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ABSTRACT

Since sphalerite is often associated with the médium to
coarsely crystalline dolostones of the Upper Knox Group in
East and Central Tennessee, this lithology has been investi-
gated extensively. Past explanations for the formation of
these dolostones include replacement of limestone during
interaction with ore fluids, groundwater migrating through
the Kingsport paleocaquifer, mixed freshwater and seawater
during early diagenesis, and hypersaline brines.

The present study employs a controlled sampling method,
standard petrographic techniques, cathodoluminescence
petrography, and X-ray fluorescence analysis to investigate
the origin of limestones and dolostones adjacent to
mineralized areas. The samples came from the Coy mine,
Mascot-Jefferson City district, East Tennessee, and core
from the Right Fork area, Central Tennessee.

Three major lithologies were found in East Tennessee.
Limestones are micrites and biointrapelsparites which are
interpreted as having formed subtidally. Xenotopic-
hypidiotopic, medium- to coarse-grained dolostones (X-H,MCd)
replaced limestones after lithification, and in some cases,
after silicification. The X-H,MCd were formed in two
stages. During the first, zoned, subhedral rhombs (visible
only with cathodoluminescence) were precipitated. During

the second, anhedral, nonzoned dolomite crystals replaced



the remaining chert or micritic matrix using previous rhombs
as nucleation sites. Dolomitization was accompanied by an
increase in K, Fe, Mn, Sr, and Br, and a decrease in Cl.
Xenotopic, fine-grained dolostones (X,Fd) were probably
formed penecontemporaneously with sedimentation in an inter-
tidal to supratidal environment and were later neomorphosed
under reducing conditions.

In Central Tennessee, three major lithologies were also
found. Limestones and X,Fd are similar to those from East
Tennessee. Idiotopic-hypidiotopic, fine- to coarse-grained
dolostones (I-H,FCd) are composed of mosaics of subhedral
zoned rhombs (cloudy centers, clear rims). Elemental con-
centrations are generally similar to those of X,Fd, but
Br/Cl ratios are lower in the I-H,FCd. Tﬁe I-H,FCd are
interpreted as habing formed during early, near-surface
diagenesis.

Petroéraphic and elemental evidence suggest formation
of the X-H,MCd of East Tennessee in a stable reducing
(burial) environment by interaction of limestone or chert
with hypersaline brines. Whether these brines were basinal

or evaporative in origin is a matter of speculation.
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CHAPTER I
INTRODUCTION

Although the degree to which ore solutions may have
affected host carbonates in the Tennessee zinc districts has
been investigated extensively, conflicting conclusions have
been reached. A major aspect of this controversy has been
the question of mode of origin of the medium to coarsely
crystalline Knox dolostones.

Earlier studies (Hill, 1969; West, 1974) reflect the
opinion of mine geologists that introduction of ore fluids
caused recrystallization and replacement of limestone wall
rock. This "recrystalline" dolostone is described by West
(1974) as being composed of zoned dolomite crystals with
euhedral centers, or of rhombs with clear rims and cloudy,
anhedral centers when limestone is partially replaced. West
also notes.that patches of white gangue dolomite grade into
country rock, which indicates a replacement origin. Synder
(1975), while discounting dolomitization by ore solutions,
is more vague about the origin of coarse-grained dolostones
(0.62-1.00 mm). He suggests an "orthochemical" or "meta-
somatic" replacement of limestone or recrystallization of
fine-grained dolostone to produce uniform euhedral to sub-
hedral dolomite crystals with sharp, interlocking grain

boundaries. Partial replacement, according to Snyder,
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formed zoned euhedral rhombs. Sphalerite precipitation was

associated with a later phase of dolomite introduction along
partings and breccia fillings (gangue). Harris (1971)
proposes that medium to coarsely crystalline dolostones
formed when limestone reacted with groundwater from the
paleocaquifer in the Kingsport Formation. Magnesium,
according to Harris's model, was provided by erosion of the
overlying Mascot Dolomite.

More recently, several workers have suggested that
replacement of limestone occurred in a meteoric-marine water
mixing zone, producing coarser-grained dolostones (0.06~-
1.00 mm) early in diagenesis, before lithification (Churnet,
1979; Churnet and Misra, 1983). As evidence of such early
replacement, Churnet and Misra (1983) cite low Na (according
to Land, 1973) and Sr concentrations; increase of Fe toward
the rims of individual dolomite crystals; lack of correla-
tion betweén Sr and Fe and between Sr and Mn; sharp contacts
between dolomite crystals and low-Mg calcite cement; and
facies relationships between fine-grained dolostones and
coarser-grained dolostones (both of which are regionally
extensive). Their evidence against involvement of ore
solutions in dolomitization includes similarity of coarser-
grained dolostones associated with sphalerite to those far
removed from ore deposits; proximity to mineralized zones of

limestones that are not altered to dolostone; replacement of



limestone by sphalerite; and abundance of coarser-grained

dolostones in an unmineralized section. Moss (1982) used
evidence similar to that cited by Churnet and Misra to
suggest slightly different conclusions. According to Moss,
high Na values (after Veizer et al., 1977) indicate stabili-
zation of medium- (0.20-0.60 mm) and coarse-grained (0.60-
0.80 mm) dolostones in solutions "considerably more saline
than marine water," but Sr and Mn concentrations suggest
meteoric diagenesis in an open system. Interestingly, Moss
notes that breccia matrix dolomite is "characterized by high
Mn, Fe, and Na suggestive of a continentally derived brine
under reducing conditions."

Other dolomite research in the Tennessee zinc districts
has concentrated almost exclusively on gangue or white,
coarsely crystalline dolomite, which is recognized as a
breccia cement and fracture-filling phase. Although
coarsely cfystalline dolomite and gangue dolomite have been
equated in other areas (Dunsmore, 1973; Radke and Mathis,
1981; Gregg, 1984), the two have been considered discrete in
terms of type and origin by workers in the Tennessee zinc
districts. Ebers and Kopp (1979) describe six major catho-
doluminescent zones in the Mascot-Jefferson City district.
Zones 3 and 4 are generally restricted to dolomitized lime-
stone; precipitation of sphalerite was coeval with dolomite

zones 3d to 5. Ebers (1976) notes the difference between
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gangue zonation and that of small (0.10-0.25 mm) euhedral
rhombs in partially replaced limestone. Larsen (1978) found
calcite to be the dominant gangue mineral in the Elmwood
district of Central Tennessee. He also describes three
generations of calcite, the first zoned (three zones), the
other two unzoned and similar to the calcites II and III of
Ferguson (198l1). The latter worker studied dolomite and
calcite gangue in the Right Fork area of Central Tennessee
and found five types of gangue: dolomite I, a saddle
dolomite exhibiting undulatory extinction and five zones
trending generally from dull red to bright red to nonlumi-
nescent; dolomite II, rhombs enclosed in restricted spaces
with zonation similar to that of dolomite I, but showing no
undulatory extinction; calcite I, a cement similar in zona-
tion to dolomites I and II, but distinguished by character-
istic shades of orange; calcite II, a cement composed of
unzoned, ahhedral, cavity-filling crystals; and calcite III,
a cement similar to calcite II, but characterized by
irregular surface textures. Sphalerite precipitation began
with Ferguson's zone 3 and Larsen's zone 5, both of which
showed signs of dissolution prior to mineralization. The
two zones are thought to be equivalent.

Each of the previous studies has concentrated on one
mode of formation for coarsely crystalline dolostones. The

models have often been influenced by prevailing attitudes in
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the literature--from dolomitization by mineralizing fluids
(Hill, 1969; West, 1974) to schizohaline (Folk and Land,
1974) or Dorag-type (Badiozamani, 1973) dolomitization. The
present study recognizes that dolomitization is probably a
very lengthy, complex process and that no one model can be
used to explain the formation of dolostones whose crystals
or grains vary in morphology and whose chemical constituents
differ even subtly (Land, 1980; Zenger and Dunham, 1980;
Gregg and Sibley, 1984). It should be emphasized, too, that
the upper Knox dolostones were not "born yesterday." After
their initial deposition, they were reexposed during
development of the Middle Ordovician unconformity, buried
quite deeply, impregnated with large amounts of sphalerite
and gangue minerals, involved in lengthy episodes of
regional compression and thrusting, and exposed at the
surface again after millions of years of burial. Comparison
with Holocéne analogues must be made with extreme caution.
Several workers have recently emphasized the importance of
mesogenetic (late diagenetic burial) dolomitization (Mattes
and Mountjoy, 1980; Zenger, 1983; Gregg and Sibley, 1984).
Zzenger (1983) lists several factors that favor burial
dolomitization, including higher temperatures that reduce
"the proportion of hydrated Mg ions," thus increasing
reaction rates; greater stability and time in the burial

environment; low sulfate content in most subsurface brines



(Baker and Kastner, 1981); and Mg:Ca ratios within the
stability field of dolomite (Usdowski, 1968).

With the above in mind, the following objectives were

set for the present study:

1. To describe and differentiate limestones and
dolostone types on the basis of petrographic and
cathodoluminescent characteristics and elemental
concentrations.

2. To suggest modes of origin for dolostone types.

3. If possible, to relate dolomite morphology and
geochemistry to a model for sphalerite mineraliza-

tion.

Locations and Stratigraphy

The Mascot-Jefferson City zinc district is located
approximately 16 km northeast of Knoxville, Tennessee, in
the Valley and Ridge physiographic province (Fig. 1). The
Right Fork area is located 40 km northeast of Elmwood,
Tennessee, on the northeast flank of the Nashville Dome
(Interior Lowlands physiographic province, Ferguson, 1981).
The two areas are presently 200 km apart, but the palin-
spastic distance was much greater.

Major ore bodies occur in the Kingsport (East Tennes-
see) and Mascot (Central Tennessee) Formations, the upper
two formations of the Knox Group (Fig. 2). A deep and

regionally extensive erosional surface cuts the top of the
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Figure 1. Map of Tennessee showing the Right Fork area
(1), the Copper Ridge District (2), and the Mascot-Jefferson
City District (3). (From Ferguson, 1981. 1Inset of Mascot-
Jefferson City District from Taylor et al., 1983.)
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Mascot and is unconformably overlaid by the Middle Ordo-
vician Chickamauga Group (Harris, 1971). The Kingsport is
predominantly limestone (or an "equivalent") in East
Tennessee, but limestone and fine-grained dolostone occur in
approximately equal proportions in Central Tennessee (Kyle,
1983). Mine geologists have divided the Kingsport into four
stratigraphic units: the U, T, S, and R beds (Crawford and
Hoagland, 1968). The Mascot Dolomite comprises mostly
fine-grained dolostones and shales in East Tennessee, but
there are many limestone interbeds in Central Tennessee. In
East Tennessee, Knox strata dip at 10°, to 40°, southeast;
in Central Tennessee, they are essentially horizontal (Kyle,
1983).

The Knox Group has been described as having been
deposited in a marine peritidal environment (Sandrock, 1973;
Snyder, 1975; Churnet et al., 1982) as "part of a thick
sequence of epicontinental basin sediments that accumulated
between the North American craton and the Appalachian
orogenic belt" (Taylor et al., 1983, after Shanmugam and

Walker, 1980).

Ore Occurrence

Ore-grade mineralization is found in the lower 20 m of
the Mascot and in the upper 50 m of the Kingsport in the
Mascot-Jefferson City zinc district (Kyle, 1983). Strati-

graphically, the ore deposits are lower in the northeastern
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part of the Jdistrict (U bed) than in the southwest (R bed).
The S bed is a good producer throughout the district
(Crawford and Hoagland, 1968). In Central Tennessee,
sphalerite is concentrated in a 60-m interval of the Middle
Mascot (Kyle, 1983).

Ore is associated with breccia bodies that progress
laterally from rubble breccia at the center to crackle
breccia at the margins of the bodies (McCormick et al.,
1971) . These breccias can be divided into early, relatively
undeveloped and unmineralized breccias and later, more
extensive breccias that host sphalerite and gangue minerals
(Churnet, 1979; Kyle, 1983). Some mineralized late breccia
systems in Central Tennessee extend 60 m above the Knox
unconformity (Kyle, 1983; Hoagland, 1976). Early, fine-rock
matrix breccia is prevalent in the upper 150 m of the
Mascot. Kyle (1983) suggests that the formation of early
breccia waé directly related to post-Knox erosion and that
collapse breccias developed much later due to loading of
fine-grained dolostone beds by Middle Ordovician sediments.
Ore deposition in this case would have begun well into the
Middle Ordovician (Caless et al., 1983). Kyle cites the
absence of bleached rims (which are common in early breccia
fragments) as evidence that late breccias formed after the
period of oxidation related to subaerial exposure. Other

workers (Churnet, 1979; Churnet and Misra, 1983) have
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suggested that early breccias were formed during deposition
of the upper Knox and that some early breccia bodies were
later enlarged by ore solutions introduced before post-Knox
erosion. Intimate association of sphalerite with coarser-
grained dolostones (interpreted as early diagenetic by
Churnet) is offered in support of this view. Moss (1982),
however, points out that the Copper Ridge district contains
no units coarse enough to produce coarse-rock matrix by
synsedimentary erosion and deposition.

Ore-grade mineralization occurs principally along the
"limestone edge" of the breccia bodies, while the centers of
the bodies contain mostly dolomite gangue (McCormick et al.,
1971). Taylor et al. (1983) found that fluid-inclusion data
are similar for late vug-filling mineralization and earlier

stages, which suggests precipitation from similar solutions.

Sample Collection

The sampling method was designed to investigate subtle
chemical and petrographic differences between limestone and
dolostone 1lithologies as mineralized breccia bodies are
approached. A controlled sampling method was used because
of the possible effects of proximity to specific ore struc-
tures and the importance of bedding surfaces "in controlling
the transfer of underground solutions and the formation of

karst cavities" (Sass-Gutkiewicz et al., 1982).
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Forty-one samples were collected from the Coy mine in
the northeastern portion of the Mascot-Jefferson City zinc
district. The samples were taken from four stopes (Fig. 3)
within a stratigraphic range of approximately 115 ft, from
the U bed to the Kingsport-Mascot contact (Fig. 4). Paired
samples were taken from areas 10 cm on either side of well-
established contacts involving coarser-grained dolostone and
limestone, coarser-grained dolostone and fine-grained
dolostone, or fine-grained dolostone and limestone. These
lithologies should have experienced similar conditions of
temperature and pressure during most of their existence, as
well as exposure to formation waters and/or ore solutions.
It is realized, however, that individual beds might differ
in porosity and permeability.

In Central Tennessee, seven drill cores, each approxi-
mately 1000 ft apart, were sampled along two well-
establishea marker beds (the Ma shale and the Md sand,
Fig. 2). The drill holes were located in a zigzag pattern
that traversed areas thought to be barren, partially
mineralized areas, and ore zones (Fig. 5). Twenty-eight
samples (fourteen pairs) were obtained from the drill holes.
These samples were to be used so that trace-element and
petrographic variations could be compared with Mascot-

Jefferson City district lithologies some 200 km to the east.
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Figure 3. Map of the Coy mine showing stopes (indi-
cated by stars) that were sampled.
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CHAPTER I1I

PETROGRAPHY

Introduction

Forty-one thin sections were made from samples
collected in the Coy mine, and 28 were made from Right
Fork-area core samples. The locations of samples taken
from the Coy.mine are shown in Figure 4 (p. 14) in relation
to mineralized breccia bodies (distances from the breccia
bodies are approximate). Thin sections were examined by
means of standard petrographic techniques and cathodo-
luminescence microscopy. Lithologic descriptions of
individual thin sections are given in Appendix A.

Textural terms used to describe fabrics of limestones
and dolostones in the present study have been employed in
previous studies of the Tennessee zinc districts (Snyder,
1975; Churﬁet, 1979; Ferguson, 1981; Moss, 1982). Lime-
stones are described in accordance with the classification
system of Folk (1959). The terminology of Friedman (1965)
is used to describe dolomite textures. Idiotopic,

hypidiotopic, and xenotopic refer to fabrics composed

largely of euhedral, subhedral, and anhedral crystals or
grains, respectively. A fabric in which larger cement
crystals enclose smaller grains or crystals is poikilo-

topic. Porphyrotopic refers to textures in which larger
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crystals are enclosed in a finer-grained matrix. Gregg and
Sibley (1984) have proposed a system for the classification
of dolomites that is a modification of Friedman's work.
Central to their classification scheme is the idea of a
"critical roughening temperature" (CRT) below which faceted
crystals and euhedral to subhedral crystal mosaics are
produced. Above the CRT (estimated to be 50°C for dolo-
mite), nonfaceted crystals and hypidiotopic to =xenotopic
crystal mosaics result. Therefore, according to Gregg and
Sibley, more idiotopic dolomites are primarily produced by
near-surface processes (occasionally above the CRT "if
growth-inhibiting effects of the solution or impurities
stabilize crystal faces"), and more xenotopic dolomites are
most commonly produced by replacement of limestone or
neomorphic recrystallization of dolomite after burial and
above the CRT. Gregg and Sibley's ideas are discussed in
the presenf study, but their classification system is not
used per se because it is still undergoing critical review.
Grain size has often been used to classify dolostones
in the zinc districts, and similar origins have been
inferred for dolostones in specific grain-size groupings
(Snyder, 1975; Churnet, 1979; Moss, 1982). This practice
stems from the use of the terms primary (fine-grained) and

recrystalline (coarse-grained), coined by miners (West,

1974) . Primary dolostones were thought to have had an
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early sedimentary origin, whereas coarsely crystalline
dolostones were considered to have originated from inter-
action of wall rock with mineralizing fluids. Churnet
(1979), however, concludes that coarser-grained dolostones
had been formed in a meteoric-seawater mixing zone.

Moss's (1982) grain-size classification is used here
because it offers a middle range of grain sizes. The
grain-size divisions are as follows: very fine (0.03 mm),
fine (0.03 to 0.20 mm), medium (0.20 to 0.60 mm), coarse

(0.60 to 0.80 mm), and very coarse (0.80 mm).

Cathodoluminescence Microscopy

Thin sections were also examined by means of catho-
doluminescence. The colors and intensities (bright, dull,
nonluminescent) vary with type of mineral, applied voltage,
beam focus, and concentrations of activating and inhibiting
ions within the crystal lattice. In calcite and dolomite,
manganese is thought to be the primary activator and iron
is the primary inhibitor (Schulman et al., 1947; Sommer,
1972; Frank et al., 1982). Experimentally determined
relationships between degrees of luminescence and Fe and Mn
concentrations are given in Appendix B.

Mn concentrations greater than approximately 75 ppm
appear to be necessary for the onset of luminescence. Fe

concentrations between 10,000 and 15,000 ppm effectively
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quench luminescence in most cases, regardless of Mn con-
centrations. Frank et al. (1982) suggest that as the Fe:Mn
ratio increases, intensity of luminescence decreases until
only dull luminescence ensues at Fe:Mn > 2; however,
Pierson (1981) and Fairchild (1983) found bright lumines-
cence at Fe:Mn ratios as high as 10 and 5, respectively.
To explain these varied results, Fairchild (1983) proposes
a difference in luminescent behavior among different suites
of rocks. Pierson (1977) suggests that Fe and Mn substi-
tute for Mg in the dolomite crystal lattice. The resulting
bands of color represent three-dimensional zones within a
crystal. These zones, which are homogeneous in intensity
and color of luminescence, imply homogeneity of Mn and Fe
concentrations (Oglesby, 1976; Frank et al., 1982). Kopp
(personal communication, 1984) notes that the chemical
states of Fe and Mn, as well as their positions in the
carbonate ‘lattices, exert a strong influence on their
activating and quenching properties.

A model proposed by Oglesby (1976) and Carpenter and
Oglesby (1976) attempts to explain the formation of these
zones. According to that model, a luminescent zone in
calcite or dolomite "represents a period of time during
which the pe, pH, and, in environment IV (Figure 6), total
sulfur in the pore water were essentially constant." Thus

a change in luminescent zonation indicates a change in
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Figure 6. Mineral assemblages, calcite composition,
and cathodoluminescence as a function of pH and pe (from
Frank et al., 1982).
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pore-water chemistry. Environment I is oxidizing, which
prevents Mn and Fe from entering the crystal lattice (these
elements enter the calcite or dolomite lattice more easily
when in a reduced state) and results in a nonluminescent
zone. Environment II is more reducing, and Mn is able to
enter the 1lattice. Luminescent intensity is generally
bright, but the degree of brightness may depend on the
amount of available Mn. With increasing reduction, Fe can
enter the lattice and dull luminescence results (environ-
ment III). In environment IVa, Fe reacts with HZS and
pyrite is precipitated, effectively removing Fe and pro-
ducing a bright zone. Higher concentrations of HZS
(environment IVb) cause removal of Mn from the pore water,
and a carbonate showing little or no luminescence is
precipitated. The presence of accessory iron oxides or
sulfides may allow distinction between environments II and
IVa and enﬁironments I and IVb.

Carpenter and Oglesby's model must be used with some
caution. Although they state the Fe and Mn concentrations
(10—7 m) used to calculate their boundaries, they do not
state the S or CO3 concentrations. Also, their calcula-
tions were made assuming a temperature of 25°C. Oglesby
(1976) mentions that an increase in temperature from 25°C

to 50°C (still below the temperatures at which many MVT

deposits were formed) lowers each boundary in Figure 6 by
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approximately three pe units, but preserves the relative

geometry of the phase diagram. The pH values in the
diagram range from 6.5 to 8.5, corresponding to the pH

range found in most groundwaters. No attempt was made to

correct the pH values for higher temperatures.

Grover and Read (1983) apply Carpenter and Oglesby's
model to some burial-related cements found in Middle
Ordovician carbonates in Virginia. They interpret a non-
luminescent-bright-dull cementation pattern as being
associated with increasingly reducing conditions accompany-
ing burial. 2Zoned cements in peritidal beds formed in
vadose to shallow phreatic environments. These cements are
pendant and pore-rimming and commonly occur with crystal
silt. Zoned cements in subtidal facies, according to
Grover and Read, formed in shallow to deeper burial
regimes. Meteoric water is proposed to have fallen
directly ﬁpon tidal flats or to have traveled through
paleocaquifers from tectonic highlands to the southeast.
Peritidal facies to the northwest, separated from south-
eastward uplands by a developing shale basin, have only
dull, nonzoned cements, which suggests cementation in a
reducing environment exclusively. Deeper-burial dull
calcite and ferroan dolomite cements are proposed to have
formed at 75° to 135°C from fluids derived from basinal

shales. Because they formed in oxidizing conditions,
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according to Grover and Read, nonluminescent cements can be

used to map regional paleoaquifer systems. Such interpre-

tations should be made with caution, however, because these
cements can originate under a range of pH and Eh condi-

tions, as noted by Carpenter and Oglesby (1976).

Xenotopic, Fine-Grained Dolostones (X,Fd)

Specimens of this lithology were found in both East
and Central Tennessee. These dolostones have a xenotopic
fabric of grains and rhombs 0.03 to 0.20 mm in the lonéest
dimension (Fig. 7). There is very little intergranular
porosity, clay and pyrite (parallel to bedding or randomly
distributed) being the dominant interstitial materials.
This typg of dolostone forms the major lithology of the
Mascot Dolomite in the Mascot-Jefferson City district and
occurs as marker beds (110, 103, 89, 76, 68, 62, and T
beds) in the Kingsport Formation (Fig. 4, p. 14). 1In the
Right Fork area of Central Tennessee, very fine-grained
dolostones (dolomicrite: grain size 0.03 mm) were found as
frequently as fine-grained dolostones, but this may be a
result of limited sampling along the Ma shale and Md sand
marker beds. In the Right Fork area, X,Fd contain a higher
percentage of clastics (as rounded quartz grains) than do
those in the Mascot-Jefferson City district.

X,Fd are mottled by what appears to be dolomicrite.

On rare occasions, subhedral rhombs were found. These
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Figure 7. Photomicrograph of X,Fd from the Right Fork

area (sample MD3A, transmitted light).
1 mm.

Scale bar represents
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rhombs are both unzoned and zoned, having micritic-looking
(opaque) centers and clear rims. Clearer grains and
crystals are found in "healed" microfractures (Zenger,
1983); these relatively clear grains are often enlarged.
In the Mascot-Jefferson City district, fractures are filled
by white sparry dolomite for the most part, but in the
Right Fork area of Central Tennessee, the majority of
fractures are 1lined with texturally unzoned dolomite
euhedra and filled with coarse, blocky calcite. These
relationships have also been observed by Ebers (1976) and
Ferguson (1981). Coarse calcite fills bedding-parallel
voids in X,Fd as well.

Previous studies in the East Tennessee zinc districts
(Crawford and Hoagland, 1968; West, 1974; Snyder, 1975;
Churnet, 1979; Moss, 1982) have suggested that the origin
of X,Fd was penecontemporaneous with sedimentation or
occurred dﬁring early diagenesis in a peritidal (intertidal
to supratidal) environment. Cryptalgal laminae, rare
mudcracks and birdseyes, and sparse fauna (as ghost
fossils) are cited as evidence of this mode of formation.
The presence of chert and possibly early gypsum (indicated
by nodular vugs with 1length-slow chalcedony) suggests
elevated salinities. Grain sizes coarser than those of
present-day peritidal analogues (typically 0.005 to

0.020 mm) and stoichiometric Ca:Mg molar ratios are
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attributed to the effects of aggradational neomorphism in
the presence of fresh water (Churnet, 1979). Zenger (1972)
notes the neomorphic grain-size increase of Paleozoic
supratidal dolostones (0.04 to 0.20 mm). Gregg and Sibley
(1984) suggest that the very fine grain size and non-
stoichiometry of modern dolomites associated with evapo-
ritic environments make them "particularly susceptible to
neomorphic recrystallization." X,Fd of East and Central
Tennessee usually show nonzoned, dull red luminescence
(Fig. 8) suggesting neomorphism in a reducing environment
(Grover and Read, 1983). |

A Holocene analogue for penecontemporaneous supratidal
dolomitization in a hypersaline hydrologic regime is the
sabkha environment in the Persian Gulf (Illing et al.,
1965). Less arid analogues include the dolomite supratidal
crusts of Andros Island in the Bahamas (Shinn et al., 1969)
and the Cobrong coastal plain of Australia (von der Borch
et al., 1964). However, Zenger and Dunham (1980) emphasize
that the areal extent of these Holocene dolomites is rela-

tively small.

Idiotopic-Hypidiotopic, Fine- to Coarse-

Grained Dolostones (I-H,FCd)

Among the samples collected for the present study,
this lithotype is found almost exclusively in Central

Tennessee. Four samples form the Coy mine (C9A, C9C, C10B,
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Figure 8.
area (sample MD3A, with cathodoluminescence, Kodacolor

print, ASA 400).

Photomicrograph of X,Fd from the Right Fork

Scale bar represents 1 mm.
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C21B) have a fabric of subhedral, texturally zoned rhombs
similar to that of I-H,FCd. However, the mafrix between
the rhombs has been replaced by dull orange-red, nonzoned
(CL) dolomite (discussed in the section on X-H,MCd). Three
samples (C9C, C10B, C21B) contain pockets and lenses of
gangue dolomite that are underlaid by mottled areas where
gangue "invades" the wall rock. 1I-H,FCd fabric consists of
fine- to coarse-grained subhedral rhombs that are textur-
ally unzoned and zoned (opaque centers and clear rims,
Fig. 9). The rhombs, which are typically characterized by
intermediate (0.30 to 0.60 mm) grain size, often appear to
"float" in a matrix of micrite or clay. Extinction is
sharp.

The cloudy centers of I-H,FCd from Central Tennessee
luminesce a medium orange-red (micrite luminesces in
various shades of orange), and the clear rims show thin
alternating zones of a brighter orange and medium orange-
red similar to the luminescence of the rhomb center
(Fig. 10). One sample from the Coy mine (C21B) has rela-
tively bright orange-red centers and nonluminescent rims.
The other (C9A), taken from a clay seam below the 68-71
bed, has rhombs that are characterized by nonluminescent
centers and thin bright zones (Fig. 11). Luminescent
characteristics of I-H,FCd suggest near-surface diagenesis

(Frank et al., 1982; Grover and Read, 1983). A periodic
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Figure 9.
Fork area (sample MD7B,
represents 1 mm.

Photomicrograph of

I-H,FCd from the Right

transmitted light). Scale bar
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Figure 10. Photomicrograph of I-H,FCd from the Right
Fork area (sample MD7B, with cathodoluminescence, Kodacolor
print, ASA 400). Scale bar represents 1 mm.
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Figure 11. Photomicrograph of I-H,FCd rhombs from a
clay seam in the Coy mine (sample C9A, with cathodolumines-
cence, Kodacolor print, ASA 400). Scale bar represents
1 mm.
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influx of oxygenated waters would result in nonluminescent
zones, and subsequent stagnation of pore waters would
result in the entrance of Mn into the crystal lattice to
produce a bright zone.

I-H,FCd are most similar to dolostones considered to
have formed in meteoric-seawater mixing or schizohaline
environments. Churnet (1979) and Moss (1982) have sug-
gested such origins for medium- and coarse-grained dolo-
stones in the Copper Ridge district. The literature yields
almost identical descriptions of these near-surface dolo-
mites (zoned, in these descriptions, refers to textural
zonation) : (1) zoned euhedral rhombs up to 0.5 mm,
micritic matrix, dense xenotopic mosaics above 40 percent
dolomitization (Middle Jurassic of Israel; Katz, 1971);
(2) euhedral limpid crystals, zoned rhombs 0.05 to 0.10 mm,
coarse sparry calcite (Upper Carboniferous, Permian of
Norway; Foik and Siedlecka, 1974); (3) anhedral grains to
euhedral rhombs, up to 0.25 mm, zoned (dark centers, clear
rims) or limpid (Eocene of Egypt; Land et al., 1975);
(4) subhedral to euhedral rhombs 0.01 to 0.08 mm, commonly
zoned (opaque centers, clear rims), dissolved centers
(Eocene of Florida; Randazzo and Hickey, 1978). Saller
(1984) has reported limpid and cloudy=-centered rhombs in
subsurface dolostones of the Enewetak atoll. He suggests
that these dolostones formed by replacement of calcite

during reaction with cold seawater 900 m below the surface.
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Xenotopic-Hypidiotopic, Medium- to Coarse-
Grained Dolostones (X-H,MCd)

This lithotype was found almost exclusively in East
Tennessee (only one sample, MA3A, came from the Right Fork
area). Crystals are usually medium- to coarse-grained, but
very coarse-grained (>0.80) crystals do occur. The most
common fabric consists of a mosaic of anhedral and sub-
hedral crystals. Often very thin stylolites form the
boundaries between crystals. This fabric should not be
confused with that of more rounded, enlarged X,Fd crystals.
Occasionally X-H,MCd crystals are spear-shaped (curved,
with serrated edges). In partially dolomitized limestones,
rhombs have serrated edges. It appears that the X-H,MCd of
the present study differ in texture from coarser-grained
dolostones described in previous studies of the Tennessee
zinc districts.

In transmitted 1light, crystals exhibit arcuate
cleavages (Churnet, 1979; Radke and Mathis, 1980) and have
a turbid (not limpid) appearance (Fig. 12). In their study
of "saddle" dolomites, Radke and Mathis (1980) attributed
turbidity to an abundance of inclusions, both fluid and
solid (calcite, quartz). This turbidity reflects the
replacement nature of the dolomite and argues against
formation in a mixing zone. Turbidity implies interaction
with saline fluids (Radke and Mathis, 1980; Choquette,

1971). Dolomites described as having formed in mixing
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Figure 12,
from the Coy mine (sample C20B, transmitted light). Scale
bar represents 1 mm.

Photomicrograph of X-H,MCd in chert matrix
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zones are most often limpid or zoned, with cloudy centers
and clear rims. X-H,MCd crystals show sweeping extinction
with crossed nicols.

In partially dolomitized limestones, X-H,MCd crystals
grow across both micrite and sparry calcite cement
(Fig. 13), which suggests replacement of limestone after
cementation and lithification. X-H,MCd crystals also over-
grow fractures (Fig. 14), an indication of postcompactional
dolomitization (Saller, 1984). When the matrix is composed
of chert, several interesting relationships can be
observed. First, dolomoldic textures (seen most clearly
with the gypsum plate in) mimic fine-grained euhedral
rhombs. Second, when X-H,MCd crystals go to extinction,
their poikilotopic nature is more evident; in fact, the
dolomite can hardly be discerned from the chert matrix
(Fig. 15). These textures indicate replacement of lime-
stone and éarly dolomite by chert, and subsequent replace-
ment by X-H,MCd. Completely dolomitized rocks have a
xXenotopic-hypidiotopic fabric with small amounts of
interstitial chert or clay.

In transmitted light with crossed nicols, X-H,MC4d,
whether they appear as anhedral mosaics, spear-shapéd
crystals, or serrated rhombs, are similar to mesogenetic
(burial) dolomites reported by workers in other areas.

Similarities include crystal shape, sweeping extinction,
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Figure 13. Photomicrograph of X-H,MCd (Do) growing
across sparry calcite-filled Hedstroemia pores (Ca) in
partially dolomitized limestone (sample C2B, transmitted
light, print from Ektachrome slide, ASA 400). Scale bar
represents 1 mm.
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Figure 14. Photomicrograph of X-H,MCd crystals over-
growing fractures (Fr) in partially dolomitized limestone
(sample C13B, transmitted light). With cathodoluminescence,
fractures are nonluminescent and bright orange; dolomite is
dull red. ©Scale bar represents 1 mm.
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Figure 15. Photomicrograph of spear-shaped X-H,MCd in
chert matrix showing its replacement nature (sample C1l6A,
transmitted light). Note chert and pyrite poikilotopically
enclosed by X-H,MCd. Scale bar represents 1 mm.
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turbidity, arcuate cleavages, and very coarse crystallin-
ity. Alternative terms for this dolomite type include
replacement "saddle" dolomite (Devonian of Pine Point,
Canada; Dunsmore, 1973; Radke and Mathis, 1980), late
diagenetic burial dolomite (Devonian of California; Zenger,
1983), and xenotopic dolomite (Permian of Texas, Ordovician
of Michigan; Gregg and Sibley, 1984).

In previous studies of the Tennessee zinc districts, a
fairly strict distinction has been drawn between X-H,MCd
and gangue dolomite, which is considered a breccia cement
or fracture-filling phase. West (1974) and Moss (1982)
both comment upon the limited replacement nature of gangue
dolomite. Several workers in other areas (Dunsmore, 1973;
Radke and Mathis, 1980; Radke, 1982) have proposed that
replacement "saddle" dolomite, which has textures similar
to those of X-H,MCd of the present study, shares basically
the same érigin with void-filling "saddle" dolomite (late
ferroan dolomite of Choquette, 1971; white sparry dolomite
of Beales, 1971; barogque dolomite of Folk and Assareto,
1974; gangue dolomite of Ebers and Kopp, 1979). Both types
of dolomite are associated with sulfide mineralization and
hydrocarbon occurrences in several areas. Evidence from
the present study, especially the cathodoluminescent
petrography, suggests that X-H,MCd and gangue dolomite

differ in origin.
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In transmitted plane polarized light and with crossed
nicols, gangue dolomite resembles X-H,MCd. Both are
coarsely crystalline, have arcuate cleavages, and exhibit
sweeping extinction. When cathodoluminescence is used,
however, it appears that X~H,MCd and gangue dolomite have
experienced rather different growth histories. Luminescent
zonation in gangue dolomites of the Mascot-Jefferson City
district is thoroughly examined in Ebers (1976) and Ebers
and Kopp (1979). These workers describe six luminescent
zones ranging from "very dark red" to "very bright red."
The same zonation sequence in gangue dolomites was found
throughout the district, from the U bed of the Kingsport
Formation to the iower Mascot Dolomite. The formation of
each zone was interpreted as being essentially time-
correlative (that is, synchronous) throughout the district.
Sphalerite was precipitated during the deposition of zones
3d throughIS, a sequence proceeding from "bright medium
red" through "dark red" to "bright red." Zone 3 probably
formed in Oglesby's environment IV (Fig. 6, p. 20). This
is a reducing environment that contains ample H,§ to form
pyrite, removing Fe from solution and producing a bright
zone. Ebers (1976, Fig. 24) notes that pyrite is dis-
seminated throughout zone 3.

Zonation in X-H,MCd is quite different from that in

gangue. In some samples (C6A, C9C), gangue zones 5 and 6
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can be seen "invading" X-H,MCd wall rock. 1In general, the
luminescent signatures of the X-H,MCd are nonluminescent
rhomb cores, the dull nature of luminescence, and the
existence of rather thick zones if rhombs are present. 1In
what appears to be a xenotopic fabric (anhedral mosaic) in
transmitted light (Fig. 12, p. 34), 2zoned rhombs with
curved crystal faces (Fig. 16) are visible with cathodo-
luminescence. The xenotopic appearance results from sub-
sequent dolomitization of the matrix. Essentially the same
zonation sequence is found in some samples from above the
89-90 bed (Fig. 4, p. 14), below the 110-111 bed, and above
the T bed. The zonation sequence consists of a rhomb with
a nonluminescent center (in many cases with brighter orange
areas within, especially along cleavage traces), followed
by a medium bright orange-red zone, a thin dull red zone,
and another medium bright orange-red zone (Fig. 16;
Fig. 17). 'The matrix between the rhombs has been replaced
by nonzoned dull red or orange-red xenotopic dolomite
crystals. A zonation pattern similar to that Jjust
described but lacking the rhomb's nonluminescent center is
also seen in samples from the 68-71 bed (Cl0B) and the U
bed (C22A). The 2zonation pattern suggests at least two
periods of dolomitization. During the first period, sub-
hedral zoned rhombs were precipitated, which implies

changing pore-water chemistry. During the second,
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Figure 16. Photomicrograph of X-H,MCd from the Coy
mine showing two stages of dolomitization, subhedral and
anhedral (sample C20B, with cathodoluminescence, Kodacolor
print, ASA 400). Scale bar represents 1 mm.
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Figure 17. Photomicrograph of X-H,MCd from the Coy
mine showing zonation similar to that of Figure 16 (sample
C6A, with cathodoluminescence, Kodacolor print, ASA 400).

Sample C6A was located approximately 30 m above sample C20B.
Scale bar represents 1 mm.
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anhedral, nonzoned crystals formed, using the subhedral
crystals as nucleation centers. It is doubtful that the
anhedral boundaries of these crystals are due to compro-
mised growth, because some of the anhedral boundaries abut
chert matrix. Gregg and Sibley (1984) suggest that
euhedral and subhedral crystals grow below a critical
roughening temperature (estimated at 50°C for dolomite) and
that anhedral crystals grow above this temperature. They
further propose that these temperatures are related to
depth of burial.

Another zonation sequence was found in subhedral
serrated rhombs from two samples of partially dolomitized
limestones (Cl10A and C13B, Fig. 14, p. 37) and from a
completely dolomitized rock (CllA) containing sphalerite.
These samples were located near the R bed-S$S bed contact
(Fig. 4, p. 14). Dolomite in the partially dolomitized
samples appears to be related to stylolites, and in all
three samples the dolomite crosscuts late-stage, calcite-
filled microfractures (Fig. 14). The luminescent color of
these dolomite crystals is redder and less orange than that
of dolomite crystals forming anhedral mosaics, and the
luminescent zones vary more subtly in color and intensity.

Both zonation patterns are substantially different
from those found in the gangue dolomites. A general dull

luminescence in X-H,MCd suggests a high Fe:Mn ratio,
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possibly indicating precipitation in a reducing environment
similar to Carpenter and Oglesby's (1976) environment III
(Fig. 6, p. 20). Thicker zones and rather subtle alterna-
tions in intensity (as well as absence of nonluminescence,
except at rhomb cores) suggest burial conditions under
which pore waters were not subject to frequent flushing

{Grover and Read, 19383).

Limestones

Limestone 1lithologies observed in the present study
are similar to those described by previous workers
(Sandrock, 1973; Snyder, 1975; Churnet, 1979), which were
interpreted as having been deposited in intertidal and
shallow subtidal environments. These environments are
represented by two basic lithotypes: (1) micrite (or
microspar), usually characterized by burrows, birdseyes,
and bedding-parallel laminae of possible algal origin, and
(2) intrapelmicrites or intrapelsparites, marked by varying
abundances and types of fossil allochems. Churnet (1979)
lists fossil allochems found in the Copper Ridge district,
in decreasing order of abundance, as trilobites, gastro-
pods, ostracodes, brachiopods, pelmatozoans, and sponges.
In the present study, a large intact specimen of the algae

Hedstroemia sp. was noted in sample C2B. Equant sparry

calcite cement fills interallochem pore space, suggesting

precipitation in the freshwater phreatic or mixing-zone
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environments (Longman, 1980). This cement also fills

Hedstroemia pores, which are delineated by unbroken

micritic envelopes indicative of early cementation. No
marine fibrous cements (Bathurst, 1975; Longman, 1980) were
noted.

Limestones have been replaced by dolomite to varying
degrees. Samples C18 and C19 (Fig. 4, p. 14) are unaltered
biomicrites located approximately 18 m from a nonmineral-
ized breccia body. The only dolomite present in these
samples consists of a few small unzoned rhombs. (Com-
pletely altered limestones were discussed in the sections
on I-H,FCD and X-H,MCd. The original features of these
limestones have been obliterated.) Partially altered
limestones are potentially useful because they offer clues
to conditions of limestone replacement by dolomite. Two
locations in the Coy mine represent two possible ways in
which the'limestones were altered. The lithotypes at these
locations are similar to those found elsewhere in the Coy
mine.

At stope 9-50, 648 1level (Fig. 4, p. 14), three
samples were taken from the R bed, above the 89-90 X,Fd
bed. The samples were located approximately 3, 2, and 1 m
from a mineralized breccia body. Sample ClA, furthest from
the breccia, consists of relatively unaltered micrite and

intrapelsparite, with some disseminated sphalerite.
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Dolomite is present as a few small (0.37 mm) unzoned
rhombs. Closer to the breccia body, samples C2B (bio-
micrite) and C3B (microspar) are increasingly altered.
Both are extensively dolomitized with X-H,MCd, which occurs
as anhedral crystals and serrated rhombs. This dolomite
replaces interallochem sparry calcite cement as well as
micrite, indicating dolomitization after 1lithification of
the limestone (Mattes and Mountjoy, 1980). In C3B,
sphalerite is disseminated in a discontinuous band sur-
rounding a chert fragment. There is an increase in the
abundance of dolomite as the chert and sphalerite are
approached. These relationships suggest that late-stage
dolomitization, silicification, and sphalerite mineraliza-
tion are related. |

Samples Cl10A and C13B are from stope 25-56, level 381.
Sample Cl0A is a biointrapelmicrite form the R bed (below
the 68-71 X,Fd), and Cl13B is a biopelmicrite from the S bed
(below the 62-65 X,Fd). Both have been partially replaced
by coarse, spear-shaped crystals and serrated rhombs that
appear to be related to stylolitization. Dolomite grows
across stylolites and is consumed by them, which implies
growth roughly contemporaneous with stylolite formation
(Churnet, 1979). This dolomite replaces micrite as well as
fossil allochems. Luminescent zonation in these samples

has been discussed in the section on X-H,MCd.
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Summary

1. As suggested by previous workers, X,Fd were
probably deposited in intertidal to supratidal environ-
ments. Dull red luminescence and rare bright rims suggest
neomorphism under reducing conditions, with occasional
influxes of meteoric water in more porous rocks.

2. I-H,FCd (in this study, found almost exclusively
in Central Tennessee) are most similar petrographically to
dolomites reported in near-surface meteoric-seawater mixing
or schizohaline environments. Thin bright zones and non-
luminescing zones suggest "frequent" flushing of pore solu-
tions by oxygenated meteoric waters.

3. X-H,MCd (in this study, found exclusively in East
Tennessee) exhibit textures to those described by various
authors as characterizing mesogenetic or burial dolomites.
The X-H,MCd differ texturally from coarser-grained dolo-
stones deséribed in previous studies of the Tennessee zinc
districts. Cathodoluminescent evidence suggests two
distinct periods of dolomitization. During the first,
zoned rhombs were precipitated--rhombs differing from those
expected in near-surface, diagenetic environments. With
crossed nicols, the rhombs exhibit sweeping extinction and
appear to be a single crystal with later nonzoned anhedral
dolomite. With cathodoluminescence, the rhombs show rather

thick, dull zones with no dramatic changes in intensity.
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These properties suggest precipitation in a stable reducing
environment, possibly phreatic, possibly deeper connate.
During the second period of dolomitization, anhedral
crystals were precipitated. These crystals are dull and
nonzoned with luminescence. X-H,MCd grow across stylolites
and fractures and crosscut bedding. These features imply
dolomitization after lithification. The intimate associa-
tion of X-H,MCd, chert, and sphalerite in sample C3B
suggests a possible relationship in modes of formation of
these three phases. Although X~-H,MCd and gangue dolomite
are similar in appearance in transmitted light and with
crossed nicols, their luminescent signatures differ.

4, Initially limestones were deposited in an inter-
tidal to shallow subtidal environment. Replacement by
chert and X~-H,MCd took place after compaction and cementa-

tion by sparry calcite.
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CHAPTER III
ELEMENTAL CONCENTRATIONS

Sample preparation procedures are outlined in Appen-
dix C. Seventy-four whole-rock analyses were performed at
EG&G ORTEC, Oak Ridge, by X=-ray fluorescence spectrometry
and with reference to nine NBS standards (Appendix D,
Table 8). Standard error, counting error, analyses results,
and duplicate results for some samples are given in
Appendix D, Tables 9-11. Although data for 13 elements were
obtained, discussion of such elements as S, P, and Ti is
limited. Elemental concentrations in the present study are
somewhat higher than those determined by means of atomic
absorption spectrometry because the present analyses were
performed on whole-rock samples. Approximate insoluble-
residue influence can be inferred by plotting various
elements Against Al and calculating their correlation
coefficients (Bein and Land, 1982). 1In the following dis-
cussion, an element's concentration does not vary syste-
matically with Al (clay) content unless such variation is
specified.

Elemental concentrations are discussed and compared
with values (Table 1) from other studies of the East
Tennessee zinc districts (data from Central Tennessee are

limited). Concentrations are also compared with values from
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Weber's (1964) survey study of 300 dolostones. Elemental
concentrations should be compared with caution, since values
can vary both within a particular rock and regionally.
Also, the X-H,MCd of the present study appear to differ
texturally from coarser-grained dolostones of previous
studies.

The présent discussion is divided by element, location
(Central and East Tennessee), and lithology. Lithologies in
East Tennessee, as described in Chapter II, comprise lime-
stones; xenotopic, fine-grained dolostones (X,Fd); and
xenotopic-hypidiotopic, medium~ to coarse-grained dolostones
(X-H,MCd). The occurrence of idiotopic-hypidiotopic, fine-
to coarse-grained dolostones (I-H,FCd) is limited to four
samples, one of which has a clay matrix (C9Aa). Three
samples (C9C, Cl0B, C21B) are composed of I-H,FCd and white
sparry (gangue) dolomite. The components are in close
proximity énd were difficult to separate during sample
preparation. These samples appear to represent rocks that
were more completely replaced by subhedral rhombs during the
first stage of dolomitization, described in Chapter II.
Later dull, nonzoned dolomite, however, is present as well.
Because of its alternating areas of white sparry dolomite and
dolomitic wall rock, this 1lithotype has been termed
"zebroid" dolomite by other workers (Beales and Hardy, 1980;

Zenger, 1983) and is mentioned elsewhere in relation to
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lead-zinc deposits. The relatively infregquent occurrence
of I-H,FCd and, in one sample, its occurrence in clay limit
discussion of this lithology in the present study.
Lithologies in Central Tennessee are limestones; X,Fd;
and I-H,FCd. One sample (MA3A) of X-H,MCd was taken from

the Right Fork cores.
Iron

East Tennessee. When compared with those reported in

previous studies of the East Tennessee zinc districts, Fe
concentrations of the present study are generally greater
(Table 1). In limestones, the reason for these higher Fe
values 1is probably partial dolomitization of certain
limestone samples, as noted in the petrography section.
Even though X-H,MCd often contain no Al (clay), their Fe
values are higher than those of any other lithology.

The X;Fd values of the present study are similar to
those of Snyder's fine-grained dolostones £from the Coy mine
(3768 and 3651 ppm, respectively) but are higher than those
found by West (1974) in the Copper Ridge district
(1382 ppm). Moss (1982), also working in the Copper Ridge
district, perceived a bimodal distribution of Fe in this
lithology (1644 and 7604 ppm). In the present study, X,Fd
show roughly similar Fe concentrations in individual loca-

tions and at similar stratigraphic levels, but the values
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vary more widely from level to level (Fig. 18). This
pattern suggests a facies control of the Fe distribution
and/or neomorphism in similar solutions (Bein and Land,
1982; Gregg and Sibley, 1984).

The average Fe concentration of X-H,MCd (5043 ppm) is
higher than those of Snyder's and West's coarse-grained
dolostones (3687 ppm and 1956 ppm, respectively). The
values for X-H,MCd of the present study fall between the
bimodal values for Moss's coarse-grained dolostones (2006
and 8760 ppm). Fe concentrations in X-H,MCd of the present
study are fairly consistent (usually between 4000 and
6000 ppm). Since Fe substitutes for Ca and Mg most readily
in the reduced state (Oglesby, 1975; Frank et al., 1982), it
is likely that these high concentrations of Fe are due to
long-term equilibration in a burial environment. Other
workers have commented that ferroan dolomites result from
"late" altération by saline formation waters in a reducing
environment (Land, 1980; Moss, 1982). Mixing=-zone dolo-
mites, on the other hand, "should be nonferroan, reflecting
typically oxidizing conditions" (McHargue and Price, 1982).
Other workers agree that with increased burial, stagnation
and organic depletion of oxygen decrease the redox potential
of aquifer waters (Grover and Read, 1983; Heckel, 1983).
According to Wong and Oldershaw (1981), "Most formational
waters below the vadose/phreatic interface are likely to be

reducing."
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56

Central Tennessee. The average Fe concentrations in

X,Fd and I-H,FCd are similar (2086 and 2145 ppm, respec-
tively). The values are comparable to those of Weber's

(1964) AP "primary" (2700 ppm) and S4,S5 "secondary" (2100,

2000 ppm) dolostones.

Manganese

"Distribution coefficient" (D) is a term that refers to
the ratio of the solubility products of two pure solids,
such as CaCO3 and MnCO3, that can be considered as composing
a solid solution (Morel, 1983). If D > 1 for a particular
trace element, then that element is preferentially concen-
trated in the solid phase (Pingitore, 1978). If D = 1, the
trace element is concentrated equally in the solid and the
liquid phases. 1If D < 1, the trace element is preferen-
tially concentrated in the liquid. The trace element may be
enriched in the solid phase by autoenrichment, the increase
of a trace element as a result of a decrease in the major
element in an open system, and by alloenrichment, the
increase of a trace element due to an external supply of
that element. "Autodepletion" denotes the loss of a trace
element (D < 1) from a diagenetic site due to high water
flow. "Allodepletion" refers to the loss of a trace element
when a liquid containing low concentrations of the element
enters the diagenetic area. After equilibration, the

chemistries of limestones and dolostones are subject to
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change during dissolution/cement precipitation and recrys-
tallization (Pingitore, 1978). Although the Mn partition
coefficient for dolomite is not known, it is thought to be
greater than unity (Pingitore, 1978; Land, 1980), which
means that Mn would be concentrated in the solid phase
during diagenesis. Mn concentrations in that phase are
thought to be controlled primarily by Eh conditions
(Oglesby, 1976; Brand and Veizer, 1980; Moss, 1982), with Mn
entering the crystal under reducing conditions. Modern
oceans are reservoirs of Mn (Degens, 1965; Land et al.,
1975), as are meteoric waters (Turekian, 1976; Churnet,

1979) and oil-field brines (Rittenhouse et al., 1969).

East Tennessee. The average Mn concentrations

determined in the present study are compared with those of
other studies of Tennessee zinc districts in Table 1
(p. 51). Unaltered limestones contain no detectable Mn. Mn
values for X,Fd, and X-H,MCd are higher in the Coy mine
(Synder, 1975, and the present study) than ét the two loca-
tions in the Copper Ridge district (West, 1974; Moss, 1982).
The average Mn concentration of X-H,MCd is especially high
(740 ppm), but it is within the range of Weber's (1964) M3
"argillaceous" dolostones (640 ppm).

Figure 19 illustrates the variation in Mn concentra-
tions with stratigraphic level. 1In general, Mn concentra-

tions follow the same pattern as concentrations of Fe--that
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is, X-H,MCd > X,FD > Ls; however, two saumples of partially
dolomitized limestone contain higher Mn concentrations than
most of X,Fd. X,Fd show very little variation in Mn, even
through a vertical distance of approximately 35 m and a
horizontal distance of 1200 m. Most samples have concentra-
tions between 250 and 450 ppm. The pattern suggests either
remarkably stable depositional and diagenetic conditions or
neomorphism of X,Fd over a long period of time and in a
rather stable reducing environment. The average Mn concen-
tration for X-H,MCd is approximately double that for X,Fd,

and the individual values are considerably more variable.

Central Tennessee. Limestones contain very low Mn

concentrations, comparable to those of East Tennessee
undolomitized limestones of the present study (Appendix D,
Table 8). I-H,FCd and X,Fd have average Mn concentrations
that are fairly similar (231 and 215 ppm, respectively). Mn
values vary little in either lithology, but the concentra-
tions for I-H,FCd are more variable. As with X,Fd of East
Tennessee, this pattern suggests either extremely stable
depositional and diagenetic environments or fairly steady

reducing conditions in a burial environment.

Strontium
Sr concentrations in Recent calcitic sediments average

from 1000 to 1200 ppm (Badiozamani, 1973). This average
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decreases to 400 to 700 ppm in ancient limestones (Kinsman,
1969; Land et al., 1975). Kinsman and Holland (1969)
suggest that the concentration of Sr in a solid phase is
determined by the ratio of Sr to Ca in the solution and by
the temperature "at which the sediment was deposited.”
Presumably the temperature at which subsequent recrystalli-
zation episodes took place would also determine the ultimate
Sr concentration in the solid. Badiozamani (1973) found
that the Sr concentration in calcite is inversely propor-
tional to the degree of supersaturation of the solution with
respect to calcite. Thus low Sr concentrations such as
those found in ancient limestones and dolostones can result
from diagenetic equilibration with calcite-supersaturated
solutions or with solutions, such as metedric water, that
contain much less Sr than does seawater.

Churnet (1979) and Moss (1982) use this reasoning to
explain Sr'distribution in some limestones and dolostones in
the Copper Ridge district. Their belief that Sr depletion

is primarily attributable to equilibration with meteoric

Sr

calcite of 0.14 at

waters is predicated on Kinsman's (1969) D

Sr
calcite

tures (0.08 at 100°C, Kinsman, 1969; 0.055 at 40°C, 0.058 at

25°C. The D is considerably lower at higher tempera-

94°C, Katz et al., 1972; 0.025 at 250°C, Katz and Mathews,
1977), but Churnet noted that temperatures above 100°C "are

not attained in normal sedimentary environments or during
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most stages of diagenesis." This statement does not take
into account the fact that elevated homogenization tempera-
tures (82° to 149°C, Roedder, 1971; 100° to 120°C, Taylor
et al., 1983) have been reported for fluid inclusions in
gangue and ore minerals from the Tennessee zinc districts.
Hydrocarbons are a common constituent of Knox dolostones in
the Tennessee zinc districts, including those of the present
study (Larry Landau, 1984, personal communication). The
presence of hydrocarbons suggests the minimum temperature of
115°C that is required for petroleum formation (Collins,
1975). Conodont coloration indices (Harris, 1979) for Lower
and Middle Ordovician carbonates in East Tennessee indicate

minimum temperatures of 60° to 140°C. Even if these higher

Sr

temperatures are ignored, it is likely that the Ddolomite is

lower than Kinsman's 0.14. Land (1980) concludes from a
study of Sr-depleted chalk altered during marine burial
diagenesis in the absence of meteoric water and at a normal

geothermal gradient that it is "quite possible that the

Sr
dolomite

very much lower than 0.07." Since distribution coefficients

effective D for replacement dolomitization is . . .
for Sr into calcite or dolomite are probably quite low,
equilibration with meteoric water is not required to explain
Sr depletion in the limestones and dolostones of the

Kingsport Formation.
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East Tennessee. Average Sr concentrations in the

carbonate rocks of the present study are greater than those
of West (1974), as shown in Table 1 (p. 51). Average con-
centrations for limestones (211 ppm) and for X-H,MCd
(131 ppm) are slightly less than those of Moss (1982): 275
and 170 ppm, respectively. X,Fd of the present study have a
greater average Sr content (154 ppm) than the fine-grained
dolostones of Moss (92 ppm). This may be partly due to
additional Sr content in clays, since Sr correlates well
with Al in this lithology. Average Sr concentrations of the
present study are similar to those of Weber's (1964) primary

(174 ppm) and secondary (187 ppm) dolostones.

Central Tennessee. The average Sr concentration of

X,Fd (254 ppm) is greater than that of X,Fd from the Coy
mine, suggesting a lesser degree of diagenetic stabilization
(Veizer et al., 1978; Churnet, 1979). Both X,Fd and I-H,FCd
(235 ppm) have even higher Sr values than the Coy mine lime-
stones. Right Fork limestones show an average Sr concen-

tration of 320 ppm.

Potassium

K is found in lattice sites, fluid inclusions, and
clays in limestones and dolostones (Bein and Land, 1982).
Suggested sources of K include the following:

1. Seawater concentrated by evaporation (Carpenter

et al., 1974).
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2. Adsorption from seawater onto the surface of clays
(Schmidt, 1973; McHargue and Price, 1983). However, when
smectite is converted to illite, Si, Mg, Ca, and various
bése metals are released into solution and K enters the
clay. Carpenter et al. (1974) have suggested that smectite-
illite conversion is an "important mechanism for the origin
of metal-rich brines in sedimentary basins," but the process
would also deplete K from such brines. Haynes and Kesler
(1983) have noted a "significant population" of fluid
inclusions in sphalerite and dolomite from the Mascot-
Jefferson City district, with "higher K content than most
modern basinal brines."

3. Concentration by marine algae (McHargue and Price,
1983). K is stored within the cells of organisms rather
than in intercellular fluid and is therefore retained during
decay (Weaver, 1967). Vinogradov (1963) found that the ash

of some marine algae contains 20 to 40 percent KZO’

East Tennessee. Average K concentration is highest in

X-H,MCd (9976 ppm, Appendix D, Table 10). Limestones have
an average concentration of 2448 ppm, and X,Fd contain
5053 ppm. Only X,Fd show a good correlation between K and
Al, so it is probable that most of the K in this lithotype
is contained in clay. Weber (1964) found K concentrations
of 6550 ppm in 135 primary dolostones and 3970 ppm in 94

secondary dolostones.
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Central Tennessee. Average K concentrations in X,Fd

and I-H,FCd are 4593 and 3754 ppm, respectively. These

values are similar to those for X,Fd in East Tennessee.

Silicon

East Tennessee. In carbonate lithologies of the

present study, Si {as Sioz) occurs in chert, detrital quartz
grains, or clays. The limestones contain guartz primarily
as detrital guartz and chert that is commonly associated
with partial dolomitization. This is supported by a strong
negative correlation between Si and Ca. In X,Fd, Si is
found mostly in detrital quartz grains and in clay in

3 4

concentrations of 10~ to 10° ppm. X-H,MCd are relatively

rich (10% to 10°

ppm) in Si, which occurs primarily in
interstitial chert and in chert nodules. As mentioned in
Chapter II, small dolomite rhombs, as well as the original
calcitic sédiment, appear to have been replaced by chert.
The large amount of Si needed for replacement could have
come from several pcssible sources:

1. Dissolved sponge spicules. Sponges are a common
fauna in the upper Knox Group (Churnet, 1979).

2. Saline formation waters that may be supersaturated
with respect to quartz. Carpenter and Miller (1969) and

McHargue and Price (1983) suggest that clay minerals control

the amount of silica in formation waters.
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In fact, chert nodules, often associated with the
dolostone lithologies of the present study, might be related
to dolomitization. Baker and Kastner (1981) found that the
formation of chert is a two-step process. First, amorphous
silica is transformed to opal-CT, depressing the Mg content
of pore solutions. Baker and Kastner's experiments suggest
that "about four times as much Mg is available on exchange
sites of solid silica as is dissolved in pore waters." In
the siliceous sediments of the Northern Pacific, the con-
version of biogenous silica to opal-CT begins 600 m below
the sea floor (Tucker, 1983). The formation of chert is not
necessarily an "early" phenomenon. It is possible that some
dolomite of the present study, especially X-H,MCd that con-
tain abundant interstitial chert, formed during the trans-

formation of opal-CT to chert.

Central Tennessee. In X,Fd and I-H,FCd, detrital

quartz grains and clays contain most of the Si. Concentra-

tions are in the 103- to 104—ppm range (Appendix D,

Table 11), with the exception of a few samples that contain
a large component of detrital quartz (Md sand). It is
possible that proximity to continental environments, sug-
gested by abundant detrital quartz grains, accounts for the
elevated concentrations of K and other elements (such as Br)

in X,FD as a result of the evaporation of seawater.
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Bromine and Chlorine

Several workers (Rittenhouse, 1967; Carpenter et al.,
1974) have suggested that natural waters can be charac-
terized by their Br:Cl or Br:total dissolved solids (TDS)
ratios. Rittenhouse (1967) divides natural waters into five
groups on the basis of their Br:TDS ratios. These groups
are presented in Figure 20. Group I waters have Br and TDS
concentrations approximating those of seawater (65 ppm Br)
or of seawater diluted with water of low TDS or Br concen-
trations. Group II waters show Br contents greater than
that of seawater, possibly as an effect of decomposed
organic matter during early diagenesis or from concentra-
tions by semipermeable shale membranes. Group III waters
have TDS greater than that of seawater, but Br concentra-
tions are lower. These waters may have originated from the
dissolution of halite. Group IV waters show TDS lower than
that of seéwater, but the concentrations of Br are less than
would be expected in seawater diluted with waters of low TDS
and Br concentrations. Group V waters have both Br and TDS
concentrations greater than those of seawater. These waters
are described as bitterns formed from seawater evaporated
past the point of halite deposition.

Interpretations of the mode of formation of these
waters are based upon the assumption that during calcium

carbonate and gypsum deposition, 1little Br is lost. When
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Figure 20. Five groups of natural waters based upon
bromine and total dissolved solids (TDS) content (modified
from Rittenhouse, 1967).
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halite is precipitated, the substitution of Br for Cl in the
crystals is restricted by the large ionic radius of Br. Br
concentration in the evolved brine is near 550 ppm at the
onset of halite deposition and may exceed 1000 ppm.
Analyses from 20 modern evaporite sequences show that Br
concentrations in halite typically fall between 30 and

80 ppm and rarely exceed 200 ppm (Herrmann and Knake, 1973;
Panno et al., 1983).

Panno et al. (1983) suggest an origin for brines
involved in lead/zinc mineralization of the Buick Mine in
the Viburnum Trend, based upon Br:Cl ratios of dolostone
wall rock and salinities of fluid inclusions. They found
that the Br:Cl ratio increased from approximately 0.0035
(that of seawater) at a distance of 750 ft from the ore body
to 0.0094 immediately adjacent to the ore body. They
interpret their results as indicating that the ore solutions
were brineé formed by evaporation of seawater past the point
of halite deposition (Rittenhouse's Group V). Other workers
(Rittenhouse, 1967; Collins, 1975; Graf, 1982) have noted
that such highly saline waters can form by interaction with
shales and 1long-term equilibration with country rock.
Bromine enrichment in subsurface brines can also occur by
subsurface leaching of bioconcentrated Br or anion exchange

(C1 for Br) on clays (Kozin, 1960; Collins, 1975).
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Panno et al. found a good correlation between Br and Cl
in dolostones adjacent to the Buick ore body. They inter-
pret Br:Cl ratios in the rocks as reflecting the Br:Cl ratio
of the ore-forming solutions. In dolostones of the present
study, there is a negative correlation for Br and Cl.
Therefore, the Br and estimated total dissolved solids for
dolostones of the present study cannot be plotted on

Figure 20.

East Tennessee. Br concentrations in the present study

range between 2 and 13 ppm (Appendix D, Table 8) in X,Fd
(average 7 ppm) and between 3 and 10 ppm in X-H,MCd (average
7 ppm). The limestones are generally devoid of Br, with the
exception of two partially dolomitized samples. Two samples
(C1B, C2A, Appendix D, Table 8) containing chert breccia
fragments have extremely high Br concentrations (36 and
51 ppm, respectively).

Cl concentrations in limestones range from 347 ppm in
partially dolomitized samples to 2669 ppm in relatively
"pure" micrites (average 1900 ppm). X,Fd Cl concentrations
are between 40 and 1028 ppm (average 434 ppm), and those for
X-H,MCd average 256 ppm and range from 0 to 1128 ppm in a
sample that contains relict micrite.

Panno et al. (1983) found Br and Cl concentration

ranges of 4 to 7 ppm and 500 to 1000 ppm, respectively,
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proximal to the Buick ore body. These values were deter-
mined by whole-rock neutron-activation analysis and XRF
spectrometry. Panno et al. attribute halide enrichment to
an increase in abundance of fluid inclusions adjacent to
ore. Correlation coefficients for Br-Cl and Br-Al in the
present study are neither significantly positive nor nega-
tive, so the amount of Br contained in c¢lays, in the
carbonate lattice, or in fluid inclusions cannot be dis-
cussed accurately. However, Churnet and Misra (1981)
concluded that Cl concentrations in dolostones of the Copper
Ridge district could not be explained by the presence of
NaCl fluid inclusions (Moss, 1982). Element-element plots
for Br and Cl do reveal several possible explanations of
their concentrations. Limestones are usually devoid of Br
and characterized by high Cl concentrations, so their Br:Cl
ratios are essentially nil., Partially dolomitized lime-
stones havé Br:Cl ratios slightly higher than that of
seawater (0.0035). The Br:Cl ratios of X,Fd vary between
0.0058 and 0.0488, and those of X-H,MCd range from 0.0080 in
a sample with relict micrite to "infinity" (no detectable
Cl) in dense, anhedral dolomite mosaics. A plot of Br:Cl
vs. Cl in Figure 21 illustrates these relationships. The
diminution or absence of Cl in X-H,MCd is not fully under-
stood; however, it might be due to the extreme solubility of

the Cl ion or to complexing of Cl with base-metal ions.
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X-H,MCd were located adjacent to breccia bodies ‘and
mineralized areas, in contrast to limestones, which were 3
to 18 m from mineralized areas. Haynes (1984, personal
communication) has noted the increase of Br:Cl ratios in
fluid inclusions of dolomite gangue "directly associated
with ZnS (i.e., in stages 3d to 5 in the cathodoluminescent
sequence of Ebers and Kopp)." Location of X-H,MCd by means
of extremely high Br:Cl ratios may prove to be a good
prospecting method, especially if core samples are used.
Br:Cl ratios from nonmineralized country rock need to be
determined to test this hypothesis.

Diagrams of Br and Cl variations with stratigraphic
level (Figs. 22 and 23) show the similarity of Br and Cl
values in some paired samples and at similar stratigraphic
levels. Comparable values for paired X-H,MCd and X,Fd
suggest epigenetic influence, since it is doubtful that the
same diagenetic pore fluid would exist for supratidal and

subtidal facies.

Central Tennessee. As in East Tennessee, limestones

usually show no Br above detection limits. Br concentra-
tions vary between 2 and 14 ppm (average 7 ppm) for X,Fd and
between 0 and 6 ppm (average 5 ppm) for I-H,FCd. One sample
containing chert breccia fragments (MA7A2) shows a very high
Br concentration (32 ppm). Limestones have Cl concentra-

tions in the 2000-ppm range. Cl concentrations in X,Fd
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Figure 22, Variation of Br concentration with stratri-
graphic level among samples taken from the Coy mine.
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Figure 23. Variation of Cl concentration with strati-
graphic level among samples taken from the Coy mine.
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range from 0 to 483 ppm (average 164 ppm) and are usually
lower than those in X,Fd of East Tennessee. I-H,FCd show Cl
values ranging from 222 to 640 ppm (average 392 ppm).

A plot of Br:Cl vs. Cl (Fig. 24) reveals a trend
similar to that in lithologies of the Coy mine. There is a
general decrease in Br with increasing Cl. Very high Br and
low Cl concentrations occur in dolomicrites and in samples
containing abundant detrital quartz. Br:Cl ratios range
from 0.0083 to 0.0444 in X,Fd and from 0 to 0.0225 in
I-H,FCD. These ratios, especially in X,Fd, vary systemati-
cally from borehole to borehole at the levels of both the Ma
shale and the Md sand. It is possible that the areas
characterized by elevated Br:Cl ratios were paleotopographic
highs that, being infrequently flooded, retained the high Br

levels of an evaporative brine (Long and Gudramovics, 1983).




76

*eaxe yaodg
IYSTY 9yl woxF SOTHOTOYITT SNOTIRA aY3 I0F [D °*SA TO/Id IO 3IO0Id

*pz 2anbta
(wdd) 10 00s1 0001 00¢
4n 4 1 S 1
o 00
¥O .
o ¥
o X
o O
¥ Joozo
o}
»
x ¥
5°3 IOOB.
"SI 3 ¥
P4‘X %
PO4‘H-10 ¥ w
POW'H-X ® S
s10 2/
=3




77
CHAPTER IV
ELEMENTAL CORRELATIONS

Correlation coefficients (Tables 2-6) are considered
highly significant if they are greater than 0.85 or less
than -0.85, and weakly significant if they are greater than
0.70 or less than -0.70. A strong positive correlation
between elements suggests either that the elements were
introduced by the same solution and were taken into the
dolomite or calcite crystal lattice at relatively similar
rates or that both elements are contained in a particular
noncarbonate phase, such as pyrite or clay minerals, that
influences the overall composition of the samples. A strong
negative correlation suggests that the two elements have
dissimilar partition coefficients; hence, one element would
be preferentially concentrated in solution and the other
would be céncentrated in the solid (Veizer, 1978; Churnet,
1979) . Another interpretation is that the two elements were
introduced into the rock at different times by different
solutions.

Elemental correlations for the various lithologies of
East and Central Tennessee are discussed separately. Corre-
lation coefficients for limestones of Central Tennessee will

not be discussed because the sample number is small (4).
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East Tennessee

Limestones. It is assumed that Al is associated with

clays. The only element that correlates well with Al is Ti
(Table 2). Presumably this element is also concentrated in
clays. Si does not correlate well with Al because Si occurs
in detrital quartz and chert as well as in clays. Figure 25
shows the relative concentrations of Al and Si in the
various lithologies. Positive correlations exist between Si
and P and between Si and S, perhaps as a result of the
addition of these elements under reducing conditions.

A positive vcorrelation exists between Ca and Sr
(Table 2, Fig. 26), which suggests that this element was
present in calcite in the original limestone. Such a
relationship for Sr has been documented by various workers
(Kinsman, 1969; Veizer et al., 1978; Churnet, 1979). A
strong negative relationship exists for Ca-Mg, Ca-Mn, and
ca-P, and there are weak negative correlations for Ca-Si,
Cca-Fe, and Mg-Sr. These negative correlations may reflect
partial replacement of limestone by dolomite and chert,
probably in a reducing (burial) environment.

The relationships between Ca, Mg, Br, and Cl are very
interesting. Ca shows an excellent positive correlation
with Cl, which confirms the concentration of Cl in the
original limestone. Mg correlates well with Br, which

suggests its introduction with dolomitization. Fe, Mn, and
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Br also correlate positively (Cl correlates negatively with
Mg and Mn) .

The following conclusions are based upon the above
interelement correlations:

1. Depositional, diagenetic, and epigenetic conditions
influenced elemental compositions in the limestones. Sr and
Cl were concentrated in calcite of the original limestone,
and Fe, Mn, and Br were introduced during dolomitization.
Figure 27 illustrates the positive correlation between Mn
and Fe in limestones. P and S were precipitated with chert,
which replaced limestone.

2. The relationship between Br:Cl ratios and Cl
concentrations is shown in Figure 21 (p. 71). It can be
seen that only two limestones (both partially dolomitized)
contain detectable Br. Cl concentration decreases in the
partially dolomitized limestones. Panno et al. (1983)
documented‘ an increase in Br:Cl ratios in dolostones
proximal to the Buick ore body, but they did not mention a
concomitant decrease in Cl. These workers, however, gave no
values for limestones, nor did they describe dolostone
types. Their concentration values are most similar to those
of X,Fd of the present study. As discussed in the section
on Br and Cl concentrations, this decrease in Cl could be
due to the great solubility of the Cl ion. Although Br and

Cl behave similarly in solution, Br concentration in a brine
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increases exponentially in relation to Cl concentration as
seawater evaporates (Collins, 1975). Thus much more Br
would be available in an evaporative brine than in seawater.
This is often true of oil-field brines as well (Collins,

1975).

X-H,MCd. Ca, Sr, and Cl are positively correlated as
in the limestones (Table 3, Fig. 26, pp. 80, 86). However,
such elements as Fe and Mn, which correlate negatively with
Ca in the limestones, show strong positive correlations with
Ca in X-H,MCd. This reversal seems odd, since Fe and Mn
were probably introduced initially during dolomitization of
the limestones. In addition, Mn correlates positively with
Cl and Sr in X-H,MCd (Fe correlates more weakly with Sr and
Cl). Si and P correlate positively as in the limestones,
and both show negative correlations with Ca. These results
suggest the following conclusions:

1. Completely dolomitized rocks (X-H,MCd) were
ultimately affected by solutions that differed in some ways
from those present at the onset of dolomitization. However,
the data in Figure 27 suggest that the Mn:Fe ratios of the
solutions remained roughly constant throughout the dolomiti-
zation process.

2. These solutions were not simply a mixture of fresh
water and seawater, because one would expect an antipathetic

relationship between Mn and Fe and Sr in such a case (Veizer
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et al., 1978; Churnet, 1979; Brand and Veizer, 1980; Churnet
and Misra, 1983). As Figures 28 and 29 show, such a nega-
tive relationship does exist in the case of limestones and
X,Fd, both of which appear to be "primary," or nearly so.
X-H,MCd, however, show well-documented increases in Sr with
higher Mn and Fe concentrations. Such additional Sr may
have come from the dissolution of such evaporite minerals as
strontianite and celestite. Further, mixing-zone dolomites
should be "nonferroan, reflecting typicélly oxidizing condi-
tions" (McHargue and Price, 1982).

3. The positive relationships between Ca, Fe, Mn, Sr,
and Cl in X-H,MCd--a reversal of trends found in the
limestones--might be due to the following: (a) "late"
alteration of dolostones in a stable, reducing environment
by saline formation waters whose Mg:Ca ratios were lowered
by dolomitization (Katz, 1971; Land, 1980; Moss, 1982);
(b) interaétion with Na-Ca-Cl brines that were either
expressed from clays during montmorillonite-illite con-
version at depth, thus releasing Si, Fe, Mg, Ca, and Na
(McHargue and Price, 1982), or formed by dissolution of
evaporite minerals (Land and Prezbindowski, 1981) that sub-
sequently traveled updip to form ferroan dolomites in a
reducing environment; or (c) progressive pressure solution
of limestone host rock, accompanied by an increase in Ca

activity of pore waters (Wong and Oldershaw, 1981).
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4, It appears from data in Figure 27 that X-H,MCd
represent a fairly direct replacement product of the lime-
stones. However, petrographic evidence and negative
correlations for Ca-Si, Ca-P, Si-Mn, and Si-Fe suggest that
some of X-H,MCd replaced chert, which originally replaced
limestone. Figure 25 (p. 85) illustrates the high concen-

trations of Si in X-H,MCd.

X,FD. Formation of X,FD, as discussed in Chapter II,
was probably penecontemporaneous with sedimentation or early
diagenesis. Interstitial clay occurs in every sample of
X,Pd, and the only significant positive correlations are
those between Al, K, and Sr (Table 4, Fig. 25, pp. 81, 85).
Therefore it is assumed that these elements are concentrated
in clay. It is interesting to note that the three "zebroid"
dolostones plot with X,FD in Figures 25 (p. 85) and 26
(p. 86).

As in the limestones, Mg correlates negatively with Sr
and Cl, suggesting the presence of the latter two elements
in the original calcitic sediments and their loss during
neomorphism. Mg also shows a negative correlation with Si,
as did Ca in the limestones and X-H,MCd. This correlation
in X,Fd may reflect the replacement of dolomitic sediment by

chert or the "competition" for space with clay (Mg shows

weaker negative correlations for Al and K).
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Conclusions regarding X,Fd and made on the basis of
correlation coefficients are limited:

1. K, Al, and Sr are concentrated in clays.

2. Mg seems to have been introduced during dolomitiza-
tion of a former calcitic sediment, as indicated by negative

correlations with Sr and Cl.

Central Tennessee

X,Fd. Correlation coefficients for X,Fd of Central
Tennessee may be more revealing than those for X,Fd of East
Tennessee. The positive correlations for Ca-Cl and Al-Ti
(Table 5, p. 82) and the negative correlation for Ca-Si have
been reported in discussion of the lithologies of East
Tennessee,

Positive correlations also exist for K-Si and Br-Si.
These correlations cannot be attributed to the elements'
concentration in clays because Si shows only a weak negative
correlation to Al and the correlation of Br with Al is
strongly negative. Si in X,Fd occurs most often in detrital
quartz grains, which suggests proximity to a continental
environment. It is possible that Br and K were concentrated

in dolostones that formed on paleotopographic highs flooded

only infrequently (Long and Gudramovics, 1983).

I-H,FCd. As previously discussed, strongly positive

correlations for Ca=-Cl and Br-Mg and negative correlations
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for Ca-Mg and Mg-Cl (Table 6, p. 83) are related to dolomi-
tization (with an increase of Br) of a calcitic phase (con-
taining Cl). In this lithology, Br and Cl actually show a
marked negative correlation. 4

Elements associated with clays are reflected by posi-
tive correlations for Fe-Al, Fe-K, Fe-P, Al-S, S-P, S-K,
K-P, Si-P, and K-Si. Negative correlations for Al-Cl,
Si-Ti, and Mn-S suggest that Cl, Ti, and Mn are not concen-
trated in clays (this may account for the weak negative
correlation between Mn and Fe). Fe also correlates well
with S, which indicates the presence of pyrite.

Examination of correlation coefficients for I-H,FCd
suggest the following conclusions:

1. Dolomitization of an originally calcitic sediment
also resulted in an increase in Br and a decrease in Cl.
The increase in Br suggests dolomitization by a hypersaline
brine. |

2, The poor correlation for Mn and Fe can be explained

by the presence of Fe in clay minerals and in pyrite.

Summary
1. Limestones that are partially dolomitized to X-H,MC

dolomite are enriched in Fe, Mn, and Br relative to
unaltered limestones. Most limestones have no detectable
Br, and Cl concentrations in partially dolomitized lime-

stones are lower than those in relatively "pure" limestones.
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Br:Cl ratios in these partially dolomitized limestones are
slightly higher than that of seawater (0.0035). Positive
correlations for Mg-Fe, Mg-Mn, Mg-Br, Ca-Cl, and Ca-Sr
(Table 2, p. 79) cleariy indicate the preference of these
elements for calcitic or dolomitic fractions of the rock
during the early stages of dolomitization. Negative corre-
lations for Ca-Si and Si-Cl reflect replacement of limestone
by chert.

2. X,Fd of East and Central Tennessee show rather
similar concentrations of certain elements: 9105 and
9691 ppm Al, 4216 and 4593 ppm K, and 7 and 7 ppm Br,
respectively. Higher Fe and Mn concentrations and lower Sr
concentration in the East Tennessee sample suggest a greater
degree of diagenetic or epigenetic alteration. In East
Tennessee X,Fd, correlation coefficients link K and Sr with
clay content. A negative correlation for Mg-Cl reflects the
loss of Cl'upon dolomitization or neomorphism. In Central
Tennessee X,Fd, positive ccrrelations for K-Si and Br-Si
might suggest more intense evaporative conditions for
samples with high detrital quartz content (those closer to
continental environments or located on paleotopographic
highs).

3. I-H,FCd (from Central Tennessee exclusively) show
concentration ranges for the various elements that are

similar to those of X,Fd of Central Tennessee, which
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suggests that both dolostone types formed in similar
environments. Correlation coefficients indicate an increase
in Br and a decrease in Cl with dolomitization.

4., X-H,MCd of East Tennessee are replacement products
of limestones and chert. Average concentrations of Si, K,
Fe, Mn, and Br are generally higher in X-H,MCd than in the
other lithotypes studied. There was no detectable Cl in
several samples. Surprisingly, in view of the fact that
X-H,MCd replace limestones, positive correlations for Ca-Fe,
Ca-Mn, Mn-Sr, and Mn~Cl occur. These correlations are the
reverse of those found in partially dolomitized limestones.
The strong negative correlation for Ca-Si and the high Si
concentrations reflect extensive replacement of limestone by
chert. It is poséible that positive correlations for Ca-~Fe
and Ca-Mn result from a decrease in the Mg:Ca ratio of
fluids involved in the process of dolomitization. It is
also possible that later stages of dolomitization took place
in the presence of Ca-rich brines. The positive correlation
for Mn-Sr (and the weak positive correlation for Fe-Sr)
suggest the involvement of waters other than meteoric and
sea, since Sr is generally thought to decrease in rocks

equilibrated with meteoric waters.
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CHAPTER V
DISCUSSION AND CONCLUSIONS

Since ore is most often found in the presence of
coarser-grained dolostones (X-H,MCd of the present study),
they have received much attention. Earlier workers in the
Tennessee zinc districts agree that coarser-grained dolo-
stones are a replacement product of limestones, but the
method of replacement 1is elusive. Proposed models of
dolomitization include the following:
1. Interaction with groundwaters traveling through the
Kingsport paleocaquifer (Harris, 1971).

2. Alteration by mineralizing fluids (West, 1974).

3. Early diagenetic (prelithification) formation in a
meteoric-seawater mixing zone (Churnet, 1979).

4. Interaction with hypersaline formation waters in a
réducing environment and subsequent equilibration
with meteoric water (Moss, 1982).

It is thought by the author that the X-H,MCd of the
present study differ in origin from or represent further
alteration of dolostones described in previous studies. The
X=-H,MCd seem to have a limited areal extent (proximal to ore
bodies) while the coarser-grained dolostones of previous
studies have a regional extent.

Replacement of sparry calcite interallochem cement and

of micrite suggests dolomitization of the limestone after
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cementation or lithification (Mattes and Mountjoy, 1980).
X-H,MCd also grow across stylolites and fractures and cross-
cut bedding. Chemical and cathodoluminescent evidence
indicates two (possibly lengthy) periods of dolomitization.
During the earlier period, subhedral zoned rhombs were
produced. This process resulted in varying degrees of
dolomitization of the limestones. Strong positive correla-
tions for Mg-Fe and Mg-Mn, as well as high values of Fe and
Mn, suggest reducing conditions accompanying increased
burial (Carpenter and Oglesby, 1975; Grover and Read, 1983).
Generally dull luminescent signatures and thick zones with
nondramatic alternations of intensity also suggest precipi-
tation in a reducing environment. Nonluminescent zones are
absent in X-H,MCd (with the exception of rhomb cores), as
are thin bright zones. Since nonluminescent and bright
zones are thought to be indicative of periodic influxes of
oxygenated.meteoric water and subsequent stagnation (which
are typical of near-surface conditions), it is probable that
the zoned dolomites formed in phreatic or deeper connate
environments (Oglesby and Carpenter, 1975; Grover and Read,
1983). Because zoning in dolomite crystals is typical of a
mixing environment, the fresh-water component could have
been groundwater that migrated through the Kingsport paleo-
aquifer (Harris, 1971). The similarity of luminescent zona-

tion patterns in some dolomites from different levels and
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different areas supports this model. Gregg and Sibley
(1984) suggest that such subhedral (and euhedral) rhombs
form at temperatures below 50°C, which suggests shallow
burial conditions.

During a later period of dolomitization, anhedral
nonzoned dolomite crystals were produced. It is doubtful
that these crystals attained their anhedral and rather
corroded appearance from growth along compromise boundaries,
because some of the crystals abut chert matrix. Compromise
growth in dolomites observed elsewhere produces straighter
crystal edges. Nonzoned (with cathodoluminescence), dull
orange-red crystals are indicative of dolomites formed in a
stable reducing environment (Frank et al., 1982; Grover and
Read, 1983), which suggests deeper burial. Gregg and Sibley
(1984) propose that anhedral dolomite crystals are precipi-
tated above a critical roughening temperature of 50°C,
another ind%cation of deeper burial.

In more fully dolomitized rocks of the present study,
some correlations are the reverse of those that hold true
for partially dolomitized limestones. Ca-Fe and Ca-Mn show
good positive correlations. These correlations might result
from an increase in the Ca:Mg ratio of the earlier dolo-
mitizing fluid or of the presence of Ca-rich connate brines
(Land and Prezbindowski, 1983). Sr correlates positively

with Mn and Fe, the reverse of correlations found in
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limestones and dolostones stabilized in a meteoric-seawater
mixing zone. It is possible either that this increase in Sr
accompanies the late-stage increase in Ca or that more Sr
becomes available through the dissolution of such evaporite
minerals as strontianite or celestite, as suggested by
Collins (1975). Sr is also enriched in subsurface brines
(up to 3500 mg/l) in comparison with seawater (8 mg/l,
Collins, 1975). Haynes (1984, personal communication) found
Sr in fluid inclusions (from the Mascot-Jefferson City
district) that also contained Br. Rarely did he find Sr in
samples devoid of Br.

High Br:Cl ratios for X-H,MCd suggest interaction with
hypersaline brines (Panno et al., 1983). Moss (1982)
reached the same conclusion using Na concentrations in the
Copper Ridge district. Limestones contain the highest
concentrations of Cl, but they have no detectable Br unless
they are pértially dolomitized. Br:Cl ratios for partially
dolomitized limestones are slightly higher than that of
seawater. X,Fd and X-H,MCd show similar average Br concen-
trations. In fact, some paired samples of X,Fd and X-H,MCd
have the same Br value, which suggests influence by the same
solution. Since one lithotype (X,Fd) is presumed to have
been deposited in an arid supratidal environment and the
other in a subtidal one, it is likely that the solutions

responsible for the dolomitization were not depositional or
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early diagenetic pore fluids. High Br concentrations seem
to occur in samples that contain a good deal of chert. Low
Cl concentrations in X-H,MCd (some contain no detectable Cl)
could perhaps be due to multiple recrystallization episodes
in the presence of waters with an increasing fresh-water
content (groundwaters or circulating meteoric waters
traveling through the palecaquifer and out into the rock via
bedding planes: (Sass-Gutkiewicz, 1982) and/or microfractures
and stylolites (McHargue and Price, 1982; Zenger, 1983). A
greater proportion of fresh water would be expected with the
passage of time (Barnes, 1979; Hanor, 1979). Isotopic evi-
dence suggests that meteoric waters are the dominant source
of water in deep saline brines (Hanor, 1979). Graf (1982)
notes that dolomitization generates concentrated Cl brines
rich in Ca. Cl is a highly soluble ion that may be concen-
trated in subsurface brines by evaporation of seawater,
concentration of dissolved solids in marine pore fluids, or
leaching of C1 from mineral lattices or grain surfaces
(Berry, 1967; Graf, 1982). Since Br behaves much as Cl does
(Collins, 1975), it is likely that the Br concentration of
the solution or solutions that affected X-H,MCd was much
higher than that of seawater. Also, comparatively more Br
would remain in the rock because of its larger ionic radius.
Some workers have commented on the petrographic

similarities and intimate occurrence of coarser-grained



102

dolostones and "saddle" dolomites (Radke and Mathis, 1980;
Gregg and Sibley, 1984). Buchbinder et al. (1984), studying
carbonate lithologies on the coastal plain of Israel, found
that "saddle" dolomites and coarser-grained dolostones
(similar to X-H,MCd of the present study) have identical
isotopic values with the same stratigraphic and geographic
~ variations. They interpret this evidence as indicating
effects from subsequent circulating fluids, coprecipitation
from a low-temperature meteoric-water-influenced solution,
or coprecipitation from higher-temperature saline solutions.
In this case, even the isotopic evidence is equivocal.

Since "saddle" dolomites are recognized as having
filled voids before, during, and after sulfide deposition in
the Tennessee zinc districts (Ebers and Kopp, 1979; Churnet,
1979), the luminescent signatures of X-H,MCd were examined
for similarities. No luminescent similarities were found,
which could indicate that they precipitated from different
solutions or that precipitation in a void produces zonal
patterns different from those that result from replacement.

In conclusion, X-H,MCd appear to have been formed in
the presence of--or finally affected by--mixed hypersaline
brines and fresh water (circulating meteoric water or
groundwater) in a reducing environment (phreatic and/or
deeper connate). Whether these solutions were evaporative

brines that were refluxed through karstic caverns (Beales



103

and Hardy, 1980) or deeper waters, similar to oilfield
brines, that were expelled from compacting Sevier Basin
shales to travel updip through the Knox paleoaquifer
(Hoagland, 1976; Taylor et al., 1983; Grover and Read, 1983)

is still a matter of speculation.
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Lithologic Descriptions

ClA. Ls. Stope 9-50, below 89-90 bed. Micrite at
bottom with equally spaced bedding-parallel stylolites.
Vertical calcite-filled burrows terminated along stylolites.
Intrapelsparite at top of slide, few small unzoned, limpid
dolomite rhombs in micrite and intraclasts. Very small
amount of sphalerite at top.

ClB. Chert. Stope 9-50, in 89-90 bed. Elongate,
rectangular, parallel X,Fd breccia fragments in crackle-
brecciated chert. Numerous microfractures filled with
dolomite and/or quartz. Many small dolomite rhombs
scattered throughout chert.

C2Aa. Chert. Stope 9-50, in 89-90 bed. Chert,
numerous microfractures filled with dolomite and quartz. At
top, X,Fd separated from chert by stylolite. Vugs filled
with megaquartz, chalcedony, and baroque dolomite.

C2B. Ls. Stope 9-50, above 89~90 bed. Biomicrite,

partially dolomitized. Large intact Hedstroemia sp., pores

filled with sparry calcite. Sparry calcite and micrite
replaced by dolomite (0.5-1.5 mm), spear shapes, anhedral .
crystals, arcuate cleavages, sweeping extinction. Few
unzoned rhombs of dolomite with sharp extinction.

C3A. X,Fd. Stope 9-50, in 89-90 bed. Bedded,
Ymicritic" mottling. Bedding-perpendicular stylolites and

"healed" microfractures. At bed partings, X,Fd grains
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enlarged and slightly clearer. Horizontal vein filled with
gangue, gradational contact with X,Fd. Ghost trilobites,
one fairly well preserved. |
C3B. Ls. Stope 9-50, above 89-90 bed. Microspar,
partially dolomitized and replaced by sphalerite. Dolomite
is mostly spear-shaped or anhedral, 20.85 mm, sweeping
extinction, arcuate cleavages, poikilotopic, often termi-
nated by stylolites. Irregular contacts between dolomite
and sphalerite and between chert and sphalerite. Some zoned
(cloudy centers) rhombs, sharp extinction. Voids filled
with chalcedony and gangue.
C3C. X,Fd. Stope 9-50, above 89-90 bed. Sphal. Cht.
Gangue. Top of slide is sphalerite (replacive) in mostly
irregular contact with poikilotopic X-H,MCd and microspar.
Below sphalerite is "rind" of gangue dolomite in gradational
contact with X,Fd and chert. Sphalerite contains inclusions
of X,MCd énd a few small rhombs. Megaquartz void-fill in
chert.
C4a. X-H,MCd. Stope 9-50, below 103-104 bed. Dolo-
mite (0.75-1.5 mm), anhedral, spear-shaped, poikilotopic, in
chert matrix. Thin stylolites along crystal boundaries.
Vertical "healed" microfractures pass through matrix as well
as through dolomite. Large rounded chert fragment in
stylolitic contact with X,MCd and containing gangue dolo-

mite.
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C4B. X,Fd. Stope 9-50, in 103-104 bed. Abundant
quartz grains. Gangue dolomite in vugs connected by verti-
cal microfractures to gangue dolomite and sphalerite at
bottom of slide. Scattered pyrite.

C5Aa. X,Fd. Stope 9-5C, in 103-104 bed. Bedded.
Abundant quartz grains. Fractures crosscut vugs containing
gangue dolomite and chert.

Cc5B. X,Fd. Stope 9=-50, in 103-104 bed. Bedded.
Similar to C5A.

C6A. X-H,MCd. Stope 9-50, below 110-111] bed. An-
hedral mosaic, poikilotopic, chert matrix. Dolomite
exhibits arcuate cleavages and sweeping extinction,
stylolitic crystal boundaries. Numerous microfractures.

C6B. X,Fd, in 110-111 bed. Crackle brecciated.
Abundant quartz grains. X,MCd at bottom of slide. Gangue
dolomite-filled fractures. Some larger gquartz grains appear
corroded. |

c7. X,Fd. Stope 9-50, in 110-111 bed. Bedded. Abun-
dant large {(0.75 mm) guartz grains, pressure-solved at rims,
some exhibit sweeping extinction. Enlarged X,Fd at bottom
of thin section (now medium- and coarse-grained), sweeping
extinction,

c8. X,Fd. Stope 9-50, in 110-111 bed. Bedded. Dolo-
mitic shale seam at bottom of thin section. Linear area of

enlarged (medium-grained) crystals parallel to bedding, 1 cm
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above clay seam. Enlarged crystals exhibit sweeping extinc-
tion. Much interstitial clay and pyrite.

C9A. I-H,FCd. Stope 25-56, below 68-71 bed. Euhedral
and subhedral rhombs (0.18-0.5 mm), zoned (cloudy centers)
and unzoned, sharp extinction. Rhombs "float" in a clay
matrix.

C9B. X-H,MCd. Stope 25-56, below 68-71 bed. Anhedral
crystals, spear-shaped dolomite (up to 1.25 mm) in clay
matrix. Dolomite exhibits arcuate cleavages and sweeping
extinction. A few small (0.25 mm) subhedral zoned (cloudy
centers) rhombs appear to be related to. clay seams. Sphal-
erite and chert replacing X,MCd at top of slide.

C9C. "Zebroid" dolomite (Zenger, 1983). Stope 25-56,
68-71 bed. Subhedral, zoned (cloudy centers) rhombs. There
seems to be a progression from fine-grained dolomite in a
clay seam, to subhedral zoned medium-grained rhombs, to
pockets of gangue dolomite (up to 3.00 mm). Medium- and
coarse-grained dolomite show sweeping extinction. Inter-
stitial clay.

Cl10A. Ls. Stope 25-56, below 68-71 bed. Top of slide
is biomicrite, bottom is intrapelsparite. Between the two
lithotypes is X-H,MCd that appears to be related to stylo-
lites. X-H,MCd crystals are anhedral, spear-shaped, and
serrated rhombs. Dolomite replaces some trilobite fragments
as well as micrite. Some sphaierite associated with stylo-

lites and X-H,MCd.
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Cl0B. "Zebroid" dolomite (Zenger, 1983). Stope 25-56,
in 68-71 bed. Progression from fine-grained dolomite in
clay seam, to I-H,FCd (subhedral zoned rhombs), to pockets
of gangue dolomite. Interstitial clay. Similar to C9C.

CllA. X-H,MCd. Stope 25-56, below 62-65 bed. Xeno-
topic to hypidiotopic fabrics, rhombs generally unzoned (in
transmitted light). Grain size varies from fine to coarse
(0.13 to 0.75 mm). Coarser grains show sweeping extinction
and arcuate cleavages. Abundance of coarser rhombs and
matrix increases toward éphalerite at top of slide. Sphal-
erite poikilotopically encloses pyrite and dolomite, and is
intersected by microfractures. Dolomite crystals grow
across and are offset by calcite-filled microfractures.

CliB. X,Fd. Stope 25-56, in 62-65 bed. Area of
gangue dolomite at bottom of slide, stylolitic contact with
X,Fd. Oblique and vertical stylolites. One stylolite has
"opened up“ and contains chert and medium-grained dolomite
rhombs (zoned with thin dark rim, transmitted 1light).
Numerous vertical "healed" microfractures, often offset
along stylolites.

cla2a. X,Fd. Stope 25-56, in 52-56 bed. Abundant
pyrite.

C12B. X-H,MCd. Stope 25-56, above 52-56 bed.
Anhedral and spear-shaped crystals, arcuate cleavages,
sweeping extinction, poikilotopic. Abundant interstitial

clay and clay seams.
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Cl3A. X-H,MCd. Stope 25-56, below 62-65 bed. Arcuate .
cleavages and sweeping extinction. Can see '"relict"
micrite. X-H,MCd occurs as serrated rhombs, spear-shapes,
and anhedral crystals. Dolomite grows across trilobite
fragments as well as micrite. Bedding-perpendicular stylo-
lites contain pyrite.

Cl3B. Ls. Stope 25-56, below 62-55 bed. Bicpel-
micrite, extensively dolomitized by X~H,MCd occurring as
serrated subhedral rhombs (average 0.75 mm), some zoned with
cloudy centers. Dclomite crystals are associated with
stylolites and numerous microfractures emanating from stylo-
lites.

Cl4. X,Pd. Stope 25-56, from 52-56 bed. Angular X,Fd
fragments and gangue (rubble breccia) in dolomitic "silt."
Abundant pyrite.

cls5. x,Fd. Stope 25-56, from 52-56 bed. Similar to
Cl4. |

cl6a. X,MCd; X,Fd. Stope 25-55, below 52-56 bed.
X,Fd and chexrt breccia fragments in matrix of X-H,MCd and
chert. X-H,MCd appears to be a replacement of chert. Some
gangue dolomite vein-filling and sphalerite.

Cl6B. X,Vfd (dolomicrite). Stope 25-56, in 52-56 bed.
Numerous microfractures, vertical, horizontal, and conjugate
sets oblique to horizontal. Vugs filled with gangue dolo-

mite. Abundant pyrite, nonbedded.
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Cl17. X,vfd (dolomicrite). Stope 25-56, in 52-56 bed.
Vertical vein filled with gangue dolomite. Areas of
enlarged crystals usually connected to "healed" microfrac-
tures. Abundant nonbedded pyrite.

Cl8. Ls. Stope 25-56, below 52-56 bed. Biomicrite
with few trilobite fragments. Oblique sinuous, reddish-
brown stylolites containing small unzoned dolomite rhombs
and pyrite. Vertical, dolomite-filled microfractures
emanate from stylolites.

Cl9. Ls. Stope 25-56, below 52-56 bed. Similar to
Cl8. Abundant burrows and birdseyes.

C20A. X,Fd. Stope 23-49, in T bed. Oblique "healed"
microfractures. Abundant nonbedded pyrite.

C20B. X-H,MCd. Stope 23-49, above T bed. Very coarse
anhedral crystals (up to 2 mm), arcuate cleavages, sweeping
extinction, stylolitic sutures. Chert matrix. Numerous
microfractﬁres and dolomitic clay seams.

C21A. X,Fd. Stope 23-49, in T bed. Bedded. Some
subhedral, 2zoned rhombs. Vertical vein containing gangue
dolomite, indistinct contact with X,Fd. Stylolites perpen-
dicular and parallel to bedding. Abundant interstitial
pyrite.

C21B. "Zebroid" dolomite (Zenger, 1983). Stope 23-49,
above T bed. A mosaic of subhedral zoned (cloudy centers,

clear rims) rhombs, medium grained (0.25~0.38 mm), sharp
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extinction. Also xenotopic crystals (0.25-0.50 mm), non-
zoned, weak undulatory extinction. Gangue dolomite in
intimate contact with the I-H,FCd. Bedding-parallel and
-perpendicular stylolites. .

C22A. X-H,MCA. Stope 25-41, below-T bed. Anhedral,
sweeping extinction, arcuate cleavage, poikilotopic, some
very coarse crystals (up to 2 mm). Sinuous stylolites
containing pyrite.

C22B. X,Fd. Stope 25«41, bottom of T bed. "Pockets"
of slightly enlarged grains (0.25-0.40 mm). Abundant
interstitial pyrite.

c23A. X-H,MCd. Stope 25-41, below T bed. Anhedral
crystals, arcuate cleavages, sweeping extinction, poikilo-
topic. Oblique and horizontal stylolites transect chert
matrix as well as dolomite. Numerous microfractures.

C23B. X,Fd. Stope 25-41, bottom of T bed. "Pockets"
of slightly enlarged grains. Interstitial clay and pyrite.

Some quartz grains (0.30~-0.50 mm).

Central Tennessee

MAlA. Ls. Biointrapelsparite, pelmatozocan and trilo-
bite fragments. Abundant subrounded quartz grains (covering
50-60 percent of area at top of slide). Intraclasts must
have been somewhat lithified before compaction because there
is little embaying by quartz grains. Clay seams containing

quartz and dolomite.
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MAl1B. X,VFd (dolomicrite). Bedded. Thin laminae of
opaques and well-rounded quartz grains (0.05-0.38 mm).
Bedding offset approximately 0.5 cm by mud crack filled with
subhedral and anhedral unzoned dolomite (up to 0.5 mm).
Larger crystals exhibit sweeping extinction.

MA2A. X,Fd. Laminae of opaques and subrounded quartz
grains. Microfractures filled with coarse, blocky calcite.
Abundant interstitial clay and pyrite.

MA2B. X,VFd (dolomicrite). Fractures 1lined with
dolomite rhombs, unzoned, about 0.30 mm in long dimension,
weakly sweeping extinction. Interior of fractures filled
with coarse blocky calcite.

MA3A. X-H,MCd. "Jumbled" serrated rhombs and anhedral
crystals in chert matrix. Rhombs are mostly unzoned, though
some have cloudy centers. Dolomite crystals enclose quartz
grains and large "framboids" of pyrite. Abundant pyrite.

MA3B.I X,VFd (dolomicrite). Bedded. Oblique fracture
at bottom of slide, lined with subhedral and anhedral dolo-
mite crystals (exhibiting sweeping éxtinction). Center of
fracture filled with coarse blocky calcite.

MA4A., X,Pd. A few zoned (cloudy centers) rhombs.
Abundant interstitial pyrite and quartz grains (0.05-
0.12 mm).

MA4B. I-H,FCd. At bottom of slide is oblique bed of

medium-grained subhedral rhombs (zoned with cloudy centers).
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Vertical vein of gangue dolomite that might be enlarged
crystals (poikilotopically encloses quartz).

MASA. Ls. Biopelmicrite, partially dolomitized.
Fauna include trilobites and pelmatozoans. Dolomite is
mostly coarse (0.50 to 1.00 mm), occurring along stylolites
and microfractures. Dolomite occurs in two forms: (1) sub-
hedral and anhedral rhombic forms, cloudy centers, and
(2) anhedral crystals, unzoned, sweeping extinction. Abun-
dant subrounded quartz grains, up to 0.50 mm, some enclosed
in dolomite.

MA5B. X,VFd (dolomicrite). Bedded. Laminae of sub-
rounded quartz grains.

MAGA. I-H,FCd. Subhedral and anhedral forms, some
zoning (cloudy centers). Abundant interstitial clay and
pyrite. Numerous vertical "healed" microfractures.

MA6B. I-H,FCd. Subhedral and énhedral forms, some
zoning (clﬁudy centers). "Ghost" gastropods and relict
micrite. Some coarse calcite spar filling pores. Abundant
interstitial pyrite. Numerous vértical microfractures. Two
stylolitic laminae containing fine-grained dolomite.

MA7A. Rubble breccia. Chert breccia fragments in
matrix of I-H,FCd (mostly subhedral rhombs, 2zoned with
cloudy centers, 0.37-0.68 mm). "Flowing" bed of X,Fd at
center of slide. Chalcedony vug-fill. Also a spherical vug
in chert breccia fragment filled with gangue dolomite. Very

abundant pyrite.
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MA7B, X,VFd (dolomicrite). Uniform.

MD1lA. X,VFd (dolomicrite) and quartz. Quartz grains
(0.07-0.55 mm), randomly distributed. Vein at top of slide,
parallel to bedding, lined with limpid dolomite rhombs
(about 0.15 mm), filled with coarse blocky calcite.

MD1B. X,VFd (dolomicrite) and quartz. Uniform.

MD2A. Ls. Pelsparite. Interallochem pores filled
with blocky calcite. Dolomite is rare, limpid, fine (about
0.05 mm), and euhedral. Dolomitic clay seams at top and
bottom of slide.

MD2B. X,VFd and quartz. Bedding looks disrupted and
"intraclasts" delineated by quartz grains.

MD3A. X,VFd and quartz. At top of slide, separated by
stylolite, is relatively unaltered pelsparite. At bottom,
separated by stylolite, is gangue dolomite with some mega-
quartz void-£fill. Abundant interstitial pyrite.

MD3B; Ls. Pelsparite. Birdseyes and pores between
peloids filled with sparry calcite.

MD4A. X,Fd and I-H,FCd. ﬁeft half of slide is uniform
X,Fd. Right half is subhedral zoned (cloudy centers)
rhombs, chert matrix, chert fragments, megaquartz void £fill,
and medium-grained anhedral crystals.

MD4B. X,Fd. Uniform. Interstitial pyrite and clay.

MD5A. I-H,FCd. Mostly zoned (cloudy centers) sub-
hedral rhombs interspersed with irregular patches of

anhedral crystals. Interstitial pyrite and clay.
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MD5B. I-H,FCd. Subhedral zoned (cloudy centers)
rhombs with irregular patches of anhedral crystals.
Micritic matrix. Gastropods replaced by sparry calcite.

MD6A. I-H,FCd. Mostly subhedral zoned (cloudy cen=-
ters) rhombs, 0.50—1.00 mm. Sharp extinction.

MD6B. X,Fd. Abundant quartz grains (0.05-0.12 mm) and
interstitial pyrite. Also, pyrite along stylolitic sur-
faces. Vein filled with coarse blocky calcite.

MD7A. 1I-H,FCd. Fabric of zoned dolomite euhedra and
subhedra. Interstitial pyrite. Vein of dolomite cut by
vein containing coarse blocky calcite.

MD7B. I-H,FCd. Subhedral rhombs, zoned (cloudy cen-
ters). Many vertical microfractures. Larger fractures
filled with coarse blocky calcite. Smaller fractures appear

to be "healed" microfractures filled with dolomite.
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Sample Preparation Procedures

1. 1Individual offcuts from Coy mine hand samples and
split cores from the Right Fork area were placed on a thick
pad of paper towels which rested on a steel anvil. Another
thick batch of paper towels was placed over the sample and a
rock hammer was used to break the sample. Care was taken so
that the rock did not penetrate the towels. Pieces were
selected from the interior of the rock and these were broken
into pea-size pieces.

2. The pea-size pieces were examined under a binocular
microscope for homogeneity. Pieces that contained gangue
dolomite or paper towel slivers were discarded.

3. About 10 g of sample were placed in a clean Petri
dish and each piece was sprayed with deionized water. The
water was drained and each piece was sprayed again. The
water was poured out and the sample was dried in an oven at
50°C for 15 minutes. The sample now was handled only with
rubber gloves.

4. The 10 g of sample were placed in a tungsten car-
bide rotary swing mill with 5 ml of methanol and ground in a
shatterbox for 6 minutes.

5. Three grams of sample (and boric acid for backing)
were pressed at 15,000 1b (total load) to make a briquette

which was stored in a desiccator until analyzed.
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Thomas Bradford Crattie was born on February 22, 1952,
in Memphis, Tennessee. He attended elementary schools
throughout the South and went to high school in Paris,
Tennessee. In 1972, Mr. Crattie was drafted into‘the U.s.
Army and spent two years at Ft. Polk, Louisiana, and
Ft. Ritchie, Maryland. Upon separation from the armed
forces, he attended the University of Tennessee, Knoxville,
and subsequently earned a Bachelor's degree in geology in
1979. He has worked as a copy editor with Academic Press in
New York City and as an exploration geologist with the Getty
Mining Company. Presently, Mr. Crattie is employed as an
environmental geologist with the Tennessee Department of

Health and Environment in Johnson City, Tennessee.




