein swelling up to 2.5 mm in thickness; 

<corresponds to Bechtel-core sample #24>; 
a, b, c: no specimens available; 
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