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METAMORPHIC MOBILIZATION OF SULFUR IN THE DUCKTOWN
DISTRICT, TENNESSEE, U.S.A.

(Figs. 11)

Abstract: The sulfidic metasedimentary rocks of the Precambrian
Great Smoky Group in the Ducktown mining district show a typical Bar-
rovian series of metamorphism and host a number of pre- or syn-meta-
morphic massive sulfide deposits in the staurolite-kyanite zones. Syste-
matic sampling of the metasediments from chlorite to staurolite zones
shows a fairly systematic decrease in total sulfide content (pyrite -+ pyrrho-
tite) and pyrite /(pyrite + pyrrhotite) ratio with inereasing metamorphic
grade. These variations can be explained by loss of sulfur during regional
metamorphism due to transformation of pyrite to pyrrhotite and develop-
ment of differentiation cleavage.

Pesrome: Cynbuoneie meTaocanoyHbie nopoasl aokembpuiickoii cepuu ,,Great
Smoky" B IakTayHCKOM rOPHOM DailOHE MOKa3ILIBAIOT THITHYHYIO BapOBCKYIO MeTa-
MOPGHHYECKYIO CBHTY H CONEPKAT MHOTO 10- M CHHMETAMOP(HYECKHX MACCHBHBIX
CybOHAHBIX MECTOPOXAEHHIT CTABPOIHT-KHAHUTOBLIX 30H, CucTemMaTHyeckuii oTBop
METAOCAIOKOB H3 XJIOPHTOBBIX OO0 CTaBpPOJ/IMTOBLIX 30H MOKA3bIBACT NOBOJIBLHO CHCTE-
MATHYECKOE TOHMMKeHHe obulero conepxanus cyibbUAOB (IHPHT -+ NMHPPOTHH)
H OTHOLUEHHA OHPHT/(MMPHT -+ MHPPOTHH) C MOBBIILAIOLIEACH CTENEHBIO METAMOP-
thu3ImMa, DTH BAPHALMH MOXHO OOBACHHTE MOTEPLIO CEPLI BO BPEMS PETHOHAJLHOTIO
MeTaMop(H3Ma BCIIENCTBHE TpPaHC(HOPMALUMH MHPHTA B MHPPOTHH M Pa3IBUTHA
IH(pGhEPEHUHALIHOHHOTO KIIHBAXA.

Introduction

Sulfur mobilization, or mass transfer of sulfur, during prograde metamor-
phism is a controversial issue. Some authors have found evidence for mobiliza-
tion of sulfur around metamorphosed sulfide deposits (e. g, Fullagar —
Brown — Hagner, 1967; Popp — Gilbert — Craig, 1977), whereas
others have argued that mass transport of sulfur does not normally occur du-
ring regional metamorphism (Thompson, 1972; Nesbitt — Essence,
1983).

From a recent study of graphitic, sulfide-rich schists from Maine, Fer-
ry (1981) concluded that significant mass transfer of sulfur occurred during
metamorphic transformation of pyrite to pyrrhotite through desulfidation reac-
tions. The present study, which was in progress concurrently but in another
area of comparable geologic setting, has yielded similar conclusions (Runyon,
1983; Runyon — Misra, 1981, 1984).

Our study was conducted in the Ducktown mining district of the southern
Appalachian by systematic sampling of the regionally metamorphosed sulfidic
metasediments of the Precambrian Great Smoky Group across the metamorphic
isograds. Such a study is of particular significance in the Ducktown district
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because of the possible role sulfur mobilization may have played in the forma-
tion or subsequent evolution of the massive sulfide deposits in the district.

The Ducktown mining district
Geologic setting

The Ducktown mining district is located near the junction of Tennessee,
North Carolina, and Georgia (Fig. 1). The district lies in the Blue Ridge belt,
composed of metasedimentary and metaigneous rocks of Precambrian—Paleo-
zoic age and is underlain by a basement complax of Granville age (about 1 bil-
lion years old). To the west, the Blue Ridge is separated from the Valley and
Ridge Belt, a terrane of unmetamorphosed Paleozoic clastic and carbonate
rocks, by the Great Smoky fault zone; to the east, it is separated from the In-
ner Piedmont Belt, a terrane of high-grade metamorphic rocks, by the Brevard
Zone (Fig. 1).

Fig. 1. Map of a portion of the southern Appalachian orogen showing major subdivi-

sions (adapted from Hatcher — Butler, 1979) and location of the Ducktown

mining district. The box around Ducktown approximately represents the area shown
in Fig. 2.

Rocks of the Ducktown district belong to the Great Smoky Group of the
Precambrian Ocoee Supergroup which rests unconformably on the Grenville
basement (not exposed in the Ducktown area). The Great Smoky Group is a
thick sequence of metasediments composed of metagreywacke, mica schist, me-
tasandstone, and metaconglomerate. This clastic sequence has been interpreted
as turbidites derived from a dominantly granitic source (Hadley, 1970). Dis-
seminated sulfides (predominantly pyrrhotite and pyrite) constitute a minor



P98 BIN ‘8961 ‘UOUJIIY ‘ZYGT DOIYIS — 1sany icehl
umouy Jo speasost siydiowelawn ‘sjmun Jrydeasnens Suimoys

(EL6T P QW ODJOH pue igg9gT
1San | woay eep o1801098) JOLUSIP 2yl ul S9IPOQ 210 BPIIINS
ALNSIP SUIUIW umo1yang ay3 jo dew 21801008 [BUOISAY ‘T "SI

»9

METAMORPHIC MOBILIZATION OF SULFUR

- ’
V42 ¥ liiyaeddoy
8407 8 Nyseddoy dnoig
ns un Kioig fio
49H 4 dog seytny [ THOUS 99030 uoLIqWEdRIg
4H 4 WSNOYIOH 10819
a 4 woag
L) AP0IY usppDM ¥
W wswipeg yag Aydiny ¢ uouquo)
tpoubos] sydiowolal . . . BUCHDI0T ejdwog w
EI0JU0) UONDWIDY — — — psedag 80 e

8joH g ~




558 RUNYON — MISRA

but noticeable constituent of the Great Smoky Group metasediments, especially
in the quartz-rich, coarse-grained layers in the lower metamorphic zones.

The stratigraphy of the Great Smoky Group is controversial. The interpre-
tation preferred for the present purpose (Fig. 2) is adapted from the earlier
studies of Hurst (1955), Hurst — Schlee (1962), Hernon (1968). and
Holcombe (1973) which provide evidence for a large anticlinal structure cen-
tered around the Ducktown area. To the east of the Ducktown area. rocks of
the Murphy Marble Belt occuping the Murphy Syncline overlie the Great Smoky
Group with conformable contact. Most workers regard the Murphy Belt rocks
as Cambrian, although its lower section may be correlative with the Late Pre-
cambrian Walden Creek Group (Mo hr, 1973).

In contrast to equivalent Precambrian stratified sequences in other parts ol
the southern Appalachian Blue Ridge belt (for example, the Ashe Formation
of North Carolina and the Lunchburg Formation of Virginia), the Ocoee Su-
pergroup is characterized by a conspicuous lack of mafic-ultramafic rocks
(Misra — McSween, 1984). In the Ducktown district, the known igneous
rocks are limited to amphibolites exposed in the mines and as discontinuous
surface outcrops. The amphibolite units, presumably metamorphosed basaltic
flows, show a close spatial association with the sulfide deposits of the district
(Slater, 1982): their genesis and significance are being investigated at present.

Metamorphism and deformation

The Ducktown district, along with the Blue Ridge Belt, experienced several
periods of deformation and metamorphism during the Paleozoic (Carpenter,
1970: Holcombe, 1973). Metamorphism in the district is characterized by
a typical Barrovian series, from chlorite grade in the western part to stauroli-
te kyanite grade in the eastern part. Due to infrequent occurrence of kyanite in
surface exposures, location of the kyanite isograd is not well defined and the-
refore this isograd is not shown in Fig. 2. Invariably, the finer-grained litho-
logies display greater effects due to metamorphism and deformation than their
coarser-grained counterparts. Units showing lower than staurolite grade me-
tamorphism show well-preserved sedimentary features (grading bedding, cross-
-bedding, and scour channels), whereas most units from the staurolite zone have
retained only the crudest sedimentary features. In many cases what appears to
be original sedimentary bedding is actually transposed bedding, making stra-
tigraphic correlations in this complexly folded area much more difficult (Hol-
combe, 1973).

Addy — Ypma (1977 suggested three periods of metamorphism in the
area: a prograde metamorphism (M1) reaching garnet grade during the Taconic
deformation (Ordovician), a second prograde metamorphism (M2) reaching stau-
rolite-kyanite grade during the Acadian deformation (Devonian), and a retro-
grade phase (M3) to chlorite and biotite grades during the Alleghanian defor-
mation (Mississippian—Pennsylvanian). However, most workers believe that the
main regional metamorphic episode in the Blue Ridge was Taconic (450—480
Ma) and was followed by one or more retrograde events (Butler, 1972, 1973:
Dallmeyer, 1975; Hatcher — Butler, 1979). Based on carbonate
thermometry and silicate phase equilibria, Nesbitt — Essene (1982) have
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inferred a temperature of 540 °C 4- 40 °C and a pressure of 6 + 1 kb for the
peak metamorphic event at Ducktown.

The rocks of the Ducktown district have a general strike of N35°E with dips
of 50° to 80° toward southeast. The structure of the district is dominated by two
major isoclinal folds (Taconic?) — the Burra antiform and the Coletown syn-
form — which plunge toward northeast (Fig. 3). Two sets of post-ore faults
affect the previous structures: an E-W set, dipping 60° toward south, with dex-
teral displacement; and a N30°W set. dipping 60° to 80° toward northeast, with
sinistral displacement. A NE-SW set of faults, believed by earlier workers to
be pre-ore (Magee, 1968), is not well defined. This NE-SW set is typically
found along the hanging wall and footwall contacts ore-bodies and is now be-
lieved to have formed in response to differential movement by the less compe-
tent sulfide ore during deformation (Slater — Misra — Acker, 1985).

Sulfide deposits

The Duckown district, which contains one of the largest concentration of se-
diment-hosted. strata-bound, pyritic massive sulfide deposits, has been in ope-
ration almost continuously since the late 1800’ s. Of the nine ore-bodies known
in the district, all located in the staurolite-kyanite metamorphic zones, only
two (Cherokee and Boyd) are currently active, with a combined output of about
2.2 million tons of ore from which the Tennessee Chemical Company produces
sulfuric acid, liquid sulfur dioxide, copper metal, copper chemicals, and zinc
concentrate (Slater — Misra — Acker, 1985).

The massive sulfide mineralization is composed of pyrrhotite (60 %), pyrite
(30" o), chalcopyrite (4 "), sphalerite (4"/y) and magnetite (2 "), with traces of
lead (galena), silver and gold (M agee, 1968). The major gangue minerals are
caleite, quartz, dolomite, actinolite and tremolite, with subordinate amounts of
diopside, garnet, zoisite, talc and hornblende. Many of the ore-bodies have
a discontinuous envelope of chlorite- and sericite-rich schists which have been
interpreted variously as evidence of post-metamorphic hydrothermal emplace-
ment of ore (Magee, 1968). metamorphic sulfidation reactions (Nesbitt,
1982), or sea-floor exhalations (Slater — Misra — Acker, 1985).

The origin of the Ducktown sulfide deposits is highly controversial. Meta-
morphic and deformation textures of the sulfide ores (Kinkel, 1967; R u-
nyon — Misra, 1981; Craig, 1983) and mineralogical zoning around the
ore-bodies (Nesbitt—Kelley, 1980) indicate that the sulfide deposits are
not post-metamorphic. For the Ore Knob deposit, North Carolina. which is
very similar to the Ducktown deposits, Fullagar — Brown — Hagner
(1967) suggested a synmetamorphic sulfide deposition by a combination of iron
depleted from the country rocks with sulfur from hydrothermal solutions ascen-
ding through shear zones. Recently, several authors have argued for a synge-
netic origin on the basis of sulfur isotope data (Mauger, 1972) or metal and
lithochemlical zoning (Slater, 1982; Slater — Misra — Acker, 1985).
Actually. the evolution of the Ducktown sulfide deposits is much more compli-
cated than these simple models tend to imply. Combining oxygen-carbon-hydro-
gen isotope data with published studies, Addy — Y pma (1977) proposed that
“the sulfides are partly pre-tectonic, probably syngenetic, and patrly hydrother-
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Fig. 3. Generalized structural map of the Copper Basin, Ducktown mining district
(modified from Magee, 1968). Gossan and amphibolite outerops are exaggerated.
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mal. formed by remobilization of trace sedimentary sulfides and metals leached
from the rocks during the period of regional metamorphism”. According to Le
Huray (1984), the lead and sulfur isotope data provide evidence for mixing of
hydrothermal ore fluids from two sources, one derived from the clastic sedi-
ments and the other from deep-seated mafic igneous rocks.

The Great Smoky Group metasediments
Samples

The present investigation was designed primarily to evaluate variations in the
abundance and nature of disseminated sulfide constituents across metamorphic
isograds in the Great Smoky Group metasediments. Samples for this study
were collected from exposures along Highway U.S. 64, from the western ex-
posure of the Dean formation (Ocoee Gorge) eastwards to the contact of the
Dean formation with the Murphy Marble Belt (Fig. 2). Where good outcrop
exposures did not exist, drill core samples supplied by the Cities Services Com-
pany (previous owners of the Ducktown property) were used. At each exposure
samples were collected from sulfide-poor to sulfide-rich lithologies so as to
represent the range of sulfide contents. In all areas, there are lithologies which
essentially contain no sulfide material.

Opaque peltrography

In the chlorite and biotite zones, sulfide-bearing horizons are found in most
outerops. Characteristically, the sulfides are concentrated in the coarser-grained,
quartz-rich layers whereas the adjacent finer-grained, mica-rich layers are
practically devoid of sulfides (Fig. 4a). Sulfides are quite common in the garnet
zone, but the contact between sulfide-rich and sulfide-poor layer tend to be
gradational. Although lithologies in the stauroclite zone and very similar to
those in the lower grade zones, rocks of the staurolite zone are noticeably bar-
ren of sulfides, except for occasional minute patches in some outcrops.

The main opaque phases in the metasediments include pyrite (Py), pyrrhotite
(Po), ilmenite (Ilm) and graphite (Gr), with minor amounts of chalcopyrite
(Ccp). galena (Gal), sphalerite (Sph), marcasite (Ms), hematite (Hem), magneti-
te (Mg). and rutile (Rt). Sphalerite and galena are quite rare; galena was ob-
served only in the samples from the chlorite zone. As expected, the opague and
non-opaque assemblages show a systematic variation across the metamorphic
isograds (Fig. 5).

The texture of pyrite varies systematically with the metamorphic grade of
the metasediments. In the chlorite and biotite zones, pyrite usually occurs as
euhedral cubic crystals which are often partially replaced along crystallographic
directions and margins by pyrrhotite and metamorphic minerals such as quartz,
chlorite, muscovite, and calcite ankerite (Fig. 4b). Many of the pyrite cubes
show development of pressure shadows; occasionally, the pyrite is rimmed by
muscovite and an Fe-rich, berlin-blue, chlorite phase. These features suggest
that the pyrite is pre-metamorphic (M1). In contrast, the small amount of pyrite
found in the garnet zone occurs as lenticular patches without pressure shadows.
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Fig. 4. Photomicrographs showing sulfide-silicate textures in the Great Smoky Group
metasediments (plane polarized light unless stated otherwise).
Explanations: a) concentration of sulfides (black) in the quartz-rich layer (chlorite
zone). Note the preferred orientation of pyrrhotite (po) parallel to S; and lack of
sulfides in the adjacent mica-rich layer:; b) partial replacement of pyrite (py) by
silicates and pyrrhotite (chlorite zone) (reflected light): c¢) well-developed preferred
orientation (S,;) of pyrrhotite streaks in metasiltstone (chlorite zone): d) preferred
orientation of pyrrhotite along S, and S, cleavages (biotite zone). Photographs by G.

A. Runyon.

Alignment of these patches with S, cleavage suggests local development of me-
tamorphic (M1) pyrite in the garnet zone. The rare occurrence of pyrite in the
staurolite-kyanite zones is limited to late-stage fractures and weathering of
pyrrhotite.

Pyrrhotite is pervasive throughout the area studied. Some of the pyrrhotite
occurs as polycrystalline aggregates, with 120° triple junctions indicative of
annealing. More typically, pyrrhotite is found as lenticular patches or streaks
aligned parallel to schistosity (S;) in the chlorite and biotite zones (Fig. 4c) and
also to differentiation crenulation cleavage (S:) in biotite through staurolite
zones (Fig. 4d). In the chlorite and biotite zones, the pyrrhotite contains abun-
dant inclusions of quartz, mica and chlorite, which appear to have been en-
gulfed by pyrrhotite during its metamorphic (M1) growth. S;-oriented streaks of
pyrrhotite are also common in the garnet and staurolite zones, but these are
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Fig. 5. Variations in opaque-nonopaque assemblages across metamorphic isograds.
The alteration and ore zone assemblages are from Nesbitt — Kelly (1980).

not as irregular in shape or inclusion-ridden (Fig. 6a). Occasionally in the stau-
rolite zone, pyrrhotite is interstitial to recrystallized silicates (Fig. 6b).

As stated previously, in the chlorite and biotite zones, sulfides are predo-
minantly confined to the coarser, more quartz-rich layers of these metasedi-
ments. However, when pyrrhotite is observed in the finer-grained sediments,
it is commonly surrounded by a pod of polycrystalline quartz (Fig. 6¢). The
pyrrhotite and quartz lie parallel to the S; cleavage. Pyrite in close proximity
to this pyrrhotite shows little association with quartz other than poorly deve-
loped pressure shadows. The alignment of quartz and pyrrhotite parallel to S,
suggests a synmetamorphic development.

In several samples, ferromagnesian minerals are partially replaced by pyrrho-
tite (Fig. 6d). Such textures, also noted by other workers (Chinner, 1960:
Fullagar — Brown — Hagner, 1967, George, 1969) suggest that
during and after the metamorphic formation of these ferromagnesian silicates
sulfur reacted with these silicate minerals to produce iron sulfides and mag-
nesium-enriched silicates (Mallio — Gheith., 1972; Tso—-Gilbert —
Craig, 1979).

Sulfide modal analysis

As the conventional point counting method is not reliable for modal analysis
of lineated and coarse-grained constituents, an alternate technique, based on
comparison of the area occupied by sulfides with the total area of a thin sec-
tion (Fitch, 1959), was used for modal analysis of the sulfide constituents.
Moclal data were obtained only for pyrrhotite and pyrite as they account for
more than 90", of the sulfides in the Great Smoky Group metasediments. All
samples with greater than 0.1 Y, sulfide content (visual estimate) were analy-
zed (Runyon. 1983).
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Fig. 6. Photomicrographs showing sulfide-silicate textures in the Great Smoky Group
metasediments (plane polarized light).

Explanations: a) oriented streaks (S;) of inclusion-free pyrrhotite (po) (staurolite

zone): b) pyrrhotite interstitial to silicates (staurolite zone): ¢) streaks of pyrrhotite

in a quartz-rich pod, both oriented parallel to S, (biotite zone). Note the quartz (Qz)

envelope around pyrrhotite; d) replacement of biotite (Bt) by pyrrhotite (staurolite

zone), Photographs by G. A. Runyon.

Fig. 7 shows the variation in total sulfide content (pyrrhotite 4+ pyrite) with
metamorphic grade — a decrease in the average sulfide content from 3.7 in
the chlorite zone to 1.11 *; in the staurolite zone. Despite the rather large stan-
dard deviations associated with the means (arithmetic) for the various meta-
morphic zones, the overall trend is quite clear: a fairly systematic decrease in
the total sulfide content with increasing metamorphic grade. A Student’s t-test
confirms that the differences between pairs of means are significant at 95
confidence level.

The trend in Fig. 7 can be explained by (1) variation in the content of syn-
genetic-diagenetic sulfides, or (2) mobilization of sulfide constituents during
regional metamorphism. Reconnaissance traverses show that formations along
strike to the north and south have sulfide contents similar to the samples used
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in the study. Also, studies by Hale (1974), Mohr (1973), and Poppelrei-
ter (1980) on the Great Smoky Group to the north and by Weiner — Mer-
schat (1978) to the south of the Ducktown area suggest that sulfides are pro-
minent over a wide area. Thus, it appears unlikely that the significant and
systematic decrease in sulfide content is merely a reflection of variation in the
sulfide contents of the pre-metamorphic protoliths.
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Fig. 7. Variation in total (volume ") sulfide content (pyrite -+ pyrrhotite) in meta-
sedimentary rocks of the Ducktown area with increasing grade of metamorphism.
Explanations: Small numbers denote the number of samples, if more than one, that
plot at the same value.

Another approach to the problem is illustrated in Fig. 8. In this Fig.. ave-
rage sulfide contents of the various formations below the staurolite grade are
compared with average sulfide contents of the same formations within the
staurolite zone. If the decrease in sulfide content is a feature of sedimentation.
then the average sulfide content for each formation should be relatively similar
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regardless of the metamorphic grade. Most of the formations have a large va-
riation in sulfide content as expressed by the large standard deviations. Howe-
ver, the average sulfide content in the formations from the staurolite zone is
noticeable lower than the average sulfide content in their less metamorphosed
counterparts. This supports field observations that staurolite zone lithologies
are sulfide-poor relative to lower grade lithologies. The decrease in sulfide
content in the staurolite zone formations suggests that the variation in sulfide
content is related mainly to metamorphic mobilization of sulfide constituents
rather than sedimentation-diagenesis.
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su?
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Fig. 8. Comparison of average sulfide contents (volume " pyrite 4 pyrrhotite) of
formations below the staurolite grade with average sulfide contents of the same
formations within the staurolite zone.

The decrease in sulfide content during metamorphism could have occurred in
two ways: 1) removal of sulfide constituents from the host rocks by some pro-
cess: or 2) dispersion of sulfides into sulfide-poor horizons, resulting in low
sulfide contents of individual samples. To resolve this question, for each of three
main lithologies in the district (metagreywacke, metasandstone, and metaconglo-
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merate), the average sulfide content for the chlorite-biotite zones is compared
with the average for the staurolite zone (Fig. 9). If the decrease in sulfide con-
tent is caused by a dispersive process, at least one of the lithologies should not
display a decrease in sulfide content. On the other hand, if the decrease is cau-
sed by removal of sulfide constituents from the host rocks, all lithologies should
show a decrease in sulfide content. Data presented in Fig. 9 show apparent
decreases in sulfide content in all three lithologies. A Student’s t-test on sample
means shows that in all lithologies the differences are significant at 99
confidence limit. The conclusion is that the decrease in sulfide content has been
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Fig. 9. Comparison of average sulfide contents (volume ", pyrite -+ pyrrhotite) of

metagreywackes, metasandstones, and metaconglomerates in chlorite-biotite zones with
those of staurolite zone.

caused probably by removal of sulfide constituents from these rocks rather
than by dispersion of sulfide constituents within these rocks. Also, a con-
sistent pattern of decrease in sulfide content with grade of metamorphism for
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each lithology reinforces the earlier conclusion about metamorphic mobilization
of sulfide constituents in this area.

Pyrite/pyrrhotite ratio

From observations in outcrops and polished sections of samples collected, it
is fairly obvious that the pyrite pyrrhotite ratio decreases from chlorite to
staurolite zones. However, for a quantitative illustration of the trend and eva-
luation of possible reaction relationship between pyrite and pyrrhotite in the
area, the molar ratios of pyrite/(pyrite + pyrrhotite) were calculated from the
modal data and plotted as function of metamorphic grade (Ferry, 1981). This
plot (Fig. 10) shows a wide variation in the ratio, but the ratio does appear to
decrease with increasing metamorphic grade, especially when the average
(arithmetic) ratios are considered.
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Fig. 10. Variation in molar pyrite (pyrite - pyrrhotite) ratio in metasedimentary rocks
of the Ducktown area with increasing metamorphic grade.
Explanations: Small numbers denote the number of samples, if more than one. that

plot at the same value.
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Pyrrhotite is quite rare in marine sedimentary rocks (Kaplan — Emery
— Rittenberg, 1963), whereas pyrite is the ubiquitous sedimentary-diage-
netic iron sulfide phase in sedimentary rocks (Berner — Baldwin —
Holdren, 1979). Also, Carpenter (1974) has shown that pyrite is practi-
cally the only iron sulfide phase in the low grade rocks of the Great Smoky
Group. Thus, it is unlikely that the systematic trend in Fig. 10 is inherited
from the pre-metamorphic pyrite /pyrrhotite ratios in the sediments. In view of
the similarity of the lithologies in the different metamorphic zones and the
sampling procedure adopted, such a systematic trend suggests conversion of
pyrite to pyrrhotite during progressive metamorphism. The predominantly me-
tamorphic origin of pyrrhotite in the Ducktown district is also supported by
textural evidence discussed earlier: growth of pyrrhotite in the pressure shadows
of diagenetic pyrite cubes, incipient replacement of such pyrite cubes to pyrrho-
tite, and pronounced preferred orientation of pyrrhotite along metamorphic fo-
liation planes in all the metamorphic zones. Conversion of pyrite to pyrrhotite
during regional metamorphism has been noted by previous workers in the
Ducktown area as well as in other areas around the world (Kanehira —
Bano— Nishida, 1964; Thompson — Norton, 1968; Mohr, 1973;
Holcombe, 1973; Carpenter, 1974; Nesbitt — Kelly, 1980; Fer-
ry, 1981).

Discussion

What sort of reactions were responsible for the pyrite to pyrrhotite transition
during metamorphism? To evaluate this we consider three representative reac-
tions (A, B, C) for the transition from chlorite to biotite and biotite to garnet
zones, as the transformation from pyrite to pyrrhotite is essentially complete
by the garnet isograd (disregarding one anomalous pyrite-bearing sample from
the garnet zone). All of these reactions involve graphite which is a minor but
persistent phase in the metasediments.

A) 2FeS, +2H,0 +C = 2FeS + 2 HsS + COy
pyrite pyrrhotite
B) 4Fe; 5 Al;Si, 5 O (OH), + 6KAlSi4Oq + 18FeS, + 4C
chlorite K-feldspar pyrite
= 6KAl AlSi;0,y(OH), + 36FeS + 10Si0, — 20H,0 + 4CO,
muscovite pyrrhotite quartz
) 6Fes 5 AlySiy; O1p(OH)s + 4KFey AlSi; O)o(OH)» + 24FeS, + 12C
chlorite biotite pyrite
— 5FQ;}A13 (SiOr});; + 4KA1-_;AISi;gO|(}(0H)2 + 48FeS
garnet muscovite pyrrhotite

+ 24H,0 + 12C0,

Reaction A) is an example of desullidation-type reactions which could occur
in the chlorite and biotite zones for a system open with respect to sulfur. Ferry
(1981) considered this to be the most appropriate pyrite-pyrrhotite reaction for
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similar graphite-bearing sulfidic schists in Maine. Reaction B) represents pro-
gressive metamorphism from chlorite to biotite zone in a system closed to sulfur,
and reaction C) represents transition from biotite to garnet zone in a system
closed to sulfur.

These reactions represent oversimplification of a much more complex system.
For the sake of simplicity, pyrrhotite in these reactions is represented by FeS
and the silicate phases are represented by their ideal compositions. Nevertheless,
the above reactions, in conjunction with the sulfide modal data, can be used
to test whether the system was open or closed during progressive metamorphism.
We can do this by calculating the theoretical change in pyrite content between
chlorite-biotite and biotite-garnet zones expected from these reactions and com-
paring them with the changes actually observed (modal data). The basis of the
caleulation is that the conversion of one mole of pyrite to one mole of pyrrho-
tite is accompanied by a 25" reduction in volume (Mason — Berry, 1968).

Consequences of reaction A) are: 1. exactly one mole of pyrrhotite forms
for every mole of pyrite consumed; and 2. whole rock sulfur contents decrease
as the reaction progresses. Consequences of reactions B) and C) are: 1. exactly
two moles of pyrrhotite forms for every mole of pyrite consumed; and 2. whole
rock sulfur contents are unaffected by the reaction.

Fig. 11 shows the observed versus calculated changes in the sulfide (pyrrho-
tite + pyrite) content across the metamorphic zones. Note that the difference
between the mean (pyrrhotite 4+ pyrite) content and the mean pyrrhotite con-
tent represents the mean pyrite content. If the metamorphic system was closed
to sulfur, a reaction of the type B) or C) should show an increase in the average
sulfide content from the chlorite to the biotite zone, and from the biotite to the
garnet zone. On the other hand, if the metamorphic system was open to sulfur,
a reaction of the type A), the average sulfide content should decrease from the
chlorite to the garnet zone, as is seen in Fig. 11. The continuous decrease in
sulfide content from the chlorite to the garnet zone supports an open system
during metamorphism. Given the large standard deviations about the means.
the observed differences between measured sulfide content versus the calculated
decrease in sulfide content for an open system may not be significant. Therefore.
the measured decrease in sulfide content from the chlorite to the garnet zone
can be explained by volume reductions in desulfidation type of reaction of py-
rite to pyrrhotite in an open system.

Since the pyrite-to-pyrrhotite conversion was essentially complete by the
garnet grade condition, such desulfidation type of reactions cannot explain the
decrease in sulfide content from the garnet zone to the staurolite zone. For
this we propose formation of differentiation cleavage as a likely mechanism.
Many studies (Williams, 1972; Holcombe, 1873: Glasson —
Keays, 1978: Stephens —Glasson — Keays, 1979) have shown that
development of differentiation cleavage during metamorphism is accompanied
by selective removal of quartz, calcite, feldspar and sulfide constituents from
micaceous layers by fluid migration. The effect of such a process would be most
profound in the staurolite zone, the zone of most intense metamorphism and
pervasive development of differentiation cleavage. Such a conclusion is sup-
ported by: 1) lack of sulfide in the micaceous layers whereas the adjacent
quartz rich layers are quite rich in metamorphic pyrrhotite with a preferred
orientation parallel to the schistosity (S;) (Fig. 4a): and 2) quartz envelopes
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around pyrrhotite shears (Fig. 6c), interpreted to be the result of mobilization
of both quartz and sulfide constituents during development of differentation
cleavage.

From the data obtained in this study, it is not possible to adequately assess
the role of sulfur mobilized during regional metamorphism in the genesis of
sulfide deposits of the Ducktown district. Isotope data suggest that a part of
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Fig. 11. Comparison of mean pyrite and pyrrhotite contents of metasediments of the
different metamorphic zones with the calculated changes in sulfide contents for open
and closed metamorphic reaction systems.

the sulfur (as well as lead, and probably other metals such as Zn and Cu) were
derived from the Great Smoky Group clastic sediments, either during initial,
pre-metamorphic emplacement of the sulfide deposits (LeHurray, 1984) or
during regional metamorphism (Addy — Ypma, 1977). Nesbitt (1982)
interpreted the iron-depleted alteration zone around the Ducktown ore-bodies
as a consequence of reaction between sulfur and ferromagnesian silicates during
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metamorphism, either because of sulfur enrichment in the wallrocks during
emplacement of the ores or because of sulfur diffusion outward from the ore zone
during metamorphism. However, the present study shows that a significant
portion of the sulfur for the sulfidation reactions could have been mobilized
from the country rocks during metamorphism. From the available data it is
difficult to say if this process made any significant contribution to the ore
zone, but the common presence of paragenetically-late, large, pyrite porphyro-
blasts in ore assemblages suggest the possibility of influx of sulfur from an
external source during metamorphism.
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