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Abstract

- The Mascot-Jefferson City district is the most productive zinc district in

East Teﬁnessee. The deposits are of the Mississippi Valley-type (MVT), hosted

by carbonate rocks and dominated by sphalerite mineralization in strata-bound
breccia bodies. We have utilized the high spatial resolution (20-30 um) of the ion
microprobe to obtain in situ sulfur isotopic analyses from discrete growth zones

in sphalerite and analyses of associated pyrite.

Two types of pyrite were noted: pre-sphalerite, diagenetic pyrite (55 = -
16.1%0 and -20.0%0) and syn-sphalerite pyrite that is intergrown with sphalerite
(84S = 31.3%0 to 33.7%0). Sulfur isotope geothermometry on one sphalerite-
pyrite pair yielded a temperature of 149° + 31°C, which is consistent with fluid
inclusion estimates of 141° + 54°C (average 139.2 °C). Two textural varieties of
sphalerite mineralization (zoned and unzoned) were characterized. Zoned
sphalerite exhibits fine (um to cm) banding that has grown around a carbonate
substrate. Zoned sphalerite has 6*S values from 27.8%. to 51.0%., high Cd
contents (up to 0.96 wt. %) and dark areas that are likely due to minute
inclusions of organic carbon. The unzoned sphalerite has %S values from 20.2 %o
to 39.5%o, high Fe content and no organic-inclusions.

Regardless of the textural variety of sphalerite mineralization, our results

show that the sulfur isotopic composition of sphalerite within a single polished



<.

thin section is heterogeneous and can vary by as much as 15%.. The %S values

recorded in this study are among the heaviest ever reported for MVT sphalerite.

The micro-scale §*S variations and presence of such high %S values have not
been previously documented for east Tennessee. The data presented here
suggests multiple sulfur sources and complex precipitation mechanisms. Several
possible mechanisms are examined. The most probable scenario involves
significant sﬁlfur input from a sulfate- and metal-bearing fluid of variable §S
composition mixing with a gas cap containing H2S of relatively homogeneous
8%S composition. The gas cap provided lesser amounts of sulfur to the system.
Mixing of two isotopically different sulfur sources of variable proportions can

account for the observed microscale variation in 84S (sphalerite).
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Chapter One

Introduction

Zinc mineralization of varying intensity occurs throughout the southern
Appalachians in Cambrian and Lower Ordovician carbonate units. The
Mississippi Valley-type (MVT) deposits of East Tennessee, which have been
producing zinc for over 150 years, currently contr1bute approximately 20% of the
United States zinc production.. The two major stratjgraphic units that host all of
the significant mineralization in East Tennessee are the Lower Cambrian Shady
Dolomite and the Lower Ordovician Upper Knox Group (Kingsport Formation
and Mascot Dolomite). Although the mineral paragenesis varies among deposits
and mining districts, the overall ore-gangue assemblage, consisting of highly
variable proportions of sphalerite, galena, barite, fluorite, sparry dolomite and
sparry calcite, is typical of carbonate-hosted MVT deposits. The zinc deposits of
East Tennessee are characterized by very low Pb: Zn ratio and represent the zinc-
rich end member of the spectrum of MVT deposits (Sangster, 1983).

Ore-forming fluids in East Tennessee were basinal brines that either
migrated up dip due to compaction by overlying sediments (Jackson and Beales,
'1967) or were driven by gravity as a consequence of uplift (Garven aﬁd Freeze,
1984). Despite numerous earlier studies (e.g., Churnet and Misra, 1983; Haynes.
et al., 1987, 1989; Jones, 1993; Appold et al., 1995), the sources of metals, sulfur,

and brinés, the mechanism of sphalerite precipitation, and the extent of regional




fluid flow are poorly constrained. One group of models advocates simultaneous

transport of both metal cations and sulfur to the site of deposition (e.g., Giordano
and Barnes, 1979; Sverjensky, 1984; Haynes et al., 1989). The other model
envisages the transport of sulfur and metal cations in different fluids, and mixing
of the fluids at the site of sulfide deposition (Anderson, 1973, 1983; Jones, 1993;
Taylor et al., 1983).

Bulk sulfur isotopic analyses of sulfides have been used to constrain the
genesis of MVT deposits (e.g., Kesler et al., 1994; Jones, 1993). Jones (1993)
reported bulk sulfur isotope values ranging from 27.6%. to 36.1%. for the
Mascot-Jefferson City district, and attributed mineralization to interaction of
metal-bearing brines with a sour gas cap. Bulk isotopic analyses provide
important information on a regional scale; however, in situ microanalysis can
detect isotopic variations within a single zoned crystal, and, therefore can
potentially provide more detailed information on the mechanism of precipitation
as well as distinguish among multiple fluid events that may have been associated
with complex zoned textures. The complex zoning textures in East Tennessee
ores require én ar.1a1);tica1 fechnique with high spatial resolution of sulfur isotopic
data. An ﬁcreaSing number-VOf ion and laser ‘pfobes in geological laboratories
have facilitated the routine application of in situ stable isotopic microanalysis tol
problems in exploration geochemistry and ore genesis (e.g., Deloule et al., 1986;

Layne et al., 1991; McKibben and Eldridge, 1995; Fayek et al.,, 2000). In this




study, a CAMECA 4f ion microprobe (secondary ionization mass spectrometer,

SIMS) was used to determine the in situ micro-scale sulfur isotopic variations

associated with zoned sphalerite.




Chapter Two

Geologic Setting
The East Tennessee carbonate-hosted, Mississippi Valley-type deposits are
‘ located in the northeastern part of Tennessee within the Appalachian Valley and
Ridge physiographic province (Figure 1). The Valley and Ridge province lies
between the Blue Ridge to the southeast and the Appalachian Plateau to the |
‘northwest. The Valley and Ridge consists of a thick sequence of epicontinental
basin sediments that accumulated during the Cambrian and Ordovician (Hatcher
and Odum, 1980; Shanmugam and Lash, 1982). The area contains multiple
northwest-southeast trending thrust faults that occurred during the Allegheﬁian
orogeny.

The zinc deposits are hosted by the Lower Ordovician upper Knox Group,
which represents a peritidal to subtidal environment of deposition (Churnet et
al.,, 1982). The Knox Group is divided into four formations (Harris, 1969) -
Copper Ridge Dolomite, Chepultepec Dolomite, Kingsport Formation and
Mascot Dolomite (Figure 2).

The Kingsport Formation is predominantly a medium- to coarse-grained
dolostone and limestone, with some lenses of fine-grained dolostone. The
limestone was deposited in a subtidal environment and was subsequentlyl
partially dolomitized on a regional écalé. The Mascot dolomite is predominantly

a fine-grained dolostone, with some coarse-grained dolostone, and occasional



' Knoxville »
TN

-~

—_—
—_—

36° 7'30"

Jefferson &
&\‘70 Ci >
R

Mascot-Jefferson City
zinc district

Figure 1. Generalized structural map of the Mascot-Jefferson City zinc district
(After Hill, 1971).
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interval of mineralization with the principal ore horizons noted in solid black.
The alphabetic designation of the subunits (Q, R. S. T. U, V) is after the
nomenclature of the New Jersey Zinc Company. Most of the commercial ore is
found within the U, S, and R beds in the Kingsport and lowermost part of the

Mascot Dolomite (After Crawford et al., 1969).




lenses of brownish limestone. - The Mascot represents a supratidal to intertidal

depositional environment, and the units together represent a coastal flat and

adjacent shallow marine enviroﬁment. Zinc minefalization occurs in the lower
fifth of the Mascot Dolomite and the upper half of the Kingsport Formation, with
most economic ore localized near the boundary between the two units (Hill,
1971). The Mascot is separated from the overlying Middle Ordovician |
Chickamauga Group by an erosional surface, locally referred to as the post-Knox

Unconformity, which was likely caused by uplift of the platform (Shanmugam

and Lash, 1982). The post-Knox Unconformity represents subaerial exposure
and was formed when water receded exposing the top of the Knox Group. This
exposure led to development of karst topography and the formation of a regional
paleoaquifer system in the units below that would later host zinc mineralization
(Harris, 1971).

The zinc ore in the district is hosted within crackle and rubble breccias,
predominantly as open-space fillings (Figure 3). Better grades of mineralization
are almost always associated with rubble breccias (in which fragments show
significant movement and rotation); crackle breccias (in which breccia fragments
show little or no displacement) are much less iﬁtensely mineralized (Hoagland et
al.,, 1965; Crawford et al.,, 1969). Breccia bodies in the district apparently resulted‘
from the collapse of overlying strata due to dissolution of limestone in the

Kingsport Formation (Harris, 1969, 1971; Crawford et al.,, 1969; Wedow and
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Figure 3. Cross section through a typcial collapse breccia body. The relationship
between breakthrough and bedded mineralized structures was first described by
Crawford et al., (1969). The nomenclature of ore horizons are the same as noted
in Figure 3. After Crawford et al., 1969.




Harris, 1971) and may be one of two forms (Figure 3): breakthrough structures,

which may cut across one or more stratigraphic horizons; and bedded structures
that are confined to individual beds (Hoagland et al., 1965). Breccia bodies likely
developed along faults that pre-dated mineralization but the relationships are
obscured due to post-migleraliéation movements along these-zones (Hoagland et
al., 1965; Crawford et ai., i96§). | J |

Based on rédiometric‘ 'aatmg of wall rock, Kesler et al. (1988) proposed
that the source of sulfur was basinal brines from the Ordovician Sevier basin
_(Figure 4) and underlying Cambrian to Lower Ordovician sediments. Strontium
- isotope analysis ofl dolomite gave an age of 405-320 Ma, suggesting a correlation
of zinc mineralization with the Acadian orogeny (Kesler et al., 1988). Rb-Sr
dating of sphalerites from the Mascot Jefferson City district yielded dates of 406~
327 Ma. (Nakai et al., 1990, 1993). At this time, the shales of the Sevier basin are
estimated to have been buried to a depth of 5-6 kilometers and attained a
temperature of approximately 200 °C (Walker and Foreman, 1990).

East Tennessee hosts six ore districts of varying size: Powell River,
Evanston, Embreeville, Copper Ridge, Sweetwater, and Mascot-Jefferson City
(MJC) district. The two most productive districts, Mascot-Jefferson City and
Copper Ridge, are shown in Figure 4. This étudy focuses solely on the Mascot-.

Jefferson City district, which is the largest of these districts.
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Figure 4. . Regional and local maps of East Tennessee. a. Locations of the
three important MVT districts in East Tennessee in relation to the basins that -
probably provided mineralizaing brines. MVT deposits shown in black are:
1 - Mascot-Jefferson City zinc district, 2 - Copper Ridge zinc district, 3 -
Sweetwater barite-fluorite district. The present location of the Sevier basin is
shown with a stippled pattern, and the Ocoee basin is shown with a wavy
pattern (after Kesler et al., 1988); b. Locations of the mines within the Mascot-
Jefferson City district (Hill, 1971).
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The MJC district contains abundant zinc mineralization with sphalerite as

the dominant ore mineral and sparry dolomite as the dominant gangue mineral
(commonly r(;ferred to as “white gangue dolomite”). Other gangue minerals
include minor amounts of pyrite and marcasite and very small amounts of
fluorite, quartz and calcite. Galena has been observed only m trace amounts.
One exception is the Immel mine, which has a small amount of galena associated |
with the sphalerite ore. Sphalerite is generally light colored (honey yellow to
brown) with a relatively low in Fe content (usually < 1%) (Churnet and Misra,

1983).
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Chapter Three

Methods of Study

Recent advances in mass spectrometry allow a more detailed examination
of a variety of geologic materials. In contrast to traditional mass spectrometry
methods, ion microprobe analysis provides fine-scale (<50p) spatial resolution of
isotopic variations. This technique eliminates the need for drilling through a
specimen or physical separation of minerr:ils for analysis, and subsequent
destruction of the material used for analysis. With the ion microprobe technique,
textural relations are preserved and can be re-examined after the analysis
(Riciputi et al., 1998). This technique has been used by many workers (e.g.
Deloule et al., 1986; McKibben and Eldridge, 1995) to examine sulfur isotope
zonihg in other MVT deposits. Deloule et al. (1986) performed analysis on two
galena crystals from Viburnum Trend, southeast Missouri and.found that the
crystals exhibited oscillatory zoning in both lead and sulfur isotopes, suggesting
discontinuous input of both lead and sulfur. McKibben and Eldridge (1995) also
found sulfur isotopic variations in sphalerite and galena that were related to the
paragehesis of the deposits, indicating that the fluid was changing in chemistry
throughout sulfide déposition.

For this study, ‘samples were collected fr01__n_ the New Market mine, andv

samples from other mines (Young, jefférson City, and Coy) were selected from

the Economic Geology collection maintained at thé ‘Department of Geological
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Sciences of the University of Tennessee, Knoxville. The goal was to incorporate
selecte';l samples from several mines so that chemical and isotopic compositional
variations could be studied in sphalerites displaying a variety of textural
relationships. The sphalerite textures represented by these samples include open
space filling, color banding, and fosettes.
Petrography

Polisheld thin sections of the samplé"s were e"xarlnir‘\ed under plane-
polarized light as well as reflected light to determine the textural relationships of
ore-gangue minerals, paragenesis, and the presence of fluid inclusions.
Electron Microprobe Analyses

Chemical compositional data were obtained with the electron microprobe
(automated Cameca SX-50) at the University of Tennessee. Analyses were |
performed using an accelerating voltage of 20 keV, a beam diameter of 5 pm, a
beam current of 20 nA, and counting times of 20 s per eleﬁent. The elements
analyzed were S, Fe, Zn, Mn, Cu énd Cd and detection limits for these elements
were on the order of 0.05‘wt. %. ZAF (PAP) corrections adapted for the Cameca
probe were applied to all analyses to reduce the data. Traverses were made
across selected polished sections Ato note any significant changes in the amount of
Fe or Cd. Backscatter electron images were taken to determine if compositionai

changes could be responsible for color banding.
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The sections were then re-polished and cleaned to remove the carbon
coating. A ~200 A thick Au coat was sputter-deposited on the sample mount
surface prior to ion microprobe (SIMS) analysis. The mounts were placed in steel
sample holders where surface conductivity was approximately 5-10 ohms/cm.
The entire assembly was then placed in the ion microprobe sample lock and held
at high vacuum for a minimum of 8 hours prior to the start of analysis.

Ion Microprobe (SIMS) Analyses

The analytical protocol for S-isotope measurements in sphalerite using the
CAMECA ims 4f ion microprobe at Oak Ridge National Laboratory was similar
to that described by Riciputi (1996). Sulfur isotope ratios (345/32S) in sphalerite
were measured using a Cs* primary beam and monitoring S- secondary ions with
extreme energy filtering of 200 eV. A normal incidence flood gun was employed
to neutralize potential sample charging. The ~3 nA primary ion beam was
focused to a 15 x 30 um spot using a 100 pm aperture in the primary column.
Secondary sulfur ions were detected sequentially by switching the magnetic
field. The detection system consisted of a Balzers electron multiplier coupled
with an ion counting syéteﬁ with an overall dead time of 8.5 ns. A typical
analysis lasted ~15 min'll1tes, qdmpfising 100 analysis cycles.

During the isotope measurement process by ion microprobe, aﬁ intrinsic.
mass dependent bias is introduced and is referred to as instrumental mass

fractionation (IMF). A variety of processes combine to produce the observed
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IMF. Theée 'include secondar}; atom éi)‘draction (sputtering) and ionization,
(Shroeer et al., 1973; Williams, 1979, Yu and Lang, 1986), secondary ion
transmiséion tShimizu and Hart, 1982),.and deteétion (Valley and Graham, 1991,
Lyon et al, 1994). The greatest contributors to the IMF are sputtering and
ionization, which depend most strongly upon sample Tc:haracteristics (ie.,
chemical composition). This is referred to as compositionally dependent'
fractionations or “matrix effects” (e.g., Valley et al.,, 1997). Therefore, in ion
" microprobe analysis, IMF is corrected for by comparing measurements of a
chemically and isotopically homogenous mineral standard that is
compositionally similar to the unknown. Ion microprobe results from the
standard are compafed to its accepted isotopic composition in order to compute
a correction factor that is applied to the unknowns measured during the same
analysis session (e.g., Leshin et al., 1998). The standards used in this study were
Balmat sphalerite (+14% CDT) and Balmat pyrite (+14.6% CDT) from the
Balmat mine, New York (Crowe et al., 1996). |

The overall precision and accuracy (relative to the standard) of each
isotope analysis includes errors arising from counting statistics of each
individual analysis, calibration to a known standard, and uncertainty in
deadtime corrections arising from variable count rates. In general, the overali

analytical precision was +0.8%.. Values are reported in %o relative to Canyon
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Diablo Troilite (CDT). Sources of error in the SIMS analyses are further
addressed in Appendix B.
Fluid Inclusion Microthermometry

Twenty doubly polished sections of sphalerite samples, including those
used for electron microprobe and SIMS analyses, were prepared for fluid
inclusion analysis. This study examined only primary inclusions in sphalerite. |
Primary inclusions are inclusions that were trapped during crystallization and,
therefore, represent the fluid from which the sphalerite precipitated. A complete
list of criteria for determining whether an inclusion is primary or secondary is
given in Roedder (1984). In this study, inclusions: “that were ran'domly“
distributed or sepafate from other inclusions were assumed to bé primary.
Inclusions aligned in planes were assumed to be secondary and were not used.

Microthermometric analyses of fluid inclusions were done at the
University of Tennessee on a Fluid, Inc. version of the US.GS. gas flow
heating/freezing system. Synthetic inclusions of pure H>O and H>O + CO; with
25% CO2 were used for calibration of the instrument. Temperature
measurements are reproducible to £3.0°C. The measurement on each inclusion
was subjected to at least one repetition to insure reproducibility of the data. In
order to keep thermal gradients to a minimum, the sample was kept in direct.
contact with the thérrﬁocoﬁple; an& a co‘nstantAﬂoW of N> gas around the sample

was maintained during each experiment.
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Heating and freezing runs were performed to record several phase-
transition temperatures. Freezing runs were performed first so that the inclusion
would not be stretched or disturbed by the heating process, rendering it
unusable for the freezing run. The temperature of first melting (Te) is the
temperature at which the first ice melting occurs following coﬁplete freezing of
the inclusion. The freezing temperature (Tm) is the temperature of final melting |
of ice and this temperature is useful for determining salinity.  The
homogenization temperature (Th) is the temperature at which the vapor and
liquid' phases in the inclusion homogenize to produce al sir~1g1e-pi1ase fluid. It
represents the minimum temperature at which the fluid was trapped. The data

were not corrected for pressure.
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Chapter Four
Results |
Petrography
Sphalerite mineralization occurs predominantly as open space fillings
within breccia bodies, but with a variety of textures (see Appendix A for a
summary of all the hand specimens studied). For convenience of discussion, the
observed sphalerite textures may be divided ’,into two descriptive categories: a.
relatively homogeneous and (apparently) unzoned (Figures 5a, b); and b. color
banded or zoned (Figures 5c, d). The unzoned, honey-yellow sphalerite, the
most common textural variety, occurs on several scales: large masses, fracture
fillings, or small veinlets. Reflected- and transmitted-light microscopy show that
this sphalerite has no obvious zoning, has less organic inclusions, and is
practically devoid of pyrite. Zoned sphalerite consists of concentric bands of
honey-yellow sphalerite alternating with bands of darker green or brown,
coarse-grained sphalerite. The dark bands have been attributed to minute
inclusions of organic carbon (Craig et al., 1983; Kettler, 1990). The rosette shape
is a subset of the zoned sp};alerite in which the bands occur as concentric rings.
Pyrite is hot common in these deposits but was found in some specimens
as small (50 p) irregular pyrite crystals within the host dolostone (Figure 6a).

This pyrite clearly unrelated to breccia-fill sphalerite precipitation and is

interpreted to be diagenetic (pre-ore). In some specimens, however, pyrite is

18
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Figure 5. Sphalerite textural varieties, Mascot-Jefferson City zinc district, East
Tennessee.  a. Fracture-fill, honey yellow sphalerite veinlet bounded by
Kingsport dolostone and a shaley layer (sample jp2, New Market mine); b.
honey-yellow unzoned sphalerite with white gangue dolomite and dolostone
breccia fragments (Beaver Creek mine); c. sphalerite rosettes (Young Mine) with
concentric rings of light and dark color sphalerite precipitated on the surface of a
dolostone breccia fragment with white gangue dolomite; d. color banded
sphalerite (Coy mine) with bands of honey yellow sphalerite and dark green to
brown sphalerite with white gangue dolomite and sand-size internal sediment
including fine-grained sphalerite.
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Figure 5 continued.
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Figure 6. Photomicrographs of pyrite textures, MascotJefferson City zinc
district, East Tennessee. a. Reflected-light image of diagenetic pyrite, with very
light 634S values, occurring in host dolostone (sample jp7, New Market mine); b.
Reflected-light image of a sphalerite rosette with fine-grained, ore-stage pyrite
occurring within an organic-rich zone (sample 3590, Coy mine); c. Reflected-light
image (sample 3278, Jefferson City mine) of pyrite in contact with sphalerite; d.
Reflected-light image of the pyrite band in Figure b. Open circles represent spots
of SIMS analysis with corresponding %S values (%, CDT) noted to the side.
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associated with sphalerite as an integral component of the breccia-fill
mineralization (Figures 6b,c,d), indicating pyrite precipitation broadly
contemporaneous with sphalerite deposition. |

The ore-gangue paragenesis is relatively simple (McCormick et al., 1971;
Caless, 1983). In essence, the paragenesis encompasses 3 stages of sphalerite
precipitation interspersed with multiple stages of white gangue dolomite. |
Subordinate amounts of pyrite and/or marcasite occur with pre-ore and main-
stage mineralization (Figure 7).
Sphalerite Composition

A summary of the electron microprobe analyses of sphalerite is given in
Table 1 and complete results are given in Appendix C. In general, the sphalerite
has low concentrations of Fe (up to 0.4 wt. %) and Cd (up to 0.96 wt. %),
although one sample from the Jefferson City mine (3272) has Fe contents as high
as 7.63 wt. % with Cd less than 0.37 wt. %. The Cu concentration in the studied
samples is either below the detection limit or very low (up to 0.19 wt. %). Mn
was not detected in any of the sphalerite analyzed. The zoned and unzoned
sphalerite have similar Fe and Cd contents, with the exception of the high-Fe
sample from Jefferson City (unzoned).

Previous studies (e.g. Churnet and Misra, 1983; Craig et al., 1983) have
reported similar Fe and Cd contenté in sphaiérite from the MJC district. In these

studies, Fe content is variable but generally low (up to 1.6 wt. %) with an average
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Mineral Pre-Ore Stage | Main Ore Stage Post-Ore Stage
Jasperoid | —
| sparry Dolomite e ——— . —
Pyrite S— - —
Marcasite - . -— -
Sphalerite . — — —
Chalcopyrite - -
Fluorite - -
Quartz —
Calcite P— —

Figure 7. Paragenesis of east Tennessee zinc deposits (after Caless, 1983).
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of less than 0.5 wt. (:)/o (Craig et al:, .1983), which agrees with the findings of
Churnet and Misra (1983). Cd content is similarly Yariable and may be as high as
3 wt. % (Churnet ‘and Misra; 1983;‘Cra'ig et él., 1983). A lack of correlation of
c0101; bands with Fe or Cd composition has been noted by several authors (e.g.
Roedder and Dwornik, 1968; Foley et al., 1980). Both Churnet .and Misra (1983)
and Craig et al. (1983) havé noted a crude correlation of dark black bands with
higher Cd concentrations.

A traverse across each thin section was performed to assess compositional
Variationé, especially among the zones in color-banded sphalerite. The traverse
across growth-banded samples showed no systematic trends in chemical
composition. Despite significant variations in Fe and Cd conteﬁts among color
bands, the light and dark bands do not correlate with Fe and Cd content in a
systematic manner (Figures 8 and 9). Unzoned sphalerite also shows variable Fe
and Cd contents (Figure 10).

Backscatter electron images display relative mass differences in shades of
gray. Higher mass minerals appear as lighter colors and lower mass minerals as
darker colors. Cd-enriched areas are lighter gray, whereas Fe-enriched areas are
a slightly darker gray and carbonate phases are black. Backscat‘ter images do
not show any difference in the zoned samples despite theif variable Fe and Cd.
contents. Some unzoned samples show a mottled or irregular texture, which

indicates continuing reaction with the sphalerite precipitating fluid. In Figure
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Figure 8. Sphalerite rosette (sample sds1 from Young mine) with compositional
and isotopic data. a. Graph of electron microprobe data for Fe, Cd and Cu; b.
Photograph of rosette under plane-polarized light. The line A to A’ represents
the electron microprobe traverse and corresponds to the graph above. The open
circles represent spots where ion probe data were obtained, with 84S (%, CDT)

values noted to the side.
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Figure 9. Growth banding in sphalerite (sample 3278, from Jefferson City Mine)
with compositional and isotopic data. a. Graph of electron microprobe data for
Fe and Cd; b. Photograph of sample under plane-polarized light. The line B to B’
represents the electron microprobe traverse and corresponds to the graph a.
above. The open circles represent spots where ion probe data were obtained,
with &S (%. CDT) values noted on the side.
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Figure 10. Unzoned sphalerite (sample jp5 from New Market mine) with
compositional and isotopic data. a. Graph of point-by-point analyses of %S and
Fe and Cd contents; b. Reflected-light photomicrograph of the sample. Open
circles represent spots where ion probe and electron microprobe analyses were
obtained, with values noted on the graphs above; c. Backscatter electron image of
the small square marked on Figure b. The darker splotches are more Cd-rich,
whereas the lighter areas are more Fe-rich. Open circles represent spots where
ion probe analyses were obtained, with values (%. CDT) noted to the side.
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10c, backscatter shows some splotches of differing composition within a single
crystal. In this case, the Fe-enriched area corresponds to a lower 84S than the
Cd-enriched area (26.5%. and 30.3%., respectively). Figure 11 is an example of a
sample that shows very small changes in the %S values across sphalerite that is
fairly homogenous; the sphalerite also shows very little mottling under
backscatter imaging.
Sulfur Isotope Ratios

Sulfur isotope analyses were performed on seven samples. Analyses were
taken along a traverse across each section in order to observe variations among
the different growth zones of sphalerite. The traverses corresponded with those
taken during electron microprobe analyses. The results are summarized in Table
1 and Figure 12; a complete listing of analyses is given in Appendix D. &S
values for the Mascot-Jefferson City district sphalerite range from a low of 20.2%o
to a high éf 51.0%., with an arithmetic mean of 30.4%. and a median of 29.0%..
The error in these analyses is + 0.8%. (16). Some samples (e.g. jp5, New Market
mine and 3272, ]:effe;son City mine) showed a wide variation (as much as 15%o);
however, others (e.g. ]p7, New Market mine) show much smaller variation
(~4%o)(Figufé 12). The &3S values méasured in this study span a rﬁuch larger
range compared with the range (27.0%. to 36.1%.) reported by Jones (1993), and
include some of the highest §%4S values ever reported for MVT deposits in East

Tennessee and elsewhere (Misra, 2001).
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Figure 11. Backscatter image of unzoned sphalerite (sample jp7, New Market
mine) with sulfur isotope values. The black areas at the top and bottom are
dolomite and the gray area is sphalerite. Open circles represent spots where
SIMS analyses were obtained, with §34S (%. CDT) noted on the side. The sulfur
isotope values show no significant variation across the sample.
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Figure 12. 5345 values of pyrite and unzoned and zoned sphalerite from the
Mascot-Jefferson City zinc district, East Tennessee. Mines are listed from
east (top) to west (bottom). Circles represent the average of the sphalerite

analyses from each mine.
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There is no systéfhati;:-» différen‘be between light and dark cqlored
sphalerite in terms of chemical c‘o;r}pc_)siti,on‘ and sulfur isotope ratios, but the
zoned and ﬁnzoned spha'aléri’c‘e‘s~ app‘ear to félll intb tWo separate populations. The
unzoned sphalerite,is characterized by lower 84S values (20.2%. to 39.5%0) and
the lower Cd contents (0.00 to 0.37). In contrast, zoned sphalerite has the higher
3345 values (27.8%o to 51.0 %0) and highest Cd contents (0.03 to 0.96 wt. %) (Table
1, Figure 12). The Fe content does not vary much between the zoned and
unzoned sphalerite with the exception of one unzoned Fe-rich sample from the
Jefferson City mine. The zoned sphalerite also has more organic inclusions than
the relatively clean unzoned sphalerite. The lack of organic inclusions in the
unzoned sphalerite may reflect a period of uniformity in the‘compovsition of the
depositional fluids (Craig et al., 1983).

Sulfur isotope data on pyrite is limited because of the paucity of pyrite in
the samples examined for this study, but they strongly support the interpretation
of two very different generations of pyrite based on textural evidence. The pre-
sphalerite, diagenetic pyrite has a very different isotopi;: sigﬁature (-16.1%o and -
20.0%0) compared with the syn-sphalerite pyrite (33.7%. to 31.3%.), which is
intergrown with sphalerite of similar isotopic signature (32.0%o to 39.2%.)

Sulfur isotope data from coexisting sphalerite and pyrite were used for
geothermometry. Using the geothermometer of Ohmoto and Rye (i979), one

pair of pyrite-sphalerite data yielded a temperature of 149° + 31°C, which is in
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good agreement with fluid inclusion homogenization temperatures determined

in this study as well as by earlier workers (e.g. Roedder, 1971; Taylor et al. 1983).
Another pair was unusable apparently due to isotopic diseqﬁilibrium between
the sulfides. Based on the bond energy consideration, Bachinski (1969) noted
that pyrite should be more enriched in 345 relative to sphalerite when the two
minerals are in equilibrium. Since the pyrite (~ 32%.) in this pair haé a lower %S
signature than the coexisting sphalerite (39.2%o), the two minerals in this case are
not in isotopic equilibrium and probably represent non-contemporaneous
deposition at different temperatures.
Fluid Inclusion Microthermometry

Paired homogénization and freezing temperatures were obtained from six
specimens. Sphalerite is notoriously hard to work with (e.g. Roedder, 1971), and
often inclusions were too small or hard to find. This problem makes it difficult to
correlate the homogenization temperature to &4S values or chemical
composition. A complete listing of fluid inclusion microthermometric
measurements is given in Appendix E. The homogenization temperature for 48
observations raﬁged from 85.6 to 194.5°C with an average of 139.2°C, and the
freezing temperature (tempgrature of last ice meltiﬁg) ranged from -39.8 to —

7.3°C with an average of -21.8°C (Figure 13).
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Figure 13. Paired freezmg temperature and homogenization temperature data
for primary fluid inclusions in sphalerlte samples from the Mascot-Jefferson City
zinc district, East Tennessee. The "previous data" heading refers to the range of
homogenization and freezing temperatures reported by Taylor et al. (1983).
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Earlier microthermometric analyses of fluid inclusions in Mascot-Jefferson

City sphalerites (Roedder, 1971; Taylor et al., 1983) have yielded a similar range
of homogenization and freezing temperatures. For example, the ranges observed
in the detailed fluid inclusion studies by Taylor et al. (1983) are 88° to 197°C and
-8.6° to -41.6°C, respectively. However, the local scale variations are much
smaller. They noted a variation of about 15°C in the homogenization
temperature and 3°C in the freezing temperature between the core and rim of a
sphalerite rosette (Figure 14).

There is an overall inverse correlation between homdgenization
temperature and freezing temperature. Attempts were made to correlate the
homogenization temperature with color bands. The data suggest that there may
be a correlation between zoned dark sphalerite with higher homogenization
temperatures and zoned light sphalerite with lower homogenization
temperatures. This relationship is not systematic, possibly due to the smaller
number of analyses and uncertainty associated with distinguishing light bands
from dark bands du'ringi the analyses. Ijnzoned sphalerite has homogenization

temperatures that span the entire range of observations.
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Figure 14. Variations in homogenization and freezing temperatures in a
sphalerite rosette from core to rim. Horizontal lines represent the average
of the data points. Data from Taylor et al. (1983).
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Chapter Five

Interpretation and Discussion

Analyses of the sphalerite from the Mascot-Jefferson City district indicate
~ that sphalerite is generally low in Fe (up to 0.4 wt. %) and also low in Cd (up to
0.96 wt. %). The samples show a wide range of 335 values (20.2%. to 51.0%o)
Wrth an average of 31.8%o for all analyses (Table 1). The 3¢S variation within a
single samp}e is small in some thin sections (;4 %) and quite large in others (up
to -15%0)‘(Tab1e 1). The 6%5 range obtained in this study (20.2%. to 51.0%.) is
comparable to that reported by Jones (1993) for bulk sulfides (27.0%. to 36.1%o,
with 80% > 30%0), although the present data span a wider range and includes
some of the highest values ever reported for MVT deposits.

' The two textural types of sphalerite examined in this study - unzoned
sphalerite, and color banded or zoned sphalerite - appear to be somewhat
distinct in terms of chemical and isotopic composition. The zoned sphalerite has
the heaviest 835 values (27.8%. to 51.0%.), low Fe contents (0.03 to 0.32 wt. %),
and the highest Cd contents (0.03 to 0.96 wt. %) (Table 1, Figure 12).

This .study found no obvious and systematic correlation between color
banding and chemical composition (Figures 8 and 9). The lack of correlation
between composition and oolor of sphalerlte was also noted in previous studies
by Caless (1983) and Churnet and Misra (1983) The dark color bands have been

attributed a higher ‘,COnc'entratio'n of minute organic 'carbon inclusions (Craig et
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al., 1983; Kettler, 1990). In this study, darker bands corresponded to the some of

the highest Cd contents noted within the samples (Figure 8) as was also noted by
Craig et al. (1983). The‘ dark bands tend to show higher %S values in one sample
(Figure 9). In anothér sample, the dark band has mid-range values (37%. to
42%o.)(Figure 8), Whereaé the_:highest. valués oc:ci;r in both light and dark areas.
The data collected in this study a?e not enough to establish a distinct correlation
between dark bands and hlgh 3348 V‘alues; 'Il"he’re is; 4hox’/ve;ve‘r:' a crude correlation
between Fe contént, Cd content, and 8%S. Samples with higher Fe contents tend
to have lower 8%S values (20.2%. to 39.4%.), whereas samples with lower Fe
contents and higher Cd contents tend to have higher 84S values (32.0%. to
51.0%o0)(Figure 15), a trend particularly discernéble at the highest (Young mine)
and lowest (Jefferson City mine) ends of the §%4S spectrum. The zoned sphalerite
samples also have more organic inclusions than the relatively clean, unzoned
sphalerite. The presence of organic inclusions in zoned sphalerite reflects a
period of high organic input and is possibly related to the sulfur source or
reduction mechanism.

There seems to be a geographic trend in the data such that the eastern-
most mine (Jefferson City, Figure 4b) has the lowest &S values and highest Fe
contents and the western most mine (Young Mine) has the highest &S values
and highest Cd contents (Figure 15b and c). Data from the remaining mines

clusters in the intermediate values for Fe, Cd and 8%5. McCormick et al. (1971)
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Figure 15. Relationships between Fe and Cd contents and 8%S for unzoned (u),
zoned (z) and rosette (r) sphalerite from the Mascot-Jefferson City zinc district,
East Tennessee. The Jefferson City mine is the eastern-most mine in the district
and the Young mine is the western-most mine in the study area.
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noted that thé depth to inineralization 1s not uniform across the district;v the
mines inlthe ‘east have_‘.greate.r (25m) depth to mineralization than those in the
’ weét. Nakai et al. 4(1993) obtained spﬁalerite ages of -377 '+ 29 Ma for the Coy
mine sphalerite anAd 347 + 20 Ma for the Immel mine; however, because of the
large error in the data, no conclusion can be drawn from thi; with respect to the
age of sphalerite mineralization in the two mines. Each mine has a slightly
different but overlapping range of %S values (Figure 12). This trend was also
noted by Jones (1993) who attributed the differences to smaller gas pockets rather
than a continuous gas cap. The differences from mine to mine might reflect
continuing evolution of the fluid as it migrated along the flow path such that the
fluid would become more enriched in 35 and depleted in Fe leaving more distal
mines with higher §34S values and less Fe.

The large variation m 85 (~30%) within the Mascot-Jefferson City
district and the considerable microscale variations even within single samples |
(up to 15%0) indicate multiple mechanisms of sulfate reduction and sphalerite
precipitation. To understand the ‘complexities in the sulfur iéotope data, the
parameters affecting the sulfur isotope signature were examined as a preliminary
approach.

Factors affecting 8%S in sphalerite
Factors affecting the sulfur isotope signature of hydrothermal sulfide

minerals are: temperature, pH, and fO; of the fluid as well as the §**S value of the
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H2S responsible for precipitating sulfides (Sakai, 1968; Ohmoto, 1972). As
mentioned earlier, fluid inclusion homogenization temperatures for MJC
sphalerite span a considerable range, indicating appreciable fluctuations in
temperature during the history of sulfide deposition, even during the growth of a
single sphalerite rosette (Figure 13 from Taylor et al., 1983). Temperature of
sphalerite precipitation, however, could not have been a significant factor in
producing the observed 6%S variations, because sulfur isotopic fractionation
between HS and ZnS is very small and virtually independent of temperature
(Figure 16). The fractionation between sulfate and H,S shows a strong
temperature dependence, which will be discussed in a later section. Calculations
presented by Ohmoto (1972) suggest that within the stability field of sphalerite,
changes in pH and fO; would produce only very small variations in 84S
(sphalerite). Thus, the variations in §%S (sphalerite) appear to have been
controlled predominantly by variations in &4S (H2S) during sphalerite
deposition, and the very high positive values of %S (sphalerite) reflect
correspondingly high positive values of 84S (H:S).

The source of H»S for MVT sulfides is believed to be seawater sulfate
either as a dissolved component of connate water or as evaporite minerals
According to the secular curve presented by ‘Claypool et al. (1980), the &S of
seawater sulfate duri‘ng the upper Cambrian and lower Ordovician was about

27%0 to 32%0. Factoring in the uncertainty in the seawater sulfate curve, the
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temperature (Ohmoto and Rye, 1979). '
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seawater sulfate may have been as low 26%o or as high as 34%.; a median value

of 30%o has been assumed for the purpose of this study.

To explain how seawater sulfate produced sulfide minerals with §%S
values ranging from 20-51%., various genetic models were examined. From the
perspective of sulfur isotope data, a viable genetic model for the MJC deposits

must explain three basic observations: a) the large range of sphalerite 65 values,

b) the considerable microscale variations 1n the 8%S values; and c) some
ﬁnusually high positive 6%S values.
Proposed Genetic Models for MVT Deposits

Four general models have been proposed to account for the transport and
deposition of base metal sulfides in MVT deposits (for reviews see Andérson and
MacQueen, 1982; Sverjensky, 1981). The four models may be divided into two
basic categories: mixing, and non-mixing.

1) Base metals and reduced sulfur (dominantly H,S at pH below 7)

are- t‘ransporfed in separaté':ﬂuiAS to the site of deposition and

“

mixing of the two fluids causes sulfide precipitation (Anderson,
1973, 1975, 1983, 1991; Beales, 1975).

Non-Mixing or single fluid transport

2) Base metals are transported as organic complexes in neutral to

alkaline solutions and sulfide deposition results from oxidation or
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pH ‘d(‘eci'ea":‘se (:Gioxv'dlano"and\‘:i');am;s, 1979; Barnes, 1983; Gize and
Barnes( 1987). | . |

3) Ba:sé meteils an.d redﬁced sulfl;r are trahsf;orted in the same fluid

at low pH, and precipitation is caused by an increase in pH,

cooling, or a reduction in salinity due to dilution (I—Ielgeéori, 1970;

Anderson, 1973; Sverjensky, 1981). |

4) Base metals and oxidized sulfur (SO4%) are transpbrted by the

same fluid to the site of deposition Wﬁére the oxidized sulfur is

reduced to H>S by organic matter or sulfides causing the

precipitation of sulfides (Barton, 1967; Olson, 1984; Garven, 1985).

Each of these models was examined to determiﬁe which would provide the best
explanation for observed &3S data.

The mixing modél advocated by mény authors for MVT deposits (Taylor
et al.,, 1983; Zimmerman et al., 1981; Foley et al., 1981; Kessen et al., 1981; Sasaki
and Krouse, 1969; Cumming and Robertson, 1969; Anderson, 1973, 1975, 1983,
1991) invokes two different fluids for the precipitation of sulfides. One fluid
carries the dissolved mgtal while the other provides reduced sulfur.
Precipitation occurs when the two fluids meet and mix. The problems with this
mechanism include ore body size limitations, textural evidence and isotopic
evidencje. Hydrologic models predict much smaller ore bodies at the mixing

front rather than the large continuous ore bodies observed in most MVT districts

47



(Garven, 1985). Ebers and Kopp (1979) noted cathodoluminescence zones in

. white gangue dolomite that were could be correlated over large distances (~100’s
km), which is inconsistent with mixing. Craig et al. (1983) noted similarity in
sphalerite growth bands from different locations (~300 meters apart in lateral
distance) from East Tennessee and suggested that such correlation was
inconsistent with a mixing model. Consistenéy of lead and sulfur isotope ratic;s,
mainly from the Viburnum Trend in Southeast Missouri, is also compatible with
a single fluid model (Sverjensky, 1981; Crocetti and Holland, 1989).

These arguments can bé countered to a large extent by the presence of a
stationary gas cap that contributes reduced éulfur to react with a migrating
metal-bearing brine (e.g., Jones, 1993). Jones and Kesler (1992) found CHjy (up to
3 mol. %) and HyS (100 - 250 ppm molar) in primary fluid inclusions in sphalerite
from the Mascot Jefferson City district suggesting the former presence of a gas
cap. Mass balance calculations indicated that a gas cap would have to be
roughly as large as the Mascot-Jefferson City zinc district to produce the amount
_of ore present in the district. The gas cap invoked need not be a single
continuoqs body but rather multip‘le gas pockets may account for variability in
33S (sphalerite) noted between mines noted both in Jones (1993) and in the
present study (Figure 12). The gas cap 'acteq as a finite reservoir of sulfur, and
caused the precipitétion of sphalerite when the migrating fluid encountered the

gas cap (]ones; 1993). ;S provided\ Solely by the .'gas.cép in the presence of
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result in rapid precipitation of sphalerite with a very fine-grained texture, which

is not the most common texture of sphalerite in the MJC district.

Sulfur and metals (Pb, Zn) may be carriéd in organic metal sulfide
complexes to the depositional site (Giordano, 1981).v This mechanism has the
potential to explain the tr‘ansport of ore coﬁétituents; ho:wever, the specific
ligands have not been identified, and known stable organic complexes in .
hydrothermal ﬂulcis are’ mc‘apable of carl;ymg the‘amountA of metal and sulfur
required to form a sizeable ore deposit (Giordano and Barnes, 1979).
Additionally, known organic acids are génerally not abundant enough to
account for ore deposit scale mineralization (Kharaka et al.,, 1986; Gize and
‘ Barnes, 1987).

Severél authors (e.g., Sverjensky, 1981, 1984; Helgeson, 1970) have argued
for a single-fluid transport of metals and H>S at a relatively low pH to explain
the precipitation of sulfides in MVT deposits. ﬁased on CO: contents and
temperatures of fluid inclusions, Haynes et al. (1989) suggested that for East
Tennessee zinc deposits, both reduced sulfur and metal were transported in a
single fluid of low pH (~4). Sphalerite precipitation occurred when the pH of the
fluid increased' or the temperature decreased (due to reduced pressure) although
they did not.provide any .explanatioﬁ for the origin of acidic fluids. Jones and'
Kesler (1992) have argued that the CO; contents of Haynes et al. (1989) were

overestimated by at least a factor of two. Also, Jones (1993) noted a lack of
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feldspar indicating a pH greater than 5.5. In any case, the mechanism seems
improbable for the MJC district, where the mineralizing fluid would have to
maintain a low pH, in spite of traveling a considerable distance through
carbonate rocks.

Metals may be transported in the same fluid along with 5O4%, which is
then reduced at the depositional site to precipitate sulfides. This mechanism is
the most probable and circumvents the constraint of unrealistically low pH in the
single fluid model and the requirement of a fairly extensive source of reduced
sulfate at the depositional site in the fluid-mixing model. This model requires
the presence of a reductant at the site of precipitation. The reductant could be
sulfate reducing bacteria, solid organic bitumen, petroleum sulfur or methane
from a gas cap. Each of these reductants were examined in an effort to further
support the proposed model.

Mechanism of Sulfate Reduction

Bacterial reduction of sulfate is the most efficient means for causing a
large fractionation between HzS and SO4* at low temperatures. If the system
remains closed to SO but open to H:S, precipitation of 32S-enriched sulfides
would drix)e the composition of the reinaining isluvlfate to very high (3¢S-enriched)
values. This effect may be as much as 40%. (Ohmoto, 1986). However, the upper
temperature limit of BSR is"about 80°C, above which almost all sulfate reducing

bacteria (e.g. Desulfovibro desulfuricans) cease to metabolize (Machel, 1989). Thus
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it is unlikely that BSR plays a major role in sediments buried to depths of more

‘than 2000-2500 meters at near-normal geothermal gradlents (Machel et al., 1995).
Durmg the late Ordov1c1an the shales of the Sevier basin were buried 5 to 6 km
at temperatures about 200°C (Walker and Foreman, 1990).

Thermal maturation of sulfur-bearing organic compourtds produces CHj
aleng with H2S. Both gases have been found in fluid inclusions from the MJC
district (Jones and Kesler, 1992). HS is produced by reactions such as
(Leventhal, 1990).

HR.CH;-5-H — RyCH, + HiS (1)
where Rx represents a large organic molecule. However, as discussed by
Anderson (1991) ’and Machel et al. (1995), virtually all HsS-rich natural gas
occurrences at temperatures of about 80°C or higher .are believed to have been
formed by thermochemical sulfate reduction by reactions such as (Leventhal,
1990; Machel et al., 1995):

4R-CH3 + 35042 + 6H* — 4R-COOH + 4H,0 + 3H2S 2)

These H2S occurrences are found only at depths approaching or greater than

3,000 meters, where the temperature becomes high enough to activate TSR, but
TSR can also be activated at shallow depths due to the passage of hot

mineralizing fluids over a sufficiently long time (Anderson, 1991).

During maturation of organic matter, organically bound sulfur may be -

released as H»S gas with little or no isotopic fractionation, and later liberated by
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invading hot hydrothermal fluids (Ohmoto, 1986). Such interactions with

organic matter, generally result in complete conversion of sulfate to sulfide in a
relatively short amount of time (Ohmoto and Rye, 1979). Thus %S of the H,S
generated by this process would be similar to the initial §%S of the sulfate.
However, to account for the observed &S (sphalerite) values, the starting 5%S
(sulfate) would have to be in the range of ~20%o to as high as ~50%.. Reduction
;

by organic matter could incorporate sorﬁe organic matter in sphalerite
accounting for the presence of organic carbon in zoned sphalerite.

The &3S values of H)S associated with petroleum are on average 15%o
lighter than seawater sulfate, but about equal to the 4 of petroleum sulfur
(Thode and Monster, 1973). H)S produced by this process would result in
sulfides with 635 values around 15%. if 8%S of starting sulfate were 30%.. These
values are much lower than those reported hére as well as those reported in
Jones (1993).

Thermochemical reduction of sulfate in a system closed to sulfate (i.e.,
sulfate reduction proceeds at a faster rate than sulfate supply) may be a possible
mechanism to explain the high 84S (sphalerite) values noted in this study.
Thermochemical sulfate reduction may be an equilibrium or kinetic prdcess
depending on whether the sys't_em.i's open or qlosed. The &3S values of the H»S,
and hence the resulting sulfides, are determined by whether the system is open

or closed with respect to HS. If the systém is closed ts both SO4% an‘d HsS,

52



equilibriqm may be maintained between SO4* and HzS during sulfate reduction
. .(Figure 17a). The 8*S value for both would increase as more and more SOs* is
reduced, with a constant difference between 835 (SO4z) and &S (H.S)
determined by the fractionation factor osos-tzs. In this case, the HzS can only
_attain a maximum &3S ’\-zalué equal to ;theé 834Sﬂ'x%alﬁé of the original sulfate (i.e.,
73b%o) when the sulfate is completely reduced. Assuming cémplete sulfate
reduction, this prt;cess rfla; é‘ccour:lit for"8‘34S .(‘spha'leri.te~) viali'v1es> that are on the
ordgr of ~30%o, but not for values near 40-50%., which~ rules out equilibrium
fractionation as a possible explanation for the observed 3345 data.

Alternatively, the system may be closed to sulfate but open to HzS, in the
sense that H>S is fixed instantaneously as sulfide minerals (Rayleigh
fractionation). In this éituation, the 84S (H,S) would increase rapidly with
increasing degree of sulfate reduction (Figure 17b). The &*5 of the total H>S (835
ZH‘zs) - i.e., the bulk 8%S of the accumulated sulfides - would also increase with
increasing degree of sulfate reduction, reachiﬁg a maximum value equal to the
8345 of the original sulfate (~30%.) when the sulfate is completely reduced. Thus,
Rayleigh fractionation can explain the high §%S (sphalerite) values observed in
this study. For example, as shown in Figure 17b, reduction of sulfates with 3345 =~
30 %;) should be capable of producing H,S/sulfides of 635 = 51%. (at T = 100° and

E 200°C), the highest observed 85 (sphalerite), for f=0.5. At4 100° C, this process
should also have prodﬁced a spectrum of &S (sphalerite) values in the range of
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Figure 17. Sulfur isotopic relationships between coexisting aqueous SOs and
H,S for sulfate reduction in a system closed to sulfate. a. equilibrium conditions:
the system is closed to both SOs# and H,S; b. non-equilibrium conditions
(Rayleigh fractionation); the system is closed to SOs* but open to H:S; c)
Rayleigh fractionation with stepwise decrease in temperature and corresponding
o values; the arbitrarily assumed steps are 200°, 180°, 160°, 140°, 120° and 100°C at
f=1.0,0.8, 0.6, 0.4, 0.2 and 0.0, respectively. f is the fraction remaining at time t
such that at f = 1.0, SO = 100% and at f = 0.0, H2S = 100%. The o-values were
calculated from the equation of Kiyosu and Krouse (1990) at a temperatures of
140°, 100° and 200°C for graphs a and b and at stepwise temperatures for graph c.
The HaS curves show instantaneous &S values of the reduced HS for a given
value of £, and the X~ HoS curves show the 345 value of the total reduced H,S
accumulated up to that point. These diagrams assume an initial §%5 SO42 =
30%o0, based on the seawater sulfate value for the Ordovician (Claypool et al.,
1980). Calculations for the above diagram are based on equations given by
Ohmoto and Goldhaber (1997, p. 529).
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10%0 to 50%., inclucvii'ng' lower 8%S values than those noted in either in the

present .s.tudy or that of Jones (1993). The range of 8%S (sphalerite).values noted
in this study can be produced by Rayleigh fractionation at an initial temperature
of 200°C (ososn2s = 1.010). It is unlikely that the temperature will remain
constant throughout sphalerite precipitation and fluid incluéion data indicate a
range of temperatures from 85° to 197°C. Figure 17c illustrates the effect of a
hypothetical temperature decrease from 200° to 100°C and-the subsequent effect
on §4S. However, Rayleigh fraction is unidirectional process that cannot account
for the observed microscale variations in 84S (sphalerite).

In summary, the high %S (sphalerite) values obtained in this study may
be related to TSR of high and variable %S at the site of deposition. The genetic
model proposed below, therefore, envisages transport of high-834S sulfate to the
depositional site along with the metal-bearing fluid and thermochemical
reduction of the sulfate by a gaé cap at the depositional site.

Proposed Genetic Model

The precipitation model must explain microscale isotopic variations
within single thin sections, the wide range of 35 values reported for the MJC
district, and the very high %S values that have not been observed in other MVT
districts. The model invoked to explain the observed 84S values requires the
transport of metals (most likely as chloride complexes) and sulfate in the same

solution and the presence of a gas cap providing CHs and lesser amounts of H>S
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at the site of deposition for sulfide precipitation. The sour gas cap provided CHy

- and some FS that reside in -the high porosity .areas-of the breccia bodies. The
" migrating brine carried metal complexes and sulfate together. By contact with
the CHy in the gas cap, the sulfate would be reduced by thermochemical
reduction to produce H,S that would immediately precipitate sulfide minerals.
Some of the HzS with %5 of ~15-30%. provided by the gas cap would also
precipitate sulfide minerals and account for the 8%S (sphalerite) values at the
lower end of the spectrum. The fluid flow in Mississippi Valley-type deposits is
episodic in nature (Cathless and Smith, 1983) and each pulse of fluid may have a
slightly different metal content and S (sulfate) depending on the source and
any partial reduction of the sulfate reservoir that may have occurred prior to or
during transport. The mixing in various proportions of two fluids of variable
8345 composition could produce the microscale variations vnoted in the samples.
The bulk of sulfur in this system was likely provided by the dissolved
sulfate in the minefalizing fluid rather than the H2S in the gas cap. Sulfate
reduction is a slower process at the relatively low temperatures inferred for the

MJC district, and the precipitation of sulfides due to mixing with pre-existing

HaS should be a relatively rapid process in comparison. If pre-existing HaS

dominated the system at the depositio'nall :site, sulfide mineral precipitation
‘should have occurred rapidly, resulting in very fine-grained sphalerite, which is

not the dominant texture of sphalerite in the MJC district. Additionally, some
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H2S of the sour gas cép may have been removed by early pyrite precipitation.
“ Thus, r-eAduction of sulfate b‘r,o,u‘gh’t. 'by“’:"the 'min,'eré.lizing solution is inferred to
have been the most likely process responsible for sphélerite mineralization.

If fluid temperatures were lower than about 200°C, the s;ource of sulfate
would need to be enriched relative to seawater sulfate (~30 %07) to produce sulfide
minerals with 635 values from 20%. to 51%.. The source of this enriched sulfate
is not immediately obvious. However, one possibility is partial sulfate reduction
(by TSR or BSR) in a system closed to SO4* but open to HzS would cause the

remaining sulfate to be enriched in 345.
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Chapter Six

Lonclusions

In this stﬁdy, we have used the ion microprobe to determine the fine-scale
(20-30pum) sulfur isotopic variations associated with sphalerite from the MVT
deposits from the Mascot-Jefferson City zinc district, East Tennessee. These in
situ sulfur isotopic analyses of sphalerite from deposits that span most of the
Mascot-Jefferson City district shows the widest range and heaviest 6345 values
(20.2%0 to 51.0%0) ever reported for these deposits, as well as significant
microscale variations.
1. Two textural varieties of sphalerite were noted — zoned and unzoned, as
well as two generations of pyrite. The unzoned sphalerite has the lightest &3¢S
values (20.2%o to 39.5%), the highest Fe contents (0.2-7.63 wt. %), and lowest Cd
contents (0-0.37 wt. %), whereas color banded sphalerite is generally zoned, has
high concentrations of organic carbon, the heaviest §%S values (27.8 %o to 51.0%.),
lowest Fe contents (0.03-0.32 wt. %), and highest Cd contents (0.03-0.96. wt. %).
Diagenetic pyrite has very light §34S values (-16%. to -21%.) and is earlier than
sphalerite mineralization. Main ore stage pyrite has 65 values ranging from
31.3%o to 33.7 %0 which is only ~2-6%o diffgrent than adjacent sphalerite.
2. Temperature estimates. from_ fluid inciqsion >microthermometry and sulfur
isotope geothermométry provide similar temperature values. This study found

fluid inclusion homogenization temperatures of 140:54°C (139.2°C average). The
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sulfur isotope geothermometry equation of Ohmoto and Rye (1986)- yields
temperature estimates.of 149+31°C.

3. The most reasonable mechanism is a sulfate- and metal-bearing brine,
which came into contact with an H,S-rich gas cap, thereby initiating sulfate
reduction and precipitéﬁon ':of rr_igtalf -s"ulfi‘dyewzs. fl;he s;ilfur in ths fluid dominated
sulfide mmerahzahon, and each pulse of ﬂu1d may have has a slightly different
335 (SO4%) value. Mlxmg of H,S in the gas cap with HS prov1ded by reduction
of sulfate in the ﬂu1d would provide the &S variability noted in microanalysis.
H>S in the gas cap likely had a 835 valué simi‘larlto that of seawater sulfate, if ‘the

sulfate reduction was nearly complete (~26 %o to 34 %o).
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Table A. Sample Descriptions

ID/16/3272 - Jefferson City Mine - Reddish brown massive sphalerite with
blocky dolostone.

Sphalerite and dolostone have a mottled texture. Pyrite is very minor in this
sample. Has a reddish internal reflectance in plane-polarized light but generally
too opaque to note any features.

ID/23/3278 - Jefferson City - Growth banded sphalerite on dolomite substrate.
Without the aid of a microscope the color or growth bands of this sample are
evident. Under plane light the color bands are discernable. The sphalerite
appeared to grown outward from a dolomite substrate, which is surrounding a
finer grain calcite layer. The first band is dark with organic matter. The next
bands are alternating between a light yellow, to a darker brown and a lighter
brown possibly intermediate in composition between the other bands. There are
numerous dark opaque blobs within all the layers, which are most likely organic
matter. Individual crystals are hard to discern in the early layers. However,
outer later layers have larger and more visible crystals. Under reflected-light the
sphalerite appears homogeneous. Backscatter electron imaging does not reveal
much difference in the layers. Pyrite crystals are arranged in a linear pattern
possibly due to a vein or fracture filling. Large anhedral pyrite adjacent to
dolomite and within the sphalerite at the boundary between the two phases.
Pyrite appears ragged or chewed up possibly due to a reaction during sphalerite
mineralization. Pyrite was not found in sphalerite in any other area of the thin
section.

IG/_ /3590 - Coy Mine - Rosette with thin band of organic matter.

Color banding is visible without microscope. In plane-polarized light there is a
darker yellow sphalerite in the center growing around a small piece of dolomite,
which is surrounded by a black band and a light honey yellow sphalerite. The
darker yellow sphalerite appears to be smaller crystals. A black opaque band
presumably rich in organic matter surrounds this layer. The outer layer of
lighter yellow sphalerite consists of larger crystals. Under reflected-light there is
no color difference between any of these three layers. Pyrite is included in the
black band and crystals are arranged linearly. Pyrite crystals are small (~10p)
across and anhedral.
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Table A (continued)

3579 - Coy Mine - Color zoned sphalerite with sphalerite sediment and white
gangue dolomite. This is the same as the picture in Figure 5

There are small (10 mm) rosettes of sphalerite - honey-yellow in center with
outer band around all three rosettes. The band is ~1 mm thick and is surrounded
by greenish-yellowish sphalerite crystals. The crystals in contact with the
organic rich band are smaller and are surrounded by larger greenish yellow
sphalerite. Small band of sphalerite sand outward of the sphalerite. There is also
white gangue dolomite in the layer outward of sphalerite.

sds-1 - Young Mine - The sample is an example of the sphalerite rosette
structures. Without the aid of a microscope the center of honey yellow sphalerite
is surrounded by a black band. with more of honey yellow sphalerite making up
the outermost layer of the rosette. In plane light, the center consists of a fine-
grained dark greenish brown sphalerite with small crystals of dolomite. The
inner layer is separated from the outer sphalerite by a band of black sphalerite.
The dark color and opaque nature of this sphalerite is attributed to thé presence
of organic matter. The outer sphalerite is a lighter yellow color with larger
crystals. Light sphalerite replacing dark sphalerite. It appears that the darker
sphalerite was deposited first and later replaced with the lighter sphalerite. In
reflected light the entire sample appears homogeneous. Backscatter electron-
imaging shows a more mottled appearance in the inner sphalerite and a less
mottled appearance in the outer layers.

jp2 - New Market Mine - Vein filling sphalerite between dolomite. Pyrite is
minor and appears as small crystals within the dolomite as well as i fractures.
In one area the dolomite appears to be being replaced or intergrown with
sphalerite.

jp5 - New Market Mine - Open space filling sphalerite. White blocky calcite
overgrowth on sphalerite. In some areas it appears that the dolomite has
inclusions of sphalerite. The center large crystal in figure 8 has a splotchy
internal appearance under reflected light. Under plane light this crystal has a
center that is darker than the rest of the sample indicating inclusion of organic
matter.
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Table A (continued)

jp7 - New Market Mine - Vein filling sphalerite between an area of sphalerite
sand and micro-brecciated carbonate. On either side of the sphalerite vein there
is a distinct black organic layer. Under reflected light the pyrite grains are
noticeable. Pyrite is found within the carbonate layer and between this layer and
adjacent sphalerite vein. Within the micro-brecciated carbonate there is
dolomite, smaller round calcite grains, and possibly some sphalerite sand grains.




Appendix B - Source of error in SIMS analysis

During -analysis with a secondary -ionization mass spectrometer (SIMS),
secondary ions are focused into a fine beam and used to bombard the surfa;e of
the samplé. SIMS uses a Cs+ beam ;'o'n coﬁducting phases such as the sulfides in
this study. Advantages to using SIMS include small sample size, in situ analysis
thereby preserving textural relationships and high resolution. The
disadvantages include the errors associated with sputtering. |

Several factors contribute to errors during SIMS analyses, and referred to
as instrumental mass ﬂactionaﬁon (IMF). The processes responsible include -
secondary atom extraction (sputtering) and ionization, (e.g., Williams, 1979, Yu
and Lang, 1986), secondary ion transmission (Shimizu and Hart, 1982), and
detection (Valley and Graham, 1991, Lyon et al., 1994). The greatest contributors
to the IMF are sputtering and ionization which depend most strongly upon
sample characteristics (i.e., chemical composition). Sputtering with the primary
beam produces numerous secondary ions and atomic ions that interfere with the
ions of interest (Hoefs, 1990).

Measurement of isotopic ratios by the ion microprobe introduces a certain
mass bias in which the light isotope is favored over the heavy isotope. The mass
bias may be 10’s or 100’s %o for some elements, but for sulfides the mass bias

ranges from 3 to 8 %o depending on the secondary ion energy (Riciputi, 1996).
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Another error introduced during analysis is referred to as compositionally
- -dependent fractionations or “matrix-effects” (e.g.; Valley et al., 1997). The matrix
effect is relatéd to thé in homogeneities in the chemical composition of the
mineral and affects the measured isotopic ratios. One way to combat this effect
is by careful selection of matrix matched standards. However, finding
chemically similar and homogenous standards is often difficult. The use of the
Cs+ primary ion beam minimizes the magnitude of the matrix effect (Riciputi,
1996).

Extreme energy filtering (see review by Riciputi, 1996) uses secondary
ions with high initial kinetic energies (> 300 keV). This reduces the proportion of
hybride species relative to atomic species. Extreme energy filtering allows
operation at low mass resolution thereby simplifying instrument tuning.

To correct for the errors associated with ion microprobe analysis,
measurements are compared with measurements from a chemically and
isotopically hémogenous mineral standard, which is compositionally similar to
thé unknown. Measured ratios for the standard are compared with the accepted
values and a correction factor is calculated which is then applied to unknowns
measured during the same analytical period (e.g., Leshin et al., 1998). The
standards used in this study were Balmat sphalerite (+14%0 CDT) and Balmat

pyrite (+14.6%0 CDT) from the Balmat mine, New York (Crowe et al., 1996).
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Table C-1. Average electron microprobe analyses of sphalerite
from the Mascot-Jefferson City zinc district

New Market - jp2

# 12-2s6 12-2s5 12-2¢7 12-2s8 12-259 12-2510 12-2s11

n' 5] [2] [4] [4] [4] [5] [4]

Weight Percent

S 25 (@ 324 (1) 321 @ 327 (2 326 @ 335 () 37 @)

Fe 010 (0 004 (4 007 (1) 020 (4 021 (11) 017 @ 017 (9)

Zn 660 (3) 664 (1) 658 (1) 667 (1) 660 (6) 658 (2 658 (3)

Mn <03 <.03 <.03 <.03 <.03 <.03 <.03

Cu <03 004 (2 <03 <03 <03 <.03 <.03

Cd 032 (16) 045 (22) 059 (10) 047 (7) 041 (10) 029 (6 032 (9

Z 98.96 99.30 98.66 100.05 99.19 98.78 99.00

Cations on the basis of 1 mole of sulfur

Fe 0.002 0.001 0.001 0.004 0.004 0.003 0.003

Zn 0996 1.005 1.005 1.000 0.992 0.993 0.989

Mn - - - - - - -

Cu - - - - - - -

Cd 0.003 0.004 0.005 0.004 0.004 0.003 0.003

z 2.001 2.010 2.012 2.008 2.000 1.999 1.994
New Market - jp7

# 12-2513 12-2514 12-2s33 12-2s32 12-2s31 12-2s30 12-2s36

n' [4] 2] (4] (5] (3] [4] [3]

Weight Percent

S 25 @) 326 @[ 322 @ 325 (@) 327 (6 323 (1) 326 @O

Fe 014 (7)) 009 (0] 024 (9 011 (3 015 (5 009 (3 007 (1)

Zn 662 (3) 662 (4| 663 (@ 664 (5) 662 (1) 663 (3) 665 (9)

Mn <03 <.03 <.03 <.03 <.03 <.03 <.03

Cu <.03 <.03 <.03 <.03 <.03 <.03 <.03

cd 016 (6 025 (5| 046 () 042 (8) 045 (7 031 (8 010 (5

x 99.02 99.07 99.25 99.43 99.55 99.02 99.20

Cations on the basis of 1 mole of sulfur

Fe 0.003 0.002 0.004 0.002 0.003 0.002 0.001

Zn  1.000 0.996 1.009 1.003 0.993 1.007 1.001

Mn - - - - - - -

Cu - - - - - - -

Cd 0.001 0.002 0.004 0.004 0.004 0.003 0.001

z 2.004 2.000 2.017 2.009 1.999 2011 2.003

! n equals the number of spot analyses in each average. The number in parentheses represents the one sigma

standard deviation in terms of the last digit cited. Sample 12-2512 data was unusable due to low totals.
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Table C-1 (continued)

New Market - jp5

# 12-2520 12-2s19 12-2518 12-2517 12-2516 12-2515 12-2523
n' 2] (31 [4] [2] (2] [4] 3]
Weight Percent .

S 32.2 325 (2) 323 (@ 2324 (2 323 (1) 324 (2 322 (1)
Fe 007 010 (1) 007 (2 005 (3 004 (@ 007 (2 008 (3
Zn 658 661 (1) 661 (1) 661 (1) 659 (1) 658 (4 659 (2
Mn <03 <03 . <.03 <.03 <.03 <.03 <.03

Cu 003 <03 <03 <03 <.03 004 (1) 005 (&
cd 049 038 (4 037 (10) 044 (26) 051 (3) 069 (@ 033 (19
z 98.54 99.14 98.87 98.97 98.80 99.05 98.65
Cations on the basis of 1 mole of sulfur

Fe 0.001 0.002 0.001 0.001 0.001 0.001 0.001

Zn 1.002 0.998 1.002 1.001 1.001 0.996 1.003

Mn - - - - - - -

Cu - - - - - - -

Cd 0.003 0.003 0.003 0.004 0.005 0.006 0.003

z 2.006 2.003 2.007 2.006 2.006 2.003 2.007

# 12-2522 - 12-2524

n’ [4] [2]

Weight Percent

s 321 (2 323 (3

Fe 018 (5) 019 (0)

Zn 663 (1) 664 (1)

Mn <03 <03

Cu <.03 <.03

cd 028 (12) 027 (0)

z 98.95 99.21

Cations on the basis ;)f 1 mole of sulfur

Fe  0.003: 0.003,

Zn 1013 1.008 ‘
Mn - -

Cu = - -

cd 0002 . 0.002

T 2019 2.014

! n equals the number of spot analyses in each average. The number in parentheses represents the one sigma

standard deviation in terms of the last digit cited.
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Table C-1 (continued)

Jefferson.City -.sample 3272

12-2522 12-2s7 12-2523 12-2s26

# 12-2s19 12-2s20 12-2s8

n’ [1] [3] [1] [1] (3] [1] [3]
Weight Percent : -

S 326 331 (3) 324 326 326 (0) 326 330 (2
Fe 1.28 760 (0) 381 5.67 225 (6) 1.99 025 (2
Zn 646 585 (3) 625 604 642 (8) 644 665 (1)
Mn <03 <.03 <03 <.03 <.03 <.03 <.03

Cu  0.0697 007 (0) 008 0.11 006 (1) 008 003 (2
cd 018 007 (5) 0.04 <03 014 (2 037 021 (@)
z 98.662 99.30 98.8153 98.7609 99.2816 99.3907 100.06
Cations on the basis of 1 mole of sulfur

Fe 0.023 0.132 0.068 0.100 0.040 0.004 0.004

Zn 0973 0.867 0.947 0.908 0.965 0.988 0.988

Mn - - - - - - -

Cu 0.001 0.001 0.001 0.002 - 0.001 0.001 0.001

Cd 0.002 0.001 0.000 - ©0.001 0.002 0.002

z 1.998 2,001 2.016 2.009 2.007 1.995 1.995

# 12-2s25 12-2s9 12-2s10

n' [3] [1] [3]

Weight Percent

S 326 (1) 328 325 (1)

Fe 054 (24) 0.28 292  (6)

Zn 658 (5) 66.6 634 (11)

Mn <03 <.03 <.03

Cu <03 0.04 004 (@

cd 025 (7)) 0.2 012 (1)

z 99.1492 99,9291 98.9675

Cations on the basis of 1 mole of sulfur

Fe  0.010 0.005 0.052
Zn 0991 0.994 0.959
Mn - - -

Cu - 0.001 0.001
Cd 0.002 0.002 0.001
p> 2.003 2.001 2.012

T : : :
n equals the number of spot analyses in each average. The number in parentheses represents the one sigma

standard deviation in terms of the last digit cited.
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Table C-2. Point by point electron microprobe analyses
of sphalerite from Mascot-Jefferson City zinc district

Sample 1G/3590
# 1 2 3 4 5 6 9 10 11
Weight percent
S 323 32.0 32.8 32.3 320 323 32.8 325 324
Fe 0.24 0.18 0.17 021 0.17 0.35 0.01 0.03 0.14
In 66.5 66.5 66.2 66.9 66.5 65.6 66.5 66.1 66.5
Mn <.03 <.03 <.03 <.03 <.03 <.03 <.03 <.03 <.03
Cu 0.04 0.06 0.11 0.06 0.04 <.03 <.03 <.03 <.03
Cd 041 0.40 0.19 024 0.20 0.27 0.12 0.03 0.40
b 99.47 99.10 99.49 99.71 98.93 98.55 99.46 98.67 99.43
Cations on the basis of 1 mole of sulfur
S 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Fe 0.004 0.003 . 0.003 0.004 0.003 0.006 0.000 0.001 0.002
Zn 1.010 1.020 0.990 1.014 1.018 0.995 0.994 0.998 1.006
Mn 0.000 -0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cu 0.001 0.001 0.002 0.001 0.001 0.000 0.000 0.000 0.000
Cd 0.004 0.004 0.002 0.002 0.002 0.002 0.001 0.000 0.004
z 2.019 2.028 1.996 2.021 2.023 2.003 1.995 1.999 2.012
# 12 13 14 16 17 18 21 24 25
Weight percent
S 32.7 324 32,6 31.6 32.8 32.7 325 32.5 324
Fe 0.17 0.10 0.14 0.08 0.05 0.11 0.13 0.13 0.14
Zn 66.0 66.2 66.5 66.2 67.0 66.2 66.4 66.1 66.7
Mn <.03 <.03 0.03 <.03 <.03 <.03 <.03 <.03 <.03
Cu 0.04 <.03 <.03 0.06 <.03 <.03 <.03 0.05 <.03
Cd 0.34 0.25 0.18 0.33 0.20 0.37 042 0.13 0.13
z 99.32 9890 ~ 9941 98.19 100.01 99.48 99.41 98.98 99.36
Cations on the basis of 1 mole of sulfur
S 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Fe 0.003 0.002 0.002 0.001 0.001 0.002 0.002 0.002 0.002
Zn 0.991 1.003 1.001 1.028 1.002 0.992 1.002 0.997 1.011
Mn 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Cu 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cd 0.003 0.002 0.002 0.003 0.002 0.003 0.004 0.001 0.001
z 1.997 2.007 2.005 2.005 ) 1.998 2.008 2.001 2.015

2.033
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Table C-2 (continued)

Sample 3278
# 3 4 5 7 8 9 10 11 12
Weight Percent ‘
S 32.8 32.8 32.2 327 32.6 327 327 32,6 31.8
Fe 0.25 0.24 0.12 0.28 0.15 0.13 0.36 0.36 0.30
Zn 66.6 66.8 67.5 64.6 67.5 67.5 66.3 66.8 66.6
Mn <.03 <.03 <.03 <.03 <03  <.03 <.03 <.03 <.03
Cu <.03 <.03 <03 <.03 <.03 - <.03 0.0353 <.03 <.03
Cd 0.36 032 010 '10.86 0.13 0.11 0.22 0.20 0.14
z 100.02 10017 ~ 99.93 - 98.51 100.38 " 100.48 99.68 99.96 98.86
Cations on the basis of 1 mole of sulfur ) .
S 1.000 - 1.000. ": '_1.000 o 1.000 1.000 1.000 1.000 . 1.000 1.000
Fe 0.004 0.004 0.002 0.00‘5" 0.003 0.002 0.006 0.006 0.005
Zn 0.994 0.999 1.028 0.968 1.015 1.012 ©  0.993 1.003 1.029
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cu 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Cd 0.003 0.003 0.001 0.008 0.001 0.001 0.002 0.002 0.001
z 2,001 2.0063 2.0311 1.9804 2018 2.016 2.002 2.011 2.035
# 13 14 16 17 19 20
Weight Percent
S 327 324 323 324 32.3 33.0
Fe 0.38 0.28 0.14 0.18 0.09 0.07
Zn 66.0 66.6 67.1 66.0 66.9 67.1
Mn <.03 <.03 <.03 <.03 0.05 <.03
Cu <.03 <03 0.05 0.12 0.19 0.06
Cd 0.28 0.19 0.56 0.60 0.55 0.52
z 99.43 99.51 100.09 99.30 100.04 100.69
Cations on the basis of 1 mole of sulfur
S 1.000 1.000 1.000 1.000 1.000 1.000
Fe 0.007 0.005 0.002 0.003 0.002 0.001
Zn 0.990 1.008 1.020 0.998 1.015 0.997
Mn 0.000 0.000 0.000 0.000 0.001 0.000
Cu 0.000 0.000 0.001 0.002 0.003 0.001
Cd 0.002 0.002 . 0.005 0.005 0.005 0.005
z 1.999 2,015 2,028 2.008 2.025 2.004
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Table C-2 (continued)

Sample1A/sds1
# 1 4 5 6 7 8 9 10 11
Weight percent
S 324 324 323 323 32.7 320 323 321 32.0
Fe 0.08 0.03 0.08 0.05 0.07 0.09 0.25 0.09 0.15
Zn 66.2 67.4 66.3 66.6 66.8 66.6 66.4 66.7 66.6
Mn <.03 <.03 <.03 <.03 <.03 <.03 <.03 <.03 <.03
Cu <.03 0.15 0.06 <03 0.09 0.03 0.05 <.03 0.07
Cd 0.57 0.25 0.54 0.10 0.49 0.20 0.36 0.53 0.75
z 99.25 100.19 99.30 99.03 100.16 98.97 99.39 99.44 99.55
Cations on the basis of 1 mole of sulfur
S 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Fe 0.001 0.001 - 0.001 0.001 0.001 0.002 0.005 0.002 0.003
Zn 1.001 1.020 1.005 1.010 1.001 1.019 1.007 1.020 1.019
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cu 0.000 0.002 0.001 0.000 0.000 0.000 0.001 0.000 0.000
Cd 0.005 0.002 0.005 0.001 0.004 0.002 0.003 0.005 0.007
z 2.007 2.025 2012 2,012 2.006 2.023 2015 2.027 2.028
# 12 13 14 15 16 17 18 19 20
Weight percent
S 328 32.0 323 323 32,6 32.2 32.3 31.7 325
Fe 0.07 0.08 0.30 0.18 0.32 0.16 0.12 0.10 0.09
Zn 66.3 66.6 66.7 66.3 65.5 66.5 66.3 66.4 66.6
Mn <03 <.03 <.03 <.03 <.03 0.05 <.03 <.03 <.03
Cu <.03 <.03 0.15 0.09 0.03 0.14 0.10 0.09 <.03
Cd 0.35 0.29 0.61 0.62 0.96 0.55 0.65 0.44 0.66
X 99.51 98.91 99.99 99.54 99.44 99.62 99.48 98.70 99.76
Cations on the basis of 1 mole of sulfur
S 1.000 1.000 1.000  1.000 1,000 1.000 1.000 1.000 1.000
Fe 0.001 0.001 0.005 0.003 0.006 0.003 0.002 0.002 0.002
Zn 0.990 1.022 1.014 1.006 0.985 1.011 1.006 1.028 1.006
Mn 0.000 -.0.000 * 0,000 0.000 0.000 . 0.001 . 0,000 0.000 0.000
Cu 0.000 0.000  0.002 0.001 0.000 0.002 0.002 0.001 0.000
Cd 0.003 0.003 0.005 0.005 0.008 0.005 0.006 0.004 0.006
z 1.995 2.026 2.027 2.016 1.999 2.022 2,015 2.035 2,013
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Table C-2 (continued)

Sample 1A /sds1 ) ,
# 21 23 24 + 25 ° 26 27 28 29 30
Weight percent S ’
S 328 325 319 324 325 329 325 32.2 32.5
Fe 0.12 0.12 0.09 0.07 0.06 0.07 0.08 0.02 0.06
Zn. 66.1 66.7 66.6 - 65.8 66.4 67.1 66.6 66.4 67.0
Mn <.03 <.03 <.03 0.04 <.03 <.03 <.03 0.03 <.03
Cu 0.04 <.03 0.11 0.06 <.03 <.03 0.04 0.08 0.03
Cd 0.93 047 0.18 0.73 0.23 041 0.18 0.18 0.27
z 100.00 99.78 98.91 99.10 99.24 100.44 99.36 98.98 99.79
Cations on the basis of 1 mole of sulfur
S 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 . 1.000
Fe 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.000 0.001
Zn 0.990 1.007 1.022 0.995 1.002 1.002 1.005 1.010 1.012
Mn 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000
Cu 0.001 0.000 0.002 0.001 0.000 0.000 0.001 0.001 0.000
Cd 0.008 0.004 0.002 0.006 0.002 0.002 0.002 0.002 0.002
z 2,001 2.013 2.027 2.004 2.005 2.005 2.008 2,014 2,016
# 31 32
Weight percent
] 327 323
Fe 0.11 0.18
Zn 66.1 66.1
Mn <.03 <.03
Cu <.03 <.03
Cd 0.21 0.57
z 99.16 99.19

Cations on the basis of 1 mole of sulfur

S 1.000 1.000
Fe 0.002 0.003
Zn 0.992 1.004
Mn 0.000 0.000
Cu 0.000 0.000
Cd 0.002 0.005
z 1.996 2.012
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Table D. Sulfur isotope anaylses in sphaleriteby sample

and pyrite from Mascot-Jeffeson City district

Location - Analysis # Description 34/32 meas. 8*'S (CDT) 1o
New 12-2s5 near rim 4.4937 31.2 0.6
Market 12-2s6 rim 4.509 34.8 0.6
jp2 12-2s7 core 4.4786 27.8 0.6
12-2s8 core 4.4930 31.1 0.6
12-259 next out 4.4940 313 0.6
12-2510 next out 4.5072 34.3 0.6
12-2511 midway 4.4996 32.6 0.6
12-2512 near rim 4.5088 34.7 0.6
12-2513 rim 44931 31.1 0.6
12-2514 rim 4.4956 31.7 0.6
New 12-2515 core 4.4731 26.5 0.6
Market 12-2s16 near to rim 44897 30.3 0.6
ip5 12-2517 m 4.4839 29.0 .06
12-2518 next out 4.5149 36.1 0.6
12-2519 rim 4.5082 34.6 0.7
12-2520 rim 45297 39.5 0.7
12-2s21 rim 4.4924 30.9 0.7
12-2522 medium 44872 29.8 0.6
12-2s23 next in 4.4961 31.8 0.6
12-2s24 rim 4.5063 34.1 0.7
New 12-2s30 core 44891 30.2 0.8
Market 12-2531 next out 4.4973 32.1 0.6
ip7 12-2s32 rim 4.5033 33.4 0.6
12-2s33 - rim adj pyr 45028 333 0.7
12-2s36 other rim 4.4871 29.7 0.8
12-2s34 lg. groundmass pyrite 4.2415 -16.1 0.4
12-2s35 sm. groundmass pyrite 4.2249 -20.0 0.4
Jefferson  12-3s7 near rim 4.4407 20.2 1.0
City 12-3s8 around rim 4.4790 29.0 0.5
3272 12-3s9 near rim 4.4633 25.4 0.6
12-3s10 rim 4.4661 26.0 0.5
12-3512 core 4.4469 21.6 0.5
12-3513 core 4.4652 25.8 0.6
12-3s14 core 4.4924 25.1 0.5
12-3s15 core 44534 23.1 0.5
12-3s16 core 4.4563 23.7 0.6
12-3s17 heading to rim 4.4551 23.5 0.5
12-3518 - next - 4.4514 22.6 0.6
12-3s19 next 44862 30.6 0.5
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Table D (continued)

34/32 meas. " -

Location  Analysis # Description 8*s ‘10
Jefferson  12-3s520 next 44715 27.2 0.6
City 12-3s21 next 4.4488 220 0.6
3272 12-3s22  next 4.4493 22,1 0.6
(con’t) - 12-3s23 between s7&s8 4.4529 23.0 05
12-3s24-  adjtos23 4.4558 23.6 0.6
12-3s25 between s8&s9 4.4754 281 0.5
123526  rim 4.4554 235 0.6
12-3s27 rim .. 4.4760 283 0.6
12-3s28 rim as 12-3s18 © 4.4578 24.3 0.7
12-3s29  little furtherout 4.4558 236 0.6
12-3s30 back around core 4.4564 23.8 0.6
12-3s11 groundmass pyrite 4.4348 18.8 0.5
Young 1-19s9. . center rosette spl 4.2964 49.6 1.1
Mine 1-19s21 center rosette out, spla 4.4194 50.2 1.0
sdsl 1-19s10 next out sp2 4.2385 355 14
1-19s22 sp2a 4.3528 344 11
1-19s11 next out sp3 4.3021 51.0 1.3
1-19s23 sp3a 4.3829 41.6 1.9
1-19s12 next to bl. band, 4 4.2474 37.7 1.5
1-19s13 black band, 5 4.2543 39.4 1.1
1-19s14 black band 6 4.2656 42.1 1.1
1-19s15 outer sphal. 7 4.2480 37.8 1.0
1-19s16 outermost sphal. 8 4.3014 50.9 1.0
Coy 1-19s27 near dol., 1 4.3641 32.7 0.6
Mine 1-19s28 mid, 2 4.3792 362 0.7
3590 1-19s29 pyrite 3 4.4530 313 0.5
1-19s30 pyrite 4 4.4634 33.7 0.4
1-19s31 near edge, 5 4.3611 320 0.7
1-19s32 atedge, 6 4.3805 36.5 0.6
Jefferson  1-19s37 pyrite, 1 4.4567 322 0.4
City 1-19s38 same pyrite, 2nd point 4.4583 32.6 0.5
3278 1-19s39 sph. 3, band 1 4.3917 39.2 0.5
1-19s40 sph. 4, band 2 4.3683 33.7 0.6
1-19s41 sph. 5, band 3 4.3720 345 0.5
1-19s42 sph. 6, band 4 4.3628 324 0.5
1-19s43 sph. 7, band 5 4.3436 278 0.6
1-19s44  sph.8,band 6 4.3909 39.0 0.5
1-19545 sph. 9, band 7 4.4112 43.8 0.5
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Table E. Fluid Inclusion Freezing and Homogenization

Temperatures for sphalerite from Mascot-Jefferson City zinc district

Location Sample type color Freezing Homogenijzation
Temperature Tm  Temperature Th
Coy Mine 3579 zoned light -19.8 100.2
3579 dark -20.2 122.7
3579 dark -215 116.3
3579 light -11.7 171.6
3579 dark -10.9 187.1
3579 dark -35.7 101.4
3579 light -14.3 174.9
Coy Mine 3590 rosette light -16.2 155.0
3590 light -37.1 875
3590 light 9.2 193.8
3590 light -20.6 137.0
3590 light -32.5 91.8
3590 light -27.4 85.9
3590 light -34.0 98.3
3590 light -28.3 100.5
Jefferson 3278 zoned light -27.1 109.5
City 3278 dark -7.3 182.0
3278 dark -8.0 160.8
3278 dark -18.9 147.1
3278 light -26.4 104.2
3278 dark -23.1 1227
3278 light -37.4 87.3
3278 light -39.8 85.6
3278 dark -22.5 160.5
3278 light -19.8 181.8
3278 dark -17.0 109.9
3278 dark -8.8 189.4
3278 dark -21.8 146.6
3278 light -35.6 1115
3278 dark -19.4 126.1
3278 _ light ’ 242 128.9
New jp5 unzoned light -10.5 184.5
Market ip5 light -24.8 169.0
iP5 light -21.3 154.0
jp5 light -17.5 170.0
jp2 unzoned light -12.1 172.6
jp2 light -34.2 89.6
jp2 light -25.1 113.0
jp2 light -19.6 161.9
jp2 light -13.5 172.9
jp2 light -16.0 169.7
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Table E. (continued)

Location Sample type color Freezing Homogenization
Temperature Tm  Temperature Th
ip7 unzoned - light . -26.6 123.2
New ip7 ' light -19.5 159.8
Market ip7 unzoned light -32.7 100.7
ip7 light -15.6 194.5
ip7 light -24.8 159.9
ip7 light -14.6 170.0
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