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ABSTRACT

At Oak Ridge National Laboratory the Pumpkin Valley
Shale is used as a host formation for hydraulic-fracturing
waste disposal. Determination of the relationships
between the distribution of different lithologies and
porosity-permeability trends within this host formation
allows these properties, important to hydraulic-fracturing
operations, to be related to measurable and mappable
geological and petrological parameters. It also permits
extrapolation of such patterns to little-studied portions
of the Pumpkin Valley Shale. Such knowledge better allows
for the satisfactory operation and assessment of the
hydraulic fracturing at Oak Ridge National Laboratory.

INTRODUCTION

The disposal of radioactive wastes by hydraulic fracturing involves
injection in the subsurface of a grout containing the waste into a
suitable geologic host formation. The host should contain and isolate the
waste-bearing grout for the time required for the radioactivity to
diminish to acceptable levels. In the siting of a hydraulic fracturing
wastr disposal facility, the determination that a suitable host geological
formation is present is crucial. Critical properties of a suitable host
formation are: (a) ability of the formation to hydraulically fracture
such that the fractures are predictable and do not protrude above a
minimum depth, (b) favorable mineralogical composition to allow the
formation to act as a retardant to radionuclide migration, and (c) very
low permeability, i.e., values <p.l millidarcy [1]. Experimental and
operational experience at Oak Ridge National Laboratory in Tennessee [2]
and elsewhere [3] suggests that well-bedded, undeformed to moderately
deformed sedimentary rocks are good candidates for host formation. For
sedimentary rocks, the geological factors that influence the critical
properties listed previously include: (a) provenance and depositional
environment, which determine mineralogical composition, stratification
patterns, and bedding structures that, in turn, influence permeability
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patterns and hydraulic-fracture orientation; (b) diagenetic history, which
determines porosity and permeability patterns and final mineralogical
composition; and (c) deformational history, which determines magnitude and
orientation of joints, fractures, and folds that, in turn, influence
hydraulic fracture orientation and permeability patterns.

The purpose of this paper is to address the critical host properties of
porosity and permeability as they are related to depositional
environments. The geological and petrological characteristics of one host
formation are documented, and the relationship of these properties to the
permeability patterns within this formation is demonstrated. In this
fashion, the application of thorough geological site characterization to
the evaluation of onp of the most crucial host formation properties is
illustrated.

STUDY LOCALITY AND METHODS OF STUDY

The U.S. Department of Energy's Oak Ridge National Laboratory (ORNL) is
located in the Valley and Ridge Province of east Tennessee. A hydraulic
fracturing facility to dispose of intermediate-level radioactive waste has
been developed and operated at ORNL over the past 25 years [2, 4 ] . . The
Pumpkin Valley Shale formation of the Cambrian-age Conasauga Group is
being used as the host formation for the hydraulic fracturing operation.

Laboratory measurement on diamond drill core samples of Pumpkin Valley
Shale [2] and data from previous hydraulic fracturing test and operations
[5] indicate that the Pumpkin Valley Shale has the very low permeabilities
(0.1-0.001 millidarcy) required to make it a suitable host formation. To
relate the empirically measured permeabilities to geological properties of
the Pumpkin Valley Shale, five diamond drill cores were examined and
logged to document lithology and bedding characteristics. These
lithologic data were correlated with gamma-ray, neutron, and electrical
geophysical logs from 10 additional bore holes to provide a 3-dimensionai
picture of the distribution of the constituent lithologies of the Pumpkin
Valley; Shale in the vicinity of the hydraulic fracturing facility: Over
250 samples were taken from the diamond drill cores and prepared for thin
sectioning and study by standard optical, scanning electron microscopic,
and x-ray diffraction methods. These analyses provided data on the
mineralogic composition of and textural relationship between the various
constituents of the Pumpkin Valley Shale. Data were also obtained on the
amount and nature of porosity within a sample, which permitted a
permeability value to be inferred. Integrated, these data permit the
depositional environments and the .diagenetic history of the Pumpkin Valley
Shale to be defined. Furthermore, the data permit the relationship
between the inferred permeability patterns and these two geologic factors
to be established.

RESULTS

Stratigraphy
The Pumpkin Valley Shale is the stratigraphically lowermost of six

formations that comprise the Conasauga Group in east Tennessee [6, 7J. At



the ORNL locality, the Pumpkin Valley Shale is approximately 105 m thick-
It can be divided into two members, a lower generally poorly bedded
siltstone-rich memuer 45 m thick and an upper shale- and mudstone-ricb
well bedded member 60 m thick [8]. The lower contact of the Pumpkin
Valley Shale is gradational downward into a massive 10- to 15-tn thick
sandstone layer of the uppermost,Rome Formation, and the upper contact is
gradational upward into the Rutledge Limestone [9].

Lithofacies
The two -nembers of the Pumpkin Valley Shale are composed of three

lithofacies that resulted from sediment deposition in a shallow marine,
nearshore setting [8, 9]. The litbofacies can be defined by the
occurrence of specific combinations of lithologies and sedimentary
structures and bedding features (Fig. 1). The three lithofacies are:

(1) Inner shelf bar lithofacies. This lithofacies consists of 0.25- to
1.5-m-tbick beds of evenly parallel stratified, thin-bedded, fine-grained
sandstones and siltstones that are locally interbedded with ripple
stratified silty mudstones 0.1 to 0.25 m thick. Planar, trough, and
bumraocky crossbedding and ripple laminations are locally well developed
(Figs* 2E and F). Compositionally, the sandstones and siltstones are
arkosic to subarkosic with very low (<5%) matrix contents. This
lithofacies represents reworked and nonreworked submerged sandbodies that
were deposited in lower shore face to inner shelf settings. Bed geometry
is lobate to lenticular discontinuous.

(2) Inner shelf siltstone lithofacies. This lithofacies consists of
highly bioturbated siltstones (Fig. 2D), shaley siltstones, and mudstones
forming beds that vary in thickness from 0.5 to 5 m. Locally, the
siltstones exhibit rippled stratification that grades into wavy and
lenticular discontinuous stratification (Fig. 2C). Compositionally, the
siltstones are subarkosic graywackes and subarkoses that have j>10% and 5
to 10% matrix, respectively. This lithofacies was deposited on the inner
to outer shelf, generally seaward of the shoreface and the site of
nearshore bar deposition. Bed geometry is lenticular continuous to
discontinuous. • •

(3) Inner and outer shelf mudstone lithofacies. This lithofacies
consists of wavy to parallel stratified mudstones and silty mudstones 0.1
to 3 m thick that are interbedded with wavy to lenticular bedded and
ripple laminated siltstones 1 to 50 cm thick (Fig. 2A). Typically, the
siltstone layers are fining upward sequences with a scour surface base and
parallel to rippled lamination throughout the layer (Fig. 2B). Sequences
of this lithofacies vary from 1 to 7 n. in thickness. Compositionally, the
tnudstones contain between 5 and 25% silt-sized material and the siltstones
are subarkoses to subarkosic graywackes. This lithofacies was deposited
on the outer shelf, generally seaward of the site where the shelf
siltstones were being deposited. The bed geometry developed in this
lithofacies is planar continuous.

Lithofacies distribution. The upper member is of the Pumpkin Valley
Shale composed principally of the shelf mudstone lithofacies with the
lowermo"st half containing locally abundant occurrences of the inner shelf
bar lithofacies. The lower member is composed of a complex interfingering



Fig. 1. Generalized stratigraphic section of the Pumpkin Valley Shale in
the Oak Ridge Vicinity illustrating the bedform characteristics of the
upper and lower members (left—band column) and three natural gamma—ray
activity logs that represent an across strike distance of 0.5 km. Smooth
portions of gamma-ray log represent shale- and mudstone-rich lithologies,
and jagged, irregular portions represent interbedded siltstone and
mudstone lithologies or sandstone-rich horizons. The gamma-ray logs
demonstrate that considerable lithologic variablility occurs within the
Pumpkin Valley Shale over relatively short lateral distance. Lithofacies
distribution is illustrated on the right-hand side of figure (see text).
Bar in lower right represents 10 m.
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Fig. 2. Representative litbologies of the three Pumpkin Valley Shale
lithofacies. A. Thick laminated mudstone (shelf mudstone lithofacies).
B. Thick laminated interbedded parallel stratified mudstone and siltstone
(shelf tnudstone lithofacies). C. Thin bedded wavy to lenticularly
stratified siltstone (shelf siltstone lithofacies). D. Bioturbated
siltstone (shelf siltstone lithofacies). E. Medium bedded buromocky to
planar crossbedded siltstone (shelf bar lithofacies). F. Interbedded
thick l'aminated siltstone and bioturbated siltstone (shelf bar
lithofacies).
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of the shelf siltstone and shelf bar lithofacies. The lithofacies
distribution patterns suggest that the Pumpkin Valley Shale was deposited
in shallow nearshore to offshore shelf settings that resulted in a complex
interfingering of lithologies marked by discontinuous lenticular bedform
geometries.

..•

Diagenesis

Diagenetic patterns within the Pumpkin Valley Shale are directly
related to lithofacies types. In general, the diagenetic episode had
three stages: (a) a period of early cementation and occlusion of primary
porosity; (b) a subsequent period of grain dissolution and secondary
porosity formation; and (c) a second period of cementation and porosity
occlusion [8]. The three stages of diagenesis are best developed within
the subarkoses and arkoses of the inner shelf bar and inner shelf •
siltstone lithofacies. Early cementation consists of syntaxial quartz
overgrowth formation and precipitation of phyllosilicates (chlorite and
illite) and, locally, calcite in the intergranular pore space (Fig. 3A, B).
The second stage of diagenesis in these rocks is marked by dissolution of
early calcite, detrital feldspars and, locally, early quartz cement and
detrital quartz. This episode locally produced large amounts of secondary
porosity (Fig. 3C, D). The third diagenetic stage is marked by the*
occlusion of remaining primary intergranular porosity and the secondary
porosity by carbonate (calcite and more rarely dolomite) and, locally,
phyllosilicate cements. Because of the low matrix content and therefore
initially high primary porosity, the siltstone of the shelf bar and,
locally, the shelf siltstone litbofacies exhibit the most complex
diagenetic history; presumably the high porosity also implied a high
permeability, and the required fluids and chemical components could enter
and leave these rocks most readily. Elsewhere, diagenesis within
matrix-rich siltstones of the other lithofacies typically is marked by
simple cementation and primary porosity occlusion (Fig. 3E, F ) .
Evidence of the periods of secondary porosity formation and its subsequent
occlusion is lacking. The presence of low initial porosity due to high
matrix contents presumably implied low permeabilities that prevented the
necessary fluid migration for the complex multistage diagenetic pattern to
evolve. Within the mudstones, the diagenetic history involved little more
than localized recrystallization of the original orthomatrix material to
an assemblage of illite ± illite/smectite + chlorite ± kaolinite ±
illite/vermiculite. The initial porosity and, most likely, the
permeability of the mudstones and mudstone-rich siltstones were low, and
diagenesis preserved that situation of low porosity and low inferred
permeability. . . •

The correlation of complex porosity-modifying diagenetic history with
the bar lithofacies siltstones is very significant. The spatial
distribution of potential high-porosity rocks can now be predicted from an
accurate model of the depositional environments that produced this
lithofacies.



Fig. 3. Photomicrographs of diagenetic textures in the Pumpkin Valley
Shale. A. Syntaxial quartz overgrowth (#1), bar represents 100 pm.
B. Chlorite cement illustrating micaceous habit (#2) and filling primary
pore space, bar represents 100 pm. C. Secondary porosity occluded with
calcite (#3), bar represents 300 Jim. D. Oversized pore that represents
secondary porsity with corroded potassium feldspar grain (#4), bar
represents 100 pm. E. Altered potassium feldspar rimmed by sericite
(#5). Grain is surrounded by epimatrix and patches of pbyllosilicate
cement, bar represents 100 ptn. F» Recrystallized clay-rich orthomatrix
and detrital muscovite grains, typical of mudstone-rich lithologies in the
Pumpkin Valley Shale, bar represents 100 ym.
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Structure
Joint sets and other fractures within the Pumpkin Valley Shale are

ubiquitous [8, 10]. They are well developed in the siltstones and
sandstones and typically die out or diminish in magnitude in the mudstones
and mudstone-rich siltstones of all the lithofacies present. Thus, any
one joint or fracture is contained within only a few beds. Furthermore,
because the geometry of the beds is dominantly lenticular discontinuous,
beds that are highly jointed are not laterally persistent. Thus, although
the Pumpkin Valley Shale is locally highly fractured, the joint and
fracture systems are not connected for distances greater than 10 to
100 m. Furthermore, many joints are filled with caicite and/or dolomite,
although some remain unfilled or open.

Localized high-angle, moderate displacement faults and deformation
zones (1 to 3 m wide) cut across portions of the Pumpkin Valley Shale.
Such features may have high porosity locally although frequently they are
represented by calcite-cemented breccia zones that have most porosity
occluded by the caicite cement. Such zones do represent, however,
potentially high permeability regions with the host formation*

DISCUSSION

Controls on porosity-permeability relationships
Control of porosity-permeability within the Pumpkin Valley Shale

ultimately is related to the initial bulk composition of the formation.
Bulk composition, especially matrix content, strongly influences initial
porosity patterns, and these patterns, in turn, influence the subsequent
diagenetic history of the various lithofacies within the Pumpkin Valley
Shale. Low matrix-content siltstones and sandstones bad the highest
amount of initial porosity and permeability and also experienced the
development of large amounts of secondary porosity. Thus, diagenetic
events of cementation and grain dissolution served to modify and enhance •
initial porosity-permeability heterogeneities that reflected initial bulk
compositional differences within the lithofacies of the Pumpkin Valley
Shale. - . . . .i ~ _

Fracture porosity-permeability patterns are also related to bulk
composition. The low matrix content, well-cemented siltstones and
sandstones have the largest number of joint sets and thus the greatest
fracture permeability potential. Thus, bulk composition controls both
fracture and intrinsic porosity-permeability development and pattern.

Spatial character of porosity-permeability pattern
Ttie spatial distribution of the lithofacies with different initial bulk

composition is controlled by the nature and spatial arrangements of the
depositional environments that existed during the time of Pumpkin Valley
Shale deposition. The spatial arrangement of porosity-permeability
patterns, therefore, reflects the geometry of the rock units produced in
these depositional environments. In the case of the Pumpkin Valley Shale,
the higii porosity and inferred high permeability litbofacies material
forms elongate to lobate, lenticular discontinuous bodies, several tens to



several hundreds of meters in lateral dimension, that tend to be
surrounded and encased in mudstones or sandstone-rich mudstones
characterized by lower porosity and inferred permeability values. Thus,
variations in porosity and permeability and in the petrologic aspects that
control porosity and permeability can be related to a depositional facies
model for the Pumpkin Valley Shale. Determination of this relationship
will allow porosity and permeability patterns to be predicted for portions
of the Pumpkin Valley Shale that have not been studied.

Generic application
With respect to site investigation <t other localities, the ORNL

experience suggests that careful geouyical and petrolog-:cal study of the.
proposed host formation will provide valuable insight into the suitability
of a geological formation for hydraulic fracturing disposal of radwaste.
Important host formation properties, such as porosity and inferred'
permeability patterns, can be related to measureable and mappable
geological and petrological paramenters such as the distribution of
depositional environments and to diagenetic trends and sequences.
Furthermore, other hydraulic fracturing parameters such as the breakdown
pressure during hydraulic fracturing, the pressure drop during grout
injection, and the geometry of the injected grout sheets also appears to
be relatable to readily mappable geological factors (work in progress).
Determination of these relationships better allows for the satisfactory
operation and assessment of a hydraulic fracturing. Operational
experience to date with the Pumpkin Valley Shale indicates that even
fairly heterogeneous irregularly bedded and moderately deformed geological
formations can apparently serve as satisfactory host formations if
lithologic characteristics and structural style combine to produce a
formation with low porosity and permeability values. In making such a
determination, the essential role of careful, detailed geological and
petrological site-specific research cannot be overemphasized.
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