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Abstract Understanding the geologic controls of
porosity development and their relationship to the
karst aquifer system in the Cambrian Maynardville
Limestone is important in determining possible
contaminant transport pathways and provides es-
sential data for hydrologic models within the Oak
Ridge Reservation of east Tennessee. In the May-
nardville Limestone, several important factors con-
trol porosity development: (1) lithologic controls
on secondary microporosity and mesoporosity are
related to dissolution of evaporite minerals and de-
dolomitization in supratidal facies; (2) depth below
the ground surface controls the formation of karst
features because the most active portion of the
groundwater system is at shallow depths, and karst
features are rare below ;35 m; and (3) structural
controls are related to solution enlargement of frac-
tures and faults.
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Introduction

The U.S. Department of Energy’s Oak Ridge Y-12 Plant
(Fig. 1), located in Bear Creek Valley (BCV) of east Ten-
nessee, contains several hazardous and nonhazardous
waste sites and underground storage tank sites within the
valley and adjacent ridges that have the potential of con-
taminating local surface streams and groundwater. An
understanding of porosity and karst development in this
area is essential for proper flow characterization and for
potential development of remedial alternatives. Because
of the heterogeneous nature of the karst aquifer in BCV
and its profound effects on contaminant transport, sev-

eral hydrologic and geologic studies were conducted to
help define groundwater pathways in BCV and to investi-
gate the factors influencing the occurrence and distribu-
tion of water-bearing intervals. Results from drilling in
BCV, core descriptions, diagenetic interpretations, and
evaluation of secondary porosity development have been
documented by Shevenell and others (1992), Goldstrand
and Shevenell (1994), Goldstrand (1995), and Goldstrand
and others (1995).
This paper defines the factors that result in secondary
porosity development, both micro- and mesoporosity in
the rock matrix, and macroporosity in the form of cavi-
ties. Cavities are important to this area because they al-
low rapid transmission of water and potential contami-
nants. Also, the matrix porosity, with its higher storage
capacity, is important because it can act as a long-term
source of contaminants. Contaminants can diffuse from
the matrix porosity into cavities and fractures long after
the primary source of the contaminants has been re-
moved (e.g., Shevenell and others 1994). The objectives of
this study are to help constrain the lithologic, structural,
and spatial controls on porosity and karst development
in this carbonate aquifer and to evaluate how these fac-
tors influence groundwater flow.

General geology and
hydrogeology

Geologic setting
Bear Creek Valley is located in the upper plate of the
Whiteoak Mountain thrust fault (Fig. 1) within the Valley
and Ridge province of the southern Appalachian fold and
thrust belt, east Tennessee. The bedrock of BCV and ad-
jacent ridges consists of Cambrian and Ordovician car-
bonate and clastic sedimentary rocks (King and Haase
1987; Hatcher and others 1992). The majority of the
waste management areas within BCV are located in the
uppermost part of the Conasauga Group (the Nolichucky
Shale; Cn) and the lowermost part of the Knox Group
(the Copper Ridge Dolomite; Ccr). Groundwater flows
from the Ccr and the Cn into the Maynardville Limestone
(Cmn) in the valley floor. Bedrock strike in the area var-
ies locally from N47 7E to N67 7E and dips average 437 to
the southeast (King and Haase 1987). The Cn forms the
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Fig. 1
Location and generalized geologic map for the Y-12 Plant area,
Bear Creek Valley and Chestnut Ridge

central floor of BCV and is gradationally overlain by the
Cmn. The Cmn forms the southeastern floor of BCV and
is gradationally overlain by the ridge-forming Ccr, both
of which are considered part of the Knox aquifer in this
region (Solomon and others 1992).
The Cn ranges in stratigraphic thickness from 155 to
184 m in BCV (Hatcher and others 1992). The formation
consists of massive to very thinly bedded shale intrastra-
tified with thin- to medium-bedded limestone and rare
calcareous siltstone. The interbedded shale and limestone
of the upper Nolichucky Shale were deposited in a subti-
dal environment (Weber 1988; Foreman and others 1991).
The overlying Cmn ranges in stratigraphic thickness from
116 to 127 m in BCV (Hatcher and others 1992; Shevenell
and others 1992). Based on gamma-ray log signatures, the
uppermost Cn and the Cmn have been divided into six
zones (Fig. 2). Zone 1 comprises the upper part of the Cn
and is not part of this study. Zones 2–6 comprise the
Cmn. On gamma-ray logs the contact between the Cn
and Cmn is placed immediately above the highest right
deflection (defining the location of the last major shale
interbed within the Nolichucky Shale) and at the bottom
of a comparatively constant carbonate baseline within the
Cmn (Shevenell and others 1992). The Cmn-Ccr contact
is gradational with mottled, irregularly bedded, dolomitic
limestone within the uppermost Cmn grading upward
into cherty dolostone of the Ccr.
Several fracture sets have been identified in the BCV
area, with a prominent fracture set oriented parallel to
and along bedding planes (Sledz and Huff 1981; Ketelle
and Huff 1984; Rothschild and others 1984; Hatcher and
others 1992). A second prominent set of fractures is also

Fig. 2
Generalized natural gamma-ray log and lithologic column of
Maynardville Limestone in Bear Creek Valley. Thickness shown
is in down hole depth. All thicknesses in text are stratigraphic
thicknesses



Cases and solutions

250 Environmental Geology 31 (3/4) June 1997 7 Q Springer-Verlag

Fig. 3
Generalized map of Bear Creek Valley, Oak Ridge, Tennessee,
showing borehole locations and approximate formation contacts
for the Copper Ridge Dolomite (Ccr), Maynardville Limestone
(Cmn), and Nolichucky Shale (Cn). Core descriptions, well logs,
and geophysical data from boreholes shown were used for
stratigraphic and sedimentologic correlations and
interpretations. Core from wells GW-130, GW-135, GW-137,
GW-138, and GW-722 were used for petrographic and porosity
analysis

parallel to strike but perpendicular to bedding (Hatcher
and others 1992). The frequency of fracturing decreases
with depth below the ground surface (Solomon and oth-
ers 1992). Also, there is a strong correlation between frac-
ture spacing and bed thickness (i.e., wider fracture spac-
ing in thicker beds; Hatcher and others 1992).
Although no major faults are present in the immediate
study area, minor thrust faults (duplicating 3- to 6-m sec-
tions of strata) have been observed in core. These faults
provide a zone of preferred groundwater flow paths and
cavity development. Within the Burial Grounds area (Fig.
3) cavities (up to 1 m in vertical height) have developed
along these fault planes. Grout, which was placed in cavi-
ties in one well during well completion attempts, was en-
countered in a second well located ;50 m down dip
within the fault zone, indicating these cavities are hydro-
logically connected along the fault plane.

Hydrogeologic setting
Hydraulic head data indicate groundwater flow into the
Cmn is from the adjacent ridges through the Ccr and Cn
in an approximately strike perpendicular direction. Flow
in the Cmn is parallel to strike suggesting that the Cmn
acts as a hydraulic drain for BCV. Within BCV a shallow
groundwater and surface water divide is located near the
southwest end of the Y-12 Plant in the area of the S-3
Ponds (Geraghty and Miller Inc. 1987; 1990; Fig. 3).
Northeast of the divide, groundwater flows toward Upper
East Fork Poplar Creek, and southwest of the divide the
groundwater flow is southwest down Bear Creek (Fig. 3).
The surface water in BCV and groundwater in the Cmn
are interconnected, with springs discharging from the
Cmn into Bear Creek (Geraghty and Miller Inc. 1985). A
large number of solution cavities are present in the Cmn
underlying Bear Creek (Shevenell and others 1992; Shev-
enell and Beauchamp 1994). Locally, intermittent rapid
flow through these features occurs in response to precipi-
tation events (Shevenell 1996).

Methods

Data pertaining to facies and lithologic variations within
the Cmn were obtained from core and geophysical data
from 18 boreholes throughout BCV (Goldstrand 1995).
Eight lithofacies are identified from the Cmn and include:
dolomitic limestone, dolostone, stromatolitic dolostone,
stromatolitic limestone, oolitic limestone, limestone,
thrombolitic limestone, and thinly interbedded limestone-
shale lithofacies (Table 1). Petrographic analysis of 27
thin sections from wells GW-135, GW-137, and GW-138
(sample depths between 40 and 365 m) provides data on
the mineralogy, porosity, and diagenetic evolution of the
Cmn (Goldstrand 1995; Goldstrand and others 1995). Half
of each thin section was stained for calcium carbonate
and 300 points where counted per thin section. Volumet-
ric porosity data were obtained from five coreholes (507
samples between 40 and 375 m depth) by the water im-
mersion technique (Brown 1981) and are considered min-
imum porosity values (Goldstrand and others 1995).
Note, core was not available from the shallower intervals
(~40 m).
The pore-size classification, used herein, is generally that
defined by Choquette and Pray (1970) in which the diam-
eter of micropores is ~0.0625 mm, small mesopores are
between 0.0625 and 0.5 mm, large mesopores are between
0.5 and 4 mm, and megapores are 4–256 mm. Vuggy por-
osity (vugs) used in the context of this paper refers to
roughly equant pores 1–5 cm in diameter. Cavities
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Table 1
Percentage of lithofacies within each of the Maynardville Limestone geophysical zones. Data from 18 boreholes within Bear Creek
Valley, east Tennessee

Zone 6 Zone 5 Zone 4 Zone 3 Zone 2

Dolomitic limestone 13.95% 7.31% 5.20% 0.00% 0.07%
Dolostone 56.50% 1.79% 0.00% 0.00% 0.00%
Stromatolitic dolostone 11.54% 0.00% 0.00% 0.00% 0.00%
Stromatolitic limestone 1.38% 0.45% 11.79% 1.32% 1.06%
Oolitic limestone 3.53% 61.64% 28.50% 47.37% 1.92%
Limestone 13.09% 16.12% 37.52% 31.70% 11.76%
Thrombolitic limestone 0.00% 0.00% 15.74% 15.91% 83.15%
Interbedded limestone-shale 0.00% 12.69% 1.25% 3.71% 2.05%

(`6 cm) in the karst aquifer are considered to be macro-
porosity in this work.
Cavities are considered here as any solution-enlarged fea-
ture `6 cm in diameter and were identified during drill-
ing of boreholes by noting an obvious drop in the drill
string. Drops of several meters were noted in some wells,
yet drops as small as 6 cm were also detected. These
drops in the drill string only help to identify the vertical
dimension of the cavity. In contrast, a fracture was iden-
tified during drilling by rig chatter, hematite and limon-
ite staining on chip samples or core, and increased water
production. An increase in water production which was
not accompanied by hematite and limonite staining or
rig chatter was considered to be a slower flowing water
zone with groundwater flowing through the matrix mi-
croporosity and mesoporosity. In later discussions of cav-
ity water zones versus other water zones, note that “other
zones” refer to the combination of waters in fractures
and matrix porosity.

Results

Lithologic observations
The Cmn is divided into five geophysically distinct zones
numbered 2–6, with zone 2 at the base and zone 6 at the
top of the formation (Fig. 2). Rapid facies changes are
present within the lower part of the Cmn in BCV. Near
the Burial Grounds Waste Management Area (Fig. 3), the
stratigraphic thickness of zone 2 varies by ;60 m over a
horizontal distance of ;110 m (Goldstrand 1995). This
zone is dominantly composed of very fine to finely crys-
talline thrombolitic (nonlaminated algal) limestone (Ta-
ble 1), with abundant thin, wispy shale and carbonate
mudstone stringers and partings. Beds are massive to
thickly bedded boundstone, packstone, and grainstone.
Interbeds of bioclastic, peloidal, oolitic, stromatolitic, and
oncolitic limestone are common. Zone 2 is commonly
stylolitic and burrowed, and open and calcite-filled vugs
and fractures are common. Locally, pyrite is either asso-
ciated with shale stringers or is dispersed throughout the
thrombolitic limestone.

Zone 3, as well as zone 2, thins and in places is absent
near the Burial Grounds Waste Management Area. The
base of zone 3 is gradational with zone 2 and interbeds
of thrombolitic and oolitic limestone, matrix-supported
carbonate conglomerate, carbonate mudstone, and strin-
gers of calcareous shale are common. Interbeds of peloi-
dal and oncolitic packstone and grainstone are common.
The upper parts of zone 3 consist of oncolitic and oolitic
limestone, thick interbeds of digitate stromatolitic limes-
tone and slightly dolomitic mudstone. Black shale in-
terbeds and stringers are more common within the peloi-
dal and oolitic limestone beds.
Zone 4 consists of medium to coarsely crystalline limes-
tone and minor dolostone. Interbeds of oolitic, digitate
stromatolitic, and algal laminated limestones occur near
the base. Interbeds of oncolitic limestone and dolomitic
limestone occur in the upper part of this zone. Stroma-
tolitic and bioclastic limestone beds are common. Calcite-
filled birds-eye structures and gypsum- and anhydrite-
filled vugs are also present in deeper core. Generally,
zone 4 thins and grades into thrombolitic and stromatol-
itic limestone with interbeds of oolitic limestone in the
Burial Grounds Waste Management area, and thickens to
the northeast and southwest.
Zone 5 consists mostly of thickly bedded, oolitic, peloi-
dal, and oncolitic limestone and dolomitic limestone. Lat-
erally persistent, very thin interbeds and stringers of cal-
careous shale and micrite are characteristic of this zone.
Thin intraformational conglomerate beds are also asso-
ciated with the shale and micrite beds.
Zone 6 consists dominantly of dolostone and slightly cal-
careous dolostone (Table 1). Generally, this zone is me-
dium to coarsely crystalline with a saccharoidal texture,
massive to well-laminated, and stromatolitic. Rip-up
clasts of algal laminated dolostone, bioturbation, and
birds-eye structures are common. Stylolites, open and
filled (calcite and gypsum) vugs and veins are common.
An abundance of vugs and small (cm-scale) cavities is
characteristic of this zone.
The Cmn represents an upward shallowing carbonate
platform sequence from subtidal (zone 2) to supratidal
(zone 6) paleoenvironments (Weber 1988; Goldstrand
1995). Rapid facies changes occurred in the subtidal por-
tion of this carbonate platform (i.e., zones 2, 3, and 4) in
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Table 2
Mean matrix porosities for the Maynardville Limestone

Formation/
zone

Maximum–Minimum Mean Standard
deviation

Number of
samples

Zone 6 10.3–0.3% 2.1% 2.0 66
Zone 5 2.3–0.2% 0.8% 0.6 42
Zone 4 1.1–0.1% 0.5% 0.2 105
Zone 3 2.7–0.1% 0.6% 0.5 75
Zone 2 4.0–0.1% 0.5% 0.5 219

Total 0.8% 507

the area of the Burial Grounds. However, facies in zone 6,
and to a lesser extent in zone 5, are generally uniform
throughout BCV.

Lithologic controls on porosity development
Following the definitions of Choquette and Pray (1970),
primary porosity is considered to be that porosity pres-
ent in the rock after final deposition and secondary por-
osity is any post-depositional porosity created within the
rock. Petrographic analysis indicates all primary porosity
has been occluded through cementation and that all of
the porosity present in the Cmn at this time is secondary
or post-depositional in origin.
Volumetric porosity data provide an estimate of the mi-
croporosity and small mesoporosity for the Cmn zones
(Table 2). Core inspection and petrographic analysis pro-
vided the most important clues on the controls of small-
er-scale secondary porosity (microporosity to vugs). The
major controls on the development of porosity are, in or-
der of importance: (1) dissolution of gypsum and anhy-
drite, (2) dedolomitization, (3) carbonate grain size, and
(4) oxidation and dissolution of pyrite.
Dissolution of gypsum and anhydrite nodules is responsi-
ble for the development of vuggy porosity within the su-
pratidal part of the Cmn (zone 6). Nodules of gypsum
and anhydrite are preserved in deeper core in the Cmn
(e.g., well GW-135; 359 m depth) suggesting that dissolu-
tion is partly depth dependent. At shallow depths, vugs
the size and shape of these nodules are lined with euhe-
dral calcite crystals, suggesting dissolution of the evapo-
rite minerals and later precipitation of calcite within the
void (Saunders and Toran 1994; Goldstrand 1995). Petro-
graphic analysis of vugs partially filled with gypsum from
well GW-722 at 159 m depth indicates partial dissolution
of the gypsum had occurred but that later precipitation
of calcite has occluded some of that secondary porosity.
Dedolomitization (replacement of dolomite by calcite) is
chemically related to the dissolution of gypsum within
the Cmn and Ccr (Saunders and Toran 1994) and is an
important factor in microporosity and mesoporosity de-
velopment in the dolomitic parts of this formation (Gold-
strand 1995). Ferroan dolomite is abundant throughout
the upper Cmn, and relatively common throughout the
middle and lower Cmn. The ferroan dolomite may have
developed during burial diagenesis, replacing original

fine-grained carbonate lithologies. In core, generally shal-
lower than 180 m below ground surface (bgs), ferroan do-
lomite has been preferentially dissolved with respect to
the surrounding carbonate lithologies. In some cases, re-
placement by calcite pseudomorphs after dolomite has
occurred, but generally dissolution of the dolomite crys-
tals has produced moldic micropores and mesopores.
Carbonate mud dissolution in the thrombolitic limestone
facies, abundant in zones 2, 3 and 4, is an important
process in the formation of secondary porosity in these
zones. Similar results have been observed in other studies
(Rauch and White 1970; Dreiss 1984), which indicate that
smaller carbonate grain-sizes provide a larger surface
area for active dissolution by groundwater undersatu-
rated with CaCO3.
Locally, dissolution of pyrite is also responsible for the
development of secondary porosity. The transformation
involves the oxidation of pyrite to hematite and ultimate-
ly the formation of moldic porosity with removal of the
hematite. This form of porosity is generally restricted to
thrombolitic limestone facies within zone 2 at depths less
than 60 m.
Matrix porosity data from BCV indicate that porosities in
the Cmn are in part lithologically and facies dependent.
Below is a summary of the porosity development in each
of the Cmn geophysical zones.
Zone 2: Within zone 2, a large number of vugs, as deep
as 366 m bgs, are present, but the mean matrix porosity
is 0.5%. Much of zone 2 consists of thrombolitic limes-
tone, with dissolution concentrated in the intercalated
micrite or along the wispy carbonate mud stringers
(creating thin, elongate solution zones). Elongate solution
zones also occur along the interface between shale strin-
gers and carbonate lithologies, and are related to dissolu-
tion as groundwater moves along the shale-carbonate in-
terface. These stratabound alteration zones account for
localized higher porosities up to 4.0% (e.g., GW-130 at
92 m). At depths ~60 m oxidation of pyrite to hematite
was observed in zone 2. Complete alteration of the pyrite
and removal of the hematite has produced moldic porosi-
ties as high as 3.0%.
Zone 3: Porosities in zone 3 range between 0.1 and 2.7%,
with a mean matrix porosity of 0.6%. Porosity is asso-
ciated with thrombolitic interbeds in which the interven-
ing carbonate mudstones have dissolved.
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Fig. 4
Mean matrix porosities for Maynardville Limestone lithofacies
and geophysical zones. Lithofacies: Dolo Ls dolomitic limestone,
Dolo dolostone, Strom Dolo stromatolitic dolostone, Strom Ls
stromatolitic limestone, Ool Ls oolitic limestone, Ls limestone,
Throm thrombolitic limestone, Ls/Sh interbedded limestone and
shale

Zone 4: Zone 4 has a mean matrix porosity of 0.5% with
porosity values ranging from 0.1 to 1.1%. Vuggy and
moldic porosity within zone 4 occurs mostly in stroma-
tolitic dolomitic limestones and is related to dedolomiti-
zation (see zone 6 below).
Zone 5: Matrix porosities for zone 5 range between 0.2%
and 2.3%, with a mean porosity of 0.8%. This zone con-
sists generally of coarsely crystalline, oolitic dolomitic li-
mestone with interbeds of shale and micrite. The devel-
opment of moldic porosity in this zone is related to the
dissolution of dolomite crystals that commonly replace
ooids (dedolomitization). Dissolution of micrite interbeds
is also common.
Zone 6: The mean matrix porosity of zone 6 is 2.1%, but
porosities locally exceed 10% (well GW-135 at a depth of
;234 m). Vuggy porosity is abundant in zone 6 to a
depth of 244 m bgs. Lithologically, zone 6 consists mostly
of stromatolitic dolostone and calcareous dolostone. The
highest porosities are present within the stromatolitic do-
lostone (Fig. 4). The predominant cause for the vuggy
porosity in this zone is the dissolution of gypsum no-
dules (leaving abundant vugs up to several centimeters in
diameter). Also of importance to the development of sec-
ondary porosity is dedolomitization. Selective dissolution
of dolomite crystals has created abundant, interconnected
moldic micropores and small mesopores (generally less
than 0.5 mm in diameter). The processes of gypsum dis-
solution and dedolomitization are geochemically related
(Back and others 1983; Saunders and Toran 1994) and are
the major cause of porosity development in this zone.
Porosity has also developed due to dissolution of carbon-
ate mud within the dolomite. The stromatolitic dolomites
are coarsely crystalline with intercalated carbonate mud

laminae, which originally were trapped between the algal
structures and filaments responsible for forming the stro-
matolites. Dissolution of the intervening carbonate mud
produces elongate vugs several millimeters in diameter.
To determine possible relationships between lithology
and porosity, correspondence analysis was applied to li-
thologic data collected through petrographic analysis and
point-counting (Table 3). Correspondence analysis pro-
vides a graphical display of attributes (lithology and por-
osity) and individual samples, where the distance be-
tween points is a measure of the similarity or correlation.
A complete explanation of this method is present in a
number of publications (e.g., Greenacre 1984; Davis
1986).
Groups of sample points characterize members of a spe-
cific family or individuals resulting from the same pro-
cess, whereas groupings of attributes indicate similarity
of behavior or correlation between attributes. Interpreta-
tion of correspondence factors is based on locating the
attributes and sample end-members. All other points be-
tween the two end-members are considered mixtures of
those end-members.
A graphical display of the quantitative information from
Table 3 is shown in Fig. 5, where the eigenvalues have
been adjusted to percentages. Within this data set the
first factor accounts for 67% of the total variation and
the second factor accounts for 18% of the total variation.
The two attribute end-members on the factor 1 axis are
dolomite and micrite, and this factor is the result of car-
bonate mineralogy (i.e., MgCa(CO3)2 vs CaCO3). Samples
that cluster near the dolomite end-member (100%) have
the higher percentages of dolomite, whereas those sam-
ples located at the low end of the factor 1 axis are higher
in micrite (Fig. 5). The two end-members for the factor 2
axis are sparite (coarsely crystalline calcite) and clay and
represent overall grain/crystal size. These attributes and
their associated samples plot away from the dolomite at-
tribute.
Important with respect to porosity development in the
Cmn is that the attribute porosity plots near the high end
of the factor 1 axis, near the dolomite attribute, indicat-
ing a strong correspondence between dolomite and high-
er porosity (Fig. 5). Conversely, samples associated with
micrite, sparite, and clay do not correspond with higher
porosities. Thus, correspondence analysis reaffirms the
petrographic observations that porosity is directly related
to dedolomitization of the dolomitic facies in the Cmn.
In summary, the microporosity and mesoporosity within
the different zones and lithofacies within those zones
must by incorporated into hydrologic models of this
aquifer. Microporosity and small mesoporosity that form
the matrix porosity can be an important secondary
source of contaminants into the fracture systems (e.g.,
Shevenell and others 1994). Matrix diffusion of possible
contaminants from micro- and mesopores into fractures
will differ considerably from one lithofacies or zone to
another. Therefore, effects of matrix diffusion of contami-
nants within zone 6 will differ from the other Cmn zones
due to the higher micro- and mesoporosity of zone 6.
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Table 3
Petrographic analysis of the Maynardville Limestone. Data herein used in correspondence analysis (Fig . 5), except miscellaneous
mineralogies: (p) pyrite; (h) hematite; (g) gypsum, vein filling; (gl) glauconite; (b) barite, lining vug

Sample
number

Cmn Composition (%) Porosity Misc.

Well Depth (m) zone Clay Dolomite Sparite Micrite

1 GW-135 223 6 1.3 97 0 0 1.6 0
2 GW-135 227 6 5.3 91 2.3 0 1.3 0
3 GW-135 234 6 1 88 0.6 0 10.3 0
4 GW-135 246 5 0 22.3 57 20 0.3 0.3 (p)
5 GW-135 249 5 26.6 30.3 22.6 19.6 0 0.6 (p)
6 GW-135 255 5 0.3 12 51.6 36 0 0
7 GW-135 269 4 0 16.6 49 34.3 0 0
8 GW-135 290 4 0 53.6 30.6 13.6 0 2.0 (p)
9 GW-135 307 3 2.6 16 47.3 34 0 0

10 GW-135 318 3 17.6 12 30.6 39.6 0 0
11 GW-135 345 2 2.6 11 35 51.3 0 0
12 GW-135 365 2 1 6.3 38.2 53.6 0.3 0.3 (p)
13 GW-137 40 3 11.3 1.6 21.6 65.3 0 0
14 GW-137 67 2 2.6 0 40.6 52 3 1.6 (h)
15 GW-138 132 6 2 78.6 4.3 0 15 0
16 GW-138 147 6 0.3 95.3 0 0 4.3 0
17 GW-138 164 6 0 67.6 1.3 30.9 0 0
18 GW-138 171 5 0 9.6 2.3 87.9 0 0
19 GW-138 173 5 0 36.6 49.3 13.6 0.3 0
20 GW-138 191 4 0 91 7.3 0 0 1.6 (p)
21 GW-138 201 4 0.3 6.3 63.6 29 0 0.3 (p)
22 GW-138 207 4 1.3 25.6 43.3 22.6 0 7.0 (g)
23 GW-138 216 4 0 87 8.3 1.3 0 3.3 (g)
24 GW-138 221 3 3 15 50.6 31.3 0 0
25 GW-138 239 3 2 35 51.9 11 0 0
26 GW-138 262 2 6.3 60 18.9 11 3 0.6 (gl; p)
27 GW-138 288 2 1.3 18 21.3 57.6 1.3 0.3 (b)

Fig. 5
Correspondence analysis plot of petrographic parameters (clay,
dolomite, sparite, micrite, and porosity) for 27 samples. Data
from Goldstrand and others (1995) and summarized in Table 3.
Numbered squares refer to sample numbers shown in Table 3
(por porosity, micr micrite, spar sparite, dol dolomite)

Depth of karst formation
During drilling operations throughout BCV, numerous
water producing intervals have been identified within the
Cmn and Ccr. Of these water zones, 36% are identified as
cavities, 32% are fractures, and 32% are identified as
slow-flow water-producing intervals (Shevenell and Beau-
champ 1994). The depth distribution of water zones en-
countered during drilling of 137 different wells which
penetrated the Cmn (data from Jones and others 1992)
were compiled. The Cmn zones encountered were not
noted during drilling of the older wells which comprise
56% of the wells used in this analysis. Hence, the Cmn
zone at particular depths in these wells was estimated by
constructing the three-dimensional geology of BCV from
data from wells shown in Fig. 3. The locations and
depths of the older wells were interpolated into the three-
dimensional geologic model to determine zone boundar-
ies.
In addition, many of the wells in BCV were drilled to
only very shallow depths. Of the 137 wells, 18 were
drilled to depths ~10 m, 41 to depths from 10 to 20 m,
and 18 to depths between 20 and 30 m for a total of 56%
of all wells. Because all of these wells are heavily biased
toward the very shallow depths, the frequency of water
zones at shallow depths would appear much larger than
at deeper levels if these wells were considered in an anal-
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Fig. 6
Frequency of all water zones and cavities for all wells drilled in
the Maynardville Limestone to depths `30 m

ysis. Therefore, a subset of the data was selected such
that all data from a total of 60 wells drilled to 630 m in
all Cmn zones were included in order that more realistic
comparisons between depths of 0 and 30 m could be
made (Fig. 6).
In this figure, the subdivisions are identified as follows: 5
refers to that interval ~5 m in depth, 10 identifies the
interval 5–10 m in depth, etc. These data show that cavi-
ties are much more important than other water zones in
the `10 to ~20 m depth interval, with cavities decreas-
ing with depth after 20 m and becoming less likely to be
present than other water zones as depth increases. Some
cavities have been noted at depths as great as 75 m, yet
the vast majority (86%) are at depths ~35 m. Below
35 m, other water zones (fractures and matrix porosity)
are far more common. Note that of the 60 wells drilled
below 30 m, 27 are from depths of 30–50 m, 16 between
50 and 100, 12 between 100 and 200, and only 5 between
200 and 434 m. Hence, the apparent decrease in water
zones with depth below 50 m is largely reflecting the
smaller data set at the deeper levels. Nevertheless, water
zones dominate over cavities at all depths below approxi-
mately 25 m indicating conduit formation is strongly
depth dependent when all Cmn zones are considered.
Although the data set is more limited, cavity frequency
plots were also constructed within each individual Cmn
zone to determine if there were specific depth dependen-
cies within the zones and if differences between the zones
could be identified. This evaluation is again restricted to
all water zones at depths ~30 m from wells which were
drilled to a minimum depth of 30 m. Hence, all wells and
water zones evaluated occur over the same, consistent
depth interval in order to minimize introduction of bias
into the data set. Between 6 and 11 wells in each Cmn
zone were available for use, and insufficient data were
available in this restricted depth interval for zone 3. In
zones 2, 4, and 5, the greatest number of cavities occur in
the 10- to 20-m depth interval, with cavity occurrence de-

Fig. 7
Frequency of all water zones and cavities at depths between 0
and 30 m in Cmn zone 2. Data are from all wells drilled to
depths greater than 30 m. Nine wells in zone 2 have noted 22
water zones between 0 and 30 m in wells drilled to `30 m in
the Maynardville Limestone

Fig. 8
Frequency of all water zones and cavities at depths between 0
and 30 m in Cmn zone 6. Data are from all wells drilled to
depths greater than 30 m. Eleven wells in zone 6 have noted 21
water zones between 0 and 30 m in wells drilled to `30 m in
the Maynardville Limestone

creasing with depth thereafter. In addition, in these three
zones, cavities are more abundant than water zones in
the 10- to 20-m depth interval. Zone 2 is plotted in Fig. 7
as an example. In contrast, although there is a slightly
higher frequency of cavities in zone 6 at shallower depths
(10–20 m interval) compared to the deeper levels (`20–
30 m), other types of water zones are consistently more
common than cavities at all depth intervals considered
(Fig. 8). This is in contrast to the other zones where cavi-
ties are more common than other water zones at the
shallower depths, with the trend reversing as depth in-
creases. The difference in the occurrence of water zones
in zone 6 in comparison to the other zones is consistent
with the porosity data which indicate microporosity and
mesoporosity in the rock matrix are considerably higher
in zone 6 than in the other Cmn zones. Hence, slower
flowing water zones will be more important in zone 6.
Table 4 summarizes the number of cavities and water
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Table 4
Summary of the number of cavities and other water zones
noted in wells drilled in the Maynardville Limestone. Three
separate listings appear in the table: water zones at depths
~30 m noted in wells drilled to depths of at least 30 m, water
zones at depths ~30 m from wells drilled to all depths, and all
water zones noted in wells drilled to all depths. The columns
are identified as follows: cavities/wellpthe total number of

cavities divided by the number of wells penetrating the Cmn
zone; water/wellpthe total number of other water zones noted
divided by the number of wells penetrating the Cmn zone; total
water/wellpthe total number of other water zones plus cavities
noted divided by the number of wells penetrating the Cmn
zone, and % cavpthe percent of total water zones that are
cavities

Cmn zone No. of
water zones

No. of
cavities

Total no. of
zones

No. of
wells

Cavities/
well

Water/
well

Total water/
well

% Cav

Zone 2
Wells `30m, water depths ~30 m 14 8 22 9 0.89 1.56 2.44 36%
All wells, water depths ~30 m 33 31 64 33 0.94 1.00 1.94 48%
All wells, all depths 45 36 81 37 0.97 1.22 2.19 44%

Zone 3
Wells `30m, water depths ~30 m 3 3 6 6 0.50 0.50 1.00 50%
All wells, water depths ~30 m 9 15 24 15 1.00 0.60 1.60 63%
All wells, all depths 33 18 51 22 0.82 1.50 2.32 35%

Zone 4
Wells `30m, water depths ~30 m 7 10 17 7 1.43 1.00 2.43 59%
All wells, water depths ~30 m 10 26 36 19 1.37 0.53 1.89 72%
All wells, all depths 33 26 59 32 0.81 1.03 1.84 44%

Zone 5
Wells `30m, water depths ~30 m 3 9 12 7 1.29 0.43 1.71 75%
All wells, water depths ~30 m 5 10 15 10 1.00 0.50 1.50 67%
All wells, all depths 24 14 38 22 0.64 1.09 1.73 37%

Zone 6
Wells `30 m, water depths ~30 m 15 6 21 11 0.55 1.36 1.91 29%
All wells, water depths ~30 m 27 21 48 24 0.88 1.13 2.00 44%
All wells, all depths 61 24 85 36 0.67 1.69 2.36 28%

zones encountered in each of the Cmn zones. Data are
listed first for only the water zones ~30 m in depth for
wells drilled to `30 m in depth, second for wells and wa-
ter zones at all depths, and third for water zones ~30 m
from all wells drilled to all depths. The tabulation for
zone 3 at depths ~30 m for wells `30 m deep is not re-
liable because of insufficient data. Well data compiled in
Table 4 indicate that zone 6 contains fewer cavities rela-
tive to all other zones but generally has a larger number
of slow-flow water intervals. These large-scale observa-
tions are reasonable when viewed in the context of the
observed microporosity, mesoporosity, and vuggy-porosi-
ty values which are much higher in zone 6 than in any of
the other Cmn zones. Hence, the microporosity and me-
soporosity in the zone 6 rock matrix will be a more im-
portant control on groundwater flow and transport pro-
cesses than within the lower Cmn zones. This is particu-
larly true for the shallower intervals (10–20 m) where
cavities are more dominant in the other Cmn zones. In
the other Cmn zones, few slow-flowing water-producing
intervals were noted and this is consistent with the gen-
erally lower microporosity to vuggy-porosity values mea-
sured in the matrix of these zones.
The number of water zones per well in zone 2 is slightly
greater than the number of cavities per well for all three
data sets listed in Table 4. Water zones encountered in
zone 2 at depths ~30 m occur exclusively within the val-

ley floor where surface water and groundwater flow con-
verges from the adjacent ridges. Hence, zone 2 at shallow
depths is in one of the most active parts of the flow sys-
tem, and greater amounts of water flow through this area
allowing for greater dissolution and secondary porosity
development than in most of the deeper levels of zone 2
for which porosity values were measured.
In Table 4, cavities per well are more common than other
water zones per well in zones 3, 4, and 5 when only wa-
ters at depths ~30 m are considered. However, when wa-
ter zones at all depths are considered, other water zones
are always more common than cavities. This reflects the
fact that cavity occurrence decreases dramatically with
depth in all Cmn zones.
In summary, cavities are much more important and com-
mon at the shallower depths than slow-flow water zones
(Fig. 6). As depths increase, the frequency of cavities de-
creases substantially, and they are eventually absent,
whereas the other types of slow-flow water zones increase
significantly and dominate flow at depths below ;35 m.
Hence, large-scale secondary porosity development is
strongly depth dependent, with decreasing development
with increasing depth. This is in contrast to the general
lack of depth dependency observed in the microporosity.
Hence, the scale of observation (microporosity verses ma-
croporosity) is critical in defining secondary porosity de-
velopment.
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Structural controls on karst development
Solution-enlarged fractures and fault planes are also im-
portant pathways for groundwater flow in BCV. Dissolu-
tion along fault planes in the Burial Grounds Waste Man-
agement Area provide conduits for groundwater flow to
deeper levels. Cavities present along small-scale thrust
faults, intersected during drilling, are connected to cavi-
ties intersected in another well, down dip, ;33 m away
(Goldstrand 1995).
Bedding-parallel and strike-parallel fractures are the most
permeable sets of fractures in the area (Hatcher and oth-
ers 1992). The frequency of fractures within the Cmn de-
creases with depth (Solomon and others 1992), and frac-
ture spacing increases in thicker-bedded units (Hatcher
and others 1992). Thus, solution-enlarged fractures will
be more common at shallow depths than at deeper inter-
vals within the Cmn, and will be more abundant in thinly
bedded units.
Rapid fluid velocities can be expected along dip through
cavities and fractures, and at shallow depths in all litho-
logies and at various angles to strike. Cavities encoun-
tered during drilling, and lithologic observations in core,
indicate significant cavity development at shallow depths
and significantly fewer karst features at greater depths.
Significant quick flow can be expected throughout BCV,
yet the directions of this flow may vary locally from site
to site. In any hydrologic modelling of this aquifer, con-
siderably higher hydraulic conductivities should be as-
signed to the shallow (~35 m) depths when modelling a
large-scale problem. Smaller-scale problems should take
into account the higher hydraulic conductivities expected
along strike and dip directions.

Conclusions

Several important factors control porosity development
in the Cmn and must be considered in hydrologic mod-
elling of this part of the Knox aquifer. These factors are:
(1) lithologic controls of secondary microporosity and
mesoporosity, (2) depth below the ground surface related
to the active groundwater system which influences cavity
development, and (3) structural controls (solution-en-
larged fractures and faults). Two interrelated diagenetic
processes are the major controlling factors on develop-
ment of microporosity to cm-scale vuggy porosity in the
Cmn: dissolution of evaporite minerals and dedolomitiza-
tion. Both of these diagenetic processes produce porosi-
ties as much as 10.3% in the dolomitic upper part of the
Cmn to a depth of 230 m bgs. Microporosity to small me-
soporosity formed by dedolomitization may also explain
the decrease in porosity stratigraphically lower in the
Cmn. The upper part of the Cmn (zone 6) has the high-
est porosities and consists mostly of dolostone and do-
lomitic limestone, whereas the middle and lower parts of
the formation (zones 5 through 2) are dominantly limes-
tone. Dedolomitization within the stromatolitic dolomite
facies has produced the highest microporosity and meso-

porosities within the Cmn. This feature is also evident
from the drilling logs that show the upper Cmn has a
greater percentage of slow-flowing water zones than in
the lower Cmn due to the higher matrix porosities.
Matrix porosities in zones 5 through 2 of the Cmn aver-
age between 0.8% and 0.5% but can be as much as 4.0%.
Although, moldic porosity related to dedolomitization is
locally common (e.g., dolomitized ooids in zone 5), much
of the porosity is related to dissolution of carbonate mud
interbeds. Also, within coarsely crystalline stromatolitic
limestones, dissolution of intra-algal micrite produce
thin, elongate solution zones. Oxidation and dissolution
of pyrite also produces moldic porosity but is only of mi-
nor importance in parts of zone 2 located above approxi-
mately 60 m bgs.
Cavity development is strongly controlled by the depth of
the active groundwater system in BCV and is generally
independent of lithology. A large number of cavities have
been intersected during drilling activities in nearly all
zones of the Cmn in BCV at the shallow depths. There-
fore, any of the Cmn zones within approximately 35 m of
the ground surface are likely to contain cavities which al-
low rapid groundwater flow and contaminant transport
(Goldstrand and Shevenell 1994).
Secondary megaporosity and cavities are strongly depth
dependent and largely lithologically independent. Pre-ex-
isting fractures and bedding planes are more important
in megaporosity and cavity development at shallow
depths than they are to microporosity development at
any depth. The reason for the differences in depth and li-
thologic dependencies can largely be attributed to the
very active flow of groundwater through cavities and
fractures at shallow depths in contrast to the more re-
stricted flow in the matrix intervals at both the shallow
and deeper levels.
Rapid fluid velocities can also be expected in various di-
rections along the plane of dip in all lithologies and at
various angles to strike in the Cmn. Hence, in any hydro-
logic modelling of this part of the Knox aquifer, consid-
erably higher hydraulic conductivities should be assigned
to the shallow (~35 m) depths when modelling a large-
scale problem. Smaller-scale problems should take into
account the higher hydraulic conductivities expected
along strike and dip directions.
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