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Abstract

Gold deposits have been mined in the Carolina slate belt from the early 1800s to recent times, with most of
the production from large mines in South Carolina. The Russell mine, one of the larger producers in North
Carolina, is located in the central Uwharrie Mountains, and produced over 470 kg of gold. Ore grades averaged
about 3.4 grams per tonne (g/t), with higher-grade zones reported. The Russell deposit is interpreted to be a
sediment-hosted, gold-rich, base-metal poor, volcanogenic massive sulfide deposit in which gold was remobi-
lized, in part, during Ordovician metamorphism. The ore was deposited syngenetically with laminated silt-
stones of the late Proterozoic Tillery Formation that have been metamorphosed to a lower greenschist facies.
The Tillery Formation regionally overlies subaerial to shallow marine rhyolitic volcanic and volcaniclastic rocks
of the Uwharrie Formation and underlies the marine volcanic and sedimentary rocks of the Cid Formation.
Recent mapping has shown that a rhyolitic dome near the Russell mine was extruded during the deposition of
the lower part of the Tillery Formation, at about the same time as ore deposition. Relict mafic rock fragments
present in the ore zones suggest contemporaneous bimodal (rhyolite-basalt) volcanism. The maximum forma-
tion age of the Russell deposit is younger than 558 Ma, which is similar to that of the larger, well known Brewer,
Haile, and Ridgeway deposits of South Carolina.

Gold was mined from at least six zones that are parallel to the regional metamorphic foliation. These strongly
deformed zones consist of northeast-trending folds, high-angle reverse faults, and asymmetric doubly plunging
folds overturned to the southeast. The dominant structure at the mine is an asymmetric doubly plunging anti-
cline with the axis trending N 45° E, probably related to late Ordovician (456 + 2 Ma) regional metamorphism
and deformation.

Two stages of pyrite growth are recognized. Stage 1, primary, spongy pyrite, is present in thin massive sul-
fide layers parallel to bedding and intergrown with pyrrhotite, chalcopyrite, sphalerite, and sparse arsenopy-
rite. Stage 2, secondary pyrite, is present as euhedral, idiomorphic rims on spongy pyrite and as veinlets that
parallel the regional foliation. Stage 1 pyrite was deposited syngenetically or diagenetically during or soon after
sedimentation. Stage 2 pyrite overgrowths and veins resulted from recrystallization or remobilization of stage
1 pyrite, probably during deformation related to Ordovician regional metamorphism. It is proposed that the
spongy texture of the stage 1 pyrite represents nucleation and growth of pyrite on organic matter, possibly of
bacterial origin. Other textures, such as geometric voids in spongy pyrite, As-rich zones surrounding central
voids, 60-um ring structures composed of spongy pyrite, and layers of spongy pyrite interlayered with bedding
laminations, also appear to indicate replacement of organic matter by pyrite. Stage 1 pyrite contains up to 0.06
wt percent gold. The d34S values of pyrite in and near pyritic ore (3.5-4.5%o), in the rhyolite dome (5.1-5.4%0)
and in the Tillery Formation (5.9-6.2%o) are interpreted to reflect mixing of sulfur derived from igneous and
seawater sources. Whole-rock 0150 values of nearby unaltered mudstone are about 11 per mil whereas those
from altered mudstone at the deposit are 7.4 to 10.6 per mil. The lower 650 values are interpreted to indicate
possible high-temperature exchange between relatively low 680 hydrothermal fluids and the wall rocks. Gold,
As, K, and Mo are enriched relative to the regional background in both the ore zones and in pyrite veins and
disseminations in the nearby rhyolite dome, suggesting a possible genetic link between the rhyolitic volcanism
and the gold mineralization.

Introduction was brisk until about 1849, when the California gold fields in

THE CAROLINA slate belt was the site of the first lode gold
mine in the United States, in 1829, and has been an intermit-
tent source of precious metals since that time. Mining activity

t Corresponding author: e-mail: tklein@usgs.gov

the West began attracting miners. Renewed interest in the
Carolina slate belt in the 1980s led to the discovery of new de-
posits and resources. Two deposits, the Haile and Ridgeway
deposits of northern South Carolina, with total resources of
48 and 52 tonnes (t) Au, respectively, have recently been
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mined. As of 1995, estimates from more than 20 lode de-
posits, with a minimum of 20,000 t of ore in each deposit, in-
dicate a total of 33.5 Mt of mined ore containing 38 t of silver
and 65 t of gold (Mineral Resources Data System, U.S. Geo-
logical Survey). Unmined resources at that time included 41.5
Mt of ore containing 18 t of silver and 62 t of gold.

The Russell mine, in the central part of the Carolina slate
belt (Fig. 1), has been an historically important gold producer
in North Carolina. It is similar in host lithology, alteration
style, and geochemistry to the larger Haile and Ridgeway de-
posits. The deposit is hosted in relatively low grade green-
schist facies rocks, and it is relatively well exposed and acces-
sible. A limited amount of core from recent exploration
drilling also was available for study. Gold production from the
Russell mine began in 1882 and totaled about 470 kg (Nitze
and Hanna, 1896; Pardee and Park, 1948). Grades averaged
about 3.4 g/t with local high-grade zones reported (Pardee
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and Park, 1948; Kinkel, 1974). The mine, located in the Uh-
warrie Mountains about 22 km northeast of Albemarle, North
Carolina (Figs. 1 and 2a, b), consists of four open pits. The
Coggins property, located about 1 km to the south (Fig. 2a),
contains a deposit similar to the Russell but was not investi-
gated. An evaluation in 1990 of the Russell and Coggins prop-
erties identified reserves of 3,600,000 t with an average grade
of 1.75 g/t gold (Skillings Mining Review, 1993).

Here, we describe the geology, sulfide mineralogy, wall-rock
alteration, and geochemistry of a diamond drill core from the
Russell deposit, including a nearby rhyolite dome, and com-
pare the Russell deposit with others in the Carolina slate belt.
The study has regional significance because the Russell de-
posit has many features in common with the Haile deposit,
which has been variously interpreted to be syntectonic—and
related to shear zones (Tomkinson, 1988) or fold development
(Hayward, 1992)—or syngenetic (Foley et al., 2001).

Triassic sedimentary rocks
N
Yadkin and Floyd Church Formations 1

|:| Cid Formation
Tillery Formation

felsic volcanic rocks (Tillery and
Cid Formations)

mafic volcanic rocks (Tillery
and Cid Formations)
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mudstone
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Fic. 1. The Russell mine, in the north-central part of the Carolina slate belt, is one of several gold deposits located within
about 1 km of the regional contact between metasedimentary and metavolcanic rocks (inset). The mine is located within the
sedimentary-rock dominated Tillery Formation overlying the felsic volcanic rocks of the Uwharrie Formation and underly-
ing the mixed sedimentary and volcanic Cid Formation. Locations of regional geochemical and stable isotope samples re-
ferred to in the text and tables are indicated. Analyses of samples 1 through 10 are in Table 2 and sample 11 is in Table 3.
Geology is modified after Conley (1962a), Goldsmith et al. (1988), and Seiders (1981).



RUSSELL GOLD DEPOSIT, CAROLINA SLATE BELT, NORTH CAROLINA

Geologic Setting

Regional geology

The Tillery Formation, which hosts the Russell deposit,
consists mostly of thinly laminated siltstones and mudstones
metamorphosed to greenschist facies (Conley, 1962a;
Stromquist et al., 1971; Stromquist and Henderson, 1985)
(Fig. 3). Metamorphic fabrics are typically poorly developed;
areas with well-developed foliation are restricted to north-
east-trending shear zones (Offield et al., 1995). Throughout
the region, the Tillery Formation has extensive exposures of
rhyolite and limited exposures of vesicular basalt and basaltic
andesite with associated hyaloclastic tuff and breccia
(Stromquist and Henderson, 1985). The Tillery Formation
regionally overlies the dominantly rhyolitic volcanic and

a Tillery Formation
- Rhyolite, massive to porphyritic,
locally flow banded and spherulitic
Tuff-Breccia with rhyolite clasts

m Breccia with mudstone and

rhyolite clasts

Mudstone, laminated
15 ,»  Strike and dip of bedding

60 ’, Strike and dip of
metamorphic foliation

Improved road
+** Unimproved road

£— Major surface /
mine workings

| 4} Mine shaft /

x  Prospect /

e Sample /

—_—
—
=

Randolph County
Montgomery County

‘ Hill pit * o
| 30 &5 45), 60,.
W, 77
Parmer Laurel Hill

|
|

] .
l| 57)/work|ngs a0 pit :
|

23
. ./ ) .
ll ﬁéﬁr--'. ! ""-.0‘.19\"5'3
ot R
) |

el TN /
\l!Coggins mine N </ N ao‘; 00

241

volcaniclastic rocks of the Uwharrie Formation. Rhyolites in
the Tillery and underlying Uwharrie Formation are subalka-
line with total alkali content of 5 to 8.5 wt percent and silica
content between 72 and 77 wt percent (R.P. Koeppen, U.S.
Geological Survey, unpub. data; Feiss, 1982).

Regionally, there is a strong spatial association between
large gold deposits such as the Haile, Brewer, and Ridgeway
gold deposits of South Carolina, and the contact between
similar underlying felsic volcanic units and overlying lami-
nated sedimentary rock units (Fig. 1) (Worthington and Kiff,
1970; Feiss and Wesolowski, 1986, 1990; Feiss et al., 1993).
Worthington and Kiff (1970) and Feiss (1988) have suggested
that the sedimentary-volcanic contact perhaps represents a
fault-bounded depositional basin along which gold deposits
were localized.

0 500 1000
L 1 1 1 1 L —
meters
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Griffin X 12 ~
/ Prospect

Russell dome
35°30' —

— T -
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FIG. 2. a. Geologic setting of the Russell mine and dome. b. Northeast trend of the gold “leads” from Kerr and Hanna
(1888) and location of drill hole CYR 5. Structural data is from T.W. Offield and T.L. Klein (unpub. data).
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Matfic rocks in the Tillery Formation are mainly tholeiitic
and include basaltic flows, tuffs, dikes, and sills. The volcanic
activity in this area was most likely related to subduction in ei-
ther a mature island arc or continental margin arc environ-
ment (Feiss, 1982; Rogers, 1982). Feiss et al. (1993) proposed
that the development of a thick sedimentary sequence over-
lying the thick subaerial volcanic sequence of the Uwharrie
Formation was the result of rifting of an existing magmatic
arc. Kozuch (1994), based on geochemical data, suggested
that rhyolites in the Tillery Formation formed in a back-arc
extensional setting in a mature volcanic arc. A broad range of
Sm-Nd values (Wortman et al., 2000) and the presence of
older zircons in samples from all of the volcanic units in this
part of the Carolina slate belt imply that the volcanic arcs
were developed on mature continental crust (Ingle, 1999).

Metal deposits in volcanic-sedimentary rocks
of the central and eastern Piedmont

The Carolina slate belt contains the most significant gold
deposits in the eastern United States. In the first comprehen-
sive study of these deposits, Pardee and Park (1948) classified

all of the deposits as mesothermal or hypothermal veins
(Lindgren, 1933). Many recent studies of base and precious
metal deposits in the Carolina slate belt have favored a vol-
canogenic origin, recognizing their strata-bound nature, and
conclude that they were formed in an epithermal environ-
ment related to subaerial or subaqueous hot springs (Wor-
thington and Kiff, 1970; Spence et al., 1980; Worthington et
al., 1980; Bell, 1982; Feiss, 1982; Klein et al., 1998; Clark et
al., 1999; Foley et al,, 2001). At the Haile gold mine,
Tomkinson (1988) concluded that the mineralization was
not syngenetic but was related to shearing and production of
phyllonitic zones. Hayward (1992) concluded that mineral-
ization at the Haile mine was syntectonic and localized by
doubly plunging anticlinal folds. Our studies suggest a more
complex history in which syngenetic gold-bearing sulfide
minerals were deposited on the sea floor during the latest
Precambrian, followed by overprinting by syntectonic hy-
drothermal alteration in the Ordovician that remobilized
portions of the early syngenetic mineralization into highly
deformed ore zones in attenuated east-verging asymmetric

folds.
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FIG. 3. Rock textures from the Russell mine. a. Undeformed laminated mudstone typical of Tillery Formation (note lack
of fabric other than bedding, Sp). Drill hole CYR 5, 24 m. b. Pyrite beds (dark) interlaminated with siltstone (light). Low am-
plitude folds are caused by warping of So by S1. Drill hole CYR5, 39 m. c. Interlayered pyrite (dark) and sediment beds (So)
intensely folded by Si. Pyrite (stage 1) is commonly recrystallized to coarser grained pyrite (Stage 2) but retains the Sy ori-
entation with development of minor discordant veinlets (not shown) that generally follow S;. Drill hole CYR5 at 87 m.

Several small, Zn-rich volcanogenic massive sulfide (VMS)
deposits (i.e., Cid, Gold Hill, North Carolina; Barite Hill,
South Carolina; Fig. 1) are found in finely laminated
metasediments of similar age to the host rocks of the Russell
deposit and are associated with submarine rhyolitic volcanic
centers (Laney, 1910; Pogue, 1910; Guthrie, 1980; Indorf,
1981; Carpenter et al., 1982; Unger, 1982; Clark et al., 1999).
These deposits typically contain pyrite, base-metal sulfides,
and pyrrhotite; a few contain significant barite. Zoned foot-
wall chloritic and sericitic alteration is common, as are ex-
halative chert horizons. 0%S values are generally high
(>12.5%0) (LeHuray, 1984; Seal et al., 1997, 2001). These de-
posits have many characteristics of kuroko-type submarine
exhalative systems (Franklin et al., 1981).

Other hydrothermal deposits in the region (Brewer, South
Carolina; Pilot Mountain and Robbins, North Carolina) con-
tain aluminous alteration assemblages (pyrophyllite, an-
dalusite, and topaz), and have been classified as porphyry-re-
lated and (or) high-sulfidation subaerial epithermal deposits
(Schmidt, 1985; Klein and Criss, 1988; Scheetz, 1991).

Other gold deposits, including many that lie along the Gold
Hill fault zone (Fig. 1), bordering the west edge of the Car-
olina slate belt, such as the Howie and Gold Hill deposits in
North Carolina, are mesothermal, epigenetic, low-sulfide
gold quartz veins. These deposits were emplaced along re-
gional shear zones and are related to regional metamorphism
and folding (Schroeder, 1987; Tomkinson, 1988; Hayward,
1992).

Local geology

The finely laminated mudstones of the Tillery Formation
(Fig. 3a) strike about N 45° E with a moderate dip to the

northwest, which is essentially parallel to the contact with the
Uwharrie Formation to the east (Stromquist and Henderson,
1985). For the most part, the Tillery mudstones are in their
original, stratigraphically upright position. Near the Russell
mine, the Tillery Formation is locally strongly deformed by
northeast-trending folds, high-angle reverse faults, and atten-
uated, asymmetric folds slightly overturned to the southeast.
Between the zones of strong deformation, the rocks face up-
ward and are nearly flat lying or dip moderately to the west.
The foliation trends N 45° E and has a steep westerly dip
(Fig. 2a).

The Russell dome is a rhyolitic volcanic dome about 0.6 X
2 km in size, 1.1 km northeast of the Russell mine (Fig. 2a).
It is similar to several vitrophyric rhyolite domes in the upper
part of the Uwharrie Formation—for example, at the Sam
Christian gold mine, 24 km to the southeast (Pardee and
Park, 1948; Nelson and Feiss, 1990). Similar but larger rhy-
olitic centers in the basal Tillery Formation occur at Caraway
Mountain near Asheboro, North Carolina, 30 km northeast,
and near Badin Lake, 10 km to the south (Koeppen and
Klein, 1989).

The rhyolite is porphyritic with sparse feldspar, biotite, and

rimary almandine phenocrysts in an aphanitic groundmass.
Much of the dome is massive to finely flow banded, with lay-
ers about 1 mm thick. Rhyolite near the base of the hill is flow
banded and locally spherulitic, whereas on the upper part of
the hill it is generally plagioclase-phyric and massive. A 3- to
4-m-thick layer of tuff, possibly a tuff ring, now mostly weath-
ered to clay, dips inward under the dome. Near the southwest
edge of the dome the tuff unit strikes N 45° W and dips 32°
northeast beneath the dome and appears to have been de-
formed as the rhyolite was extruded. The dome flares upward
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and outward over the sediments, affirming that the dome is
right side up.

The rhyolite is cut by two generations of quartz veinlets.
The earliest generation trends N 50° E and dips 65° to 70°
SE, consists of light gray vitreous quartz and contains up to 1
percent pyrite, with a vein thickness of 1.5 to 4.0 cm. The
later veins crosscut the northeast-trending set, with an orien-
tation of N 05° E and dip 80° E. They are generally thinner
(0.5-1.5 cm) and contain less pyrite. Both sets of veinlets are
most common in rhyolite that exhibits flow banding and
spherulites.

A prominent low ridge extends southwest from the dome
within the Tillery Formation where the relationship between
the Tillery Formation sedimentation and the extrusion of the
dome can be seen in outcrop (Fig. 2a). Here, the siltstones
contain abundant disseminated pyrite. The character of the
rock changes upward where clasts and blocks of laminated
siltstones, up to 1 m in diameter, are incorporated in the silt-
stone. In the upper part of this sedimentary breccia, frag-
ments of spherulitic rhyolite are common within the lami-
nated mudstone matrix and indicate the dome was extruded
during deposition of the Tillery Formation.

Several thin basaltic hyaloclastitic breccia units were ob-
served in mudstones near the dome. Fine-grained basaltic
breccias with a fine-grained sedimentary matrix also occur in
rocks at the Russell deposit.

Deposit geology

Previous investigations of the Russell deposit include short
descriptions of the mine (Kerr and Hanna, 1888; Nitze and
Hanna, 1896; Nitze and Wilkens, 1897), an excellent sum-
mary of the geology of the deposit by Pardee and Park (1948),
and the results of geochemical sampling (Kinkel, 1974). Ex-
posures near the deposit are restricted to areas within the
open pit and at a few sites along the major drainages. The re-
mainder of the area is typically covered with thick soil and
saprolite and variably thick vegetation.

The deposit consists of multiple northeast-trending miner-
alized zones that have been exploited from several open cuts
and limited underground development. Six ore zones were
described by Nitze and Wilkens (1897) and are shown in re-
lation to the local structure in Figure 2b. The thicknesses of
northeast-trending, gold-bearing zones are shown approxi-
mately to scale and range from 3 to 15 m. They consist chiefly
of pyrite and fine-grained quartz alteration which grade out-
ward into unmineralized rock. Mine development followed
ore zones that roughly parallel the regional foliation (S;) and
that are located at structural discontinuities, as defined by dip
reversals or marked perturbations of bedding (So). In general,
each zone consists of a silica-rich, gold-bearing rock hosted by
thinly bedded, sericite- and chlorite-altered siltstones and
mudstones. Locally, intense carbonate replacement is ob-
served in the drill core and is associated with peripheral
sericite-chlorite alteration and with late, discordant quartz
and calcite veinlets.

In core, the mineralization mainly consists of bedding-par-
allel layers of fine-grained pyrite that are locally associated
with silicified and structurally disrupted zones. These pyrite
layers are locally deformed by (S1), as lenses and pods, or at-
tenuated disharmonic folds (Fig. 3b, c). Some layers of mas-
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sive pyrite, ranging in thickness from several centimeters to
about 1 m, do not have recognizable alteration envelopes but
occur in rocks that have experienced widespread sericitic al-
teration with no apparent silicification or quartz veining.

The dominant structure at the Big Cut, the largest of the
surface workings, is an asymmetric, doubly plunging anticline
with the axis trending N 45° E (Fig. 2b). The open pit follows
a silicified gold-bearing zone along the axis of the anticline,
parallel to the foliation. The southeastern limb of the anti-
cline dips 80° SE, whereas the northwestern limb dips 50°
NW. The east side of the deposit terminates against a high-
angle reverse fault that cuts off the alteration and sulfide min-
eralization. The crosscutting relationships observed here sug-
gest that this fault caused the attenuation of the bottom limb
of the asymmetric fold after hydrothermal alteration and gold
deposition. The deformation extends to the north of the Big
Cut, but silicification and precious metals are absent in this
area, as determined from several drill holes. Drilling south of
the Big Cut indicates that the ore zone plunges to the south-
west. Observations in the Riggins Hill and Soliague workings
also suggest that sulfide mineralization exposed along the axes
of east-verging folds that are related to southeast-directed
compression. In the Riggins Hill cut, two high-angle reverse
faults cut the anticline, but only minor displacement of bed-
ding is observed (Fig. 2b).

Geologic relationships in the Big Cut exposures are com-
plicated by postore faulting. However, the Little Lead ore
zone, which is exposed only in drill core, lies immediately to
the west (Fig. 2b), is structurally less complex, and was cho-
sen for detailed study from among the 12 drill holes that were
examined during this study. A 134-m-deep drill hole, CYR 5,
was examined and sampled to establish the character of the
alteration and mineralization and the geochemical variations
across the ore zone. A lithologic log and corresponding geo-
chemical profile of CYR 5 are shown in Figure 4.

Two zones of thinly interbedded pyrite and mudstone near
the top of the drill hole (36 and 46 m) and three zones of mas-
sive pyrite (70, 73, and 91 m) are parallel to So. The most
widespread alteration is pervasive sericitization of the mud-
stones immediately above the uppermost massive sulfide
layer and continuing into the footwall rocks below the lowest
massive sulfide layer (66-92 m). These rocks are unfoliated,
and the sericite occurs in a felty, random orientation. A widely
spaced cleavage locally disrupts So through the lower part of
this zone. Intense silicification together with sericite alter-
ation of mudstone is prevalent immediately below the lowest
massive sulfide layer, from 92 to 112 m. This alteration, al-
though spatially restricted, is texturally destructive and ac-
companied by extreme deformation of quartz and carbonate
veinlets and other structural elements and the development
of a strong foliation of fine-grained sericite and local develop-
ment of an S-C fabric. Pressure shadows of chlorite surround
some pyrite grains, indicating that some pyrite predates the
latest deformation and metamorphism. Sericitic alteration
and silicification, accompanied by a slight coarsening of the
typically fine-grained muscovite and a color change from dark
to light gray, is prevalent from 112 to 125 m. Near the bottom
of the drill hole, chlorite alteration is recognized macroscopi-
cally by a distinct darkening of the mudstone and microscop-
ically by the predominance of fine-grained, slightly foliated
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F1c. 4. Geochemical profiles and lithologic and alteration log of drill hole CYR 5, Russell mine.

chlorite rather than muscovite. Calcite in disseminated grains
and veinlets typically accompanies chlorite alteration.

Sulfide Mineralogy

Drill core samples from both the Big Cut and Little Lead
ore zones were examined using reflected light microscopy,
scanning electron microscopy (SEM), and electron-micro-
probe analysis (EMP).

Much of the pyrite is concentrated along bedding layers
(So) in siltstones and mudstones of the Tillery Formation, ex-
cept where the host rock is locally deformed. Pyrite and frag-
ments of volcanic rock also are part of the depositional se-
quence in virtually unaltered mudstones near the Russell
dome. Sulfide minerals are finely disseminated along bedding
planes and locally show textures interpreted to be graded
bedding (Fig. 5a) and cut and fill sedimentary features. The

sedimentary layers (So) are locally disrupted by small-scale
folding and faulting (Fig. 3b) or are present as deformed,
lens-shaped aggregates that are extended parallel to meta-
morphic foliation (S1) (Fig. 3¢) and represent disrupted and
rotated bedding (So). Pyrite is also present in discrete veinlets
that are parallel to the foliation Si. Locally, these S;-parallel
veins are slightly deformed by open, low-amplitude folds in-
dicating slight deformation after regional metamorphism.
Barren stockwork veinlets of quartz and calcite cut altered
rocks and postdate the pyritic beds.

SEM and reflected light images of mineralized samples
from the Big Cut reveal two textural types of pyrite, referred
to as stages 1 and 2. Stage 1 pyrite consists of generally small,
euhedral crystals (about 10-um diam) that contain many
small cavities, on the order of 1 um in diameter, and some
larger cavities (Fig. 5b), thus giving the grains a “spongy”
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FIG. 5. Ore textures at the Russell mine. a. Polished section showing graded pyrite crystals (dark) interlayered with Tillery
Formation mudstones. Drill-hole CYR 5, 50 m. b. SEM image of pyrite crystals showing central cavities and stage 2 pyrite
overgrowths. Drill hole CYR 5, 72m. The white areas surrounding the cavities are enriched in arsenic. c. SEM image of pyrite
crystal in Tillery Formation laminae showing central hole and symmetrical pattern of holes suggesting possible nucleation on
or replacement of organic material. Drill hole CYR 5, 72 m. d. SEM image of pyrite ring structure 60-um diam. Stage 1 cav-
ities proposed to have formed by bacteria are the approximately 1-um-size cavities within the structure. Note stage 2, euhe-
dral pyrite overgrowths. Drill hole CYR 5, 73 m. e. Thin pyrite layers along disrupted bedding. Spongy (stage 1) pyrite is con-
centrated along the central parts of the crystals and is overlain by euhedral pyrite (stage 2). Drill hole CYR 5, 50 m. f. Pyrite
and molybdenite in late syntectonic calcite-quartz vein. Pyrite grains are white, equant crystals; molybdenite grains area elon-
gate crystals. Photomicrograph of polished section. Drill hole CYR 5, 125m.
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appearance. Some pyrite crystals have a geometric arrange-
ment of smaller cavities surrounding a larger one (Fig. 5¢).
In other cases, circular features are present that consist of a
ring of stage 1 pyrite crystals (Fig. 5d). Stage 2 pyrite consists
of euhedral, idiomorphic overgrowths on stage 1 pyrite and
is generally free of cavities or has just a few (Fig. 5e; Logan
etal., 2001). Similar textures have been noted by Foley et al.
(2001) at the Haile deposit in South Carolina. Some stage 2
pyrite contains inclusions of chalcopyrite and, locally,
pyrrhotite aggregates containing arsenopyrite, cobaltite,
galena, and sphalerite.

Individual grains were analyzed in six traverses from the
core to the rim (10-um steps) using an electron microprobe
(data not shown). Although most of the data were near the
detection limit of the microprobe, the results indicate that
stage 1 pyrite generally contains less than 0.08 wt percent As
but locally as much as 0.49 wt percent, with the highest
amounts concentrated around the cavities (Fig. 5b). The max-
imum concentrations of other metals measured were 0.02 wt
percent Ag, 0.06 wt percent Au, 0.07 wt percent Co, 0.02 wt
percent Cu, 0.03 wt percent Sb, 0.02 wt percent Se, and 0.02
wt percent Zn. The stage 2 pyrite overgrowths have As-rich
bands (avg 2-3 wt % As; maximum 4.7 wt % As) alternating
with As-poor bands. Trace amounts of Co, Ni, Ag, and Zn
probably reflect small inclusions of niccolite and sphalerite in
pyrite. Pyrrhotite contains up to 0.3 wt percent Ni and 0.2 wt
percent Co and, locally, shows pentlandite exsolution features
parallel to S1. Gold concentrations in stages 1 and 2 are low
and variable, generally below the detection limit of the mi-
croprobe, but locally up to 600 ppm without microscopic gold
being visible. Silver telluride minerals (hessite and petzite)
also have been reported from the Russell mine (Callahan et
al., 1995). Rare molybdenite crystals occur parallel to S; and
cut both textural types of pyrite (Fig. 5f), as do rare veinlets
of chalcopyrite and calcite.

Geochemistry

Chemical analyses of drill core and surface rocks from the
Russell deposit and surface samples of comparable unminer-
alized samples in the central Carolina slate belt are listed in
Tables 1 and 2. Samples of the least-altered mudstone show
the regional background and are listed in Table 2. Geochem-
ical profiles, based on data from drill hole CYR 5, for key el-
ements through the various ore and alteration zones are
shown in Figure 6.

The highest Au values are associated with high As (Table 1)
and massive sulfide layers (Fig. 1). Arsenic in the massive sul-
fide layers ranges up to 5,400 ppm. Ten bulk samples from
sulfide-rich zones contain anomalous concentrations of gold
(0.5-4 ppm). Five of the thickest zones and/or those with the
highest Au concentrations are associated with pyrite layers
that are parallel to So. Gold enrichment is also associated with
a narrow zone of quartz veining in the siliceous and sericitic
zone between 95 and 98 m. These veins are syntectonic, re-
lated to the development of Si, and were probably contem-
poraneous with the growth of stage 2 pyrite. A late discordant
syntectonic to posttectonic pyrite—calcite vein at 124.4 m con-
tains 1.2 ppm Au and elevated concentrations of As and Mo.
Surface samples from the ore zones in the Big Cut and the
Parmer workings typically show Au concentrations from 0.2
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to 9 ppm and As concentrations of 100 to greater than 300
ppm associated with ore zones (Kinkel, 1974).

Overall, base metal concentrations are low. Copper con-
centrations are about 100 ppm in the massive sulfide zones
(Table 1) which is about twice the regional background for
the Tillery mudstones (Table 2). Zinc concentrations also are
highest in massive sulfide zones, with concentrations ranging
between approximately 270 and 330 ppm, about 10 times the
regional background concentrations in Tillery mudstones.
Zinc concentrations in the thinly laminated pyrite are only
about two times the background values of the mudstone.

Comparing Au versus As values for the whole-rock sam-
ples (Table 1) indicates there is a general positive correlation
between them; however, As in the massive sulfide layers
ranges from 1,600 to 5,400 ppm, which is greater than 100
times the regional background concentration in unaltered
mudstones. A high concentration (1,100 ppm) of As is also
found in a late pyrite-calcite vein at 124 m (Fig. 5). Enrich-
ment of Au and As occurs throughout CYR 5. Rocks above
the ore zone are enriched in As by a factor of 10 relative to
background values, whereas the laminated sulfide zone, the
silicified zone, and the chlorite-carbonate zone are enriched
15 to 20 times the regional background. Surface sampling in
the Russell Cut and the Parmer indicates As concentrations

I
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FIG. 6. Concentrations of selected trace and major element oxides from
drill hole CYR 5 versus TiOz. The vertical dashed line represents the ratio of
the background value for that element to TiOz established from nonmineral-
ized rocks (Table 2). Key geologic features of drill hole CYR 5 are shown on
left. The ratios show overall depletion in Na throughout and enrichment of
K and Si below massive and laminated sulfides zones.
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of 100 to greater than 300 ppm associated with ore zones
(Kinkel, 1974).

Within a massive sulfide layer a broad zone of calcite veining
in silicified mudstone between 106 and 113 m contains high
concentrations of Mo ranging from 33 to 476 ppm (Fig. 4). The
highest concentration of Mo is found in a late pyrite-calcite
vein at 124 m (3,300 ppm Mo) together with 1.2 ppm Au. Rock
samples taken from the Big Cut by Kinkel (1974) contained 15
to 25 ppm Mo, and low-level Mo enrichment in ore zones was
recognized during past exploration at the Russell mine (E.
Jones, Piedmont Minerals, pers. commun., 1998).

As seen in Figure 4, silicification is apparent below 90 m.
This increase in silica corresponds to a general decrease in
concentrations of all major elements and nonmetallic trace el-
ements. A strong positive correlation of TiOz and Zr in the
data from the drill hole suggests that these elements were rel-
atively immobile and can be used to estimate relative gains
and losses during alteration (Fig. 6). Most of the drill hole
penetrates thinly laminated mudstone assumed to have had
similar pre-alteration composition. The elemental gains and
losses of key major elements relative to TiOs are examined as
a function of the depth of the sample in the hole (Fig. 6).
Throughout the entire drill core KoO/TiO; is generally high,
about 1.5 to 2 times the background; several narrow intervals
in the silicified and sericitized rocks below the lowest massive
sulfide layer (91 m) have significant additions of K2O (Fig. 6).
In most of the drill hole, Na;O/TiOz is about 20 percent of
background, except for narrow zones such as the silicified
zone below the lowest massive sulfide (91 m) and in the in-
terval containing late calcite veins at 100 to 106 m, where the
ratio is 2 to 6 times the background (Fig. 6b). The MgO/TiOs
ratios are variable throughout the drill hole and the ratio is
about 10 percent greater than background in the upper part
of the drill hole and slightly higher in the chlorite-carbonate
alteration zone near the bottom (Fig. 6). The SiO»/TiO; val-
ues are near regional background levels to about 91 m where
they increase to 100 to 600 times background (Fig 6d). The
most intensely silicified rocks in the lower part of the drill
hole below the lowest massive sulfide layer have SiOg con-
centrations between 80 and 90 wt percent.

Two samples of mudstone directly underlying the rhyolite
dome (NC 3 and NC 10) are similar to the mudstones overly-
ing the Russell ore zone (Table 2). They are enriched in K-O,
somewhat depleted in CaO, and have different Na;O con-
centrations.

Analyses of different rhyolite units from the Tillery Forma-
tion are given in Table 2. Comparisons with rhyolite from the
Russell dome show that the dome is enriched to varying de-
grees in Fe>03, MgO, KoO, As, Au, Ba, Mo, and Rb, compared
to samples from the Tillery Formation, whereas CaO is de-
pleted. Spherulitic rhyolite and thin quartz veins in the lower
part of the dome are enriched in Au (32-49 ppb), As (17-90
ppm), and Mo (10-14 ppm). This suggests that the rhyolite
was affected by hydrothermal fluids during the formation of
the pyrite-bearing quartz veins in the lower part of the dome.

Stable isotopes

Stage 1 and 2 pyrite from within and near the ore zones and
pyrite from the Tillery Formation, near the dome but away
from ore, and disseminated pyrite in the dome were analyzed
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to determine their sulfur isotope ratios (Fig. 7). Conventional
analytical techniques were used (Seal et al., 2000). Sampling
was accomplished with a microdrill. Pyrite, both concordant
with and discordant to bedding within and near the ore zones,
has the lowest 334S values (3.5-4.5%o), pyrite disseminated in
the dome and in quartz veins cutting the dome has interme-
diate 03*S values (5.1-5.4%0), and pyrite disseminated in
Tillery Formation mudstones away from ore has the highest
034S values (5.9-6.2%o) as shown in Table 3.

The whole-rock 180 values of the mudstones and volcanic
rocks of the Albemarle Group (~8-13%o) are similar to the
whole-rock 0150 values of the mudstones of the Tillery For-
mation (7.4-10.6%o; Fig. 8; and Feiss et al., 1993) and dis-
tinctly different from the 680 values for fresh and altered
rhyolites of the Uwharrie Formation (Feiss et al., 1993). In
the Russell mine area, 0180 values for the altered and fresh
rhyolites of the Russell dome and quartz in associated quartz
veins (5.8-6.2%o; Fig. 8) are also significantly lower than al-
tered and unaltered mudstones of the Tillery Formation
(7.4-11%o; Table 3 and Fig. 8). On a regional scale, other
studies have shown the 080 values in the fresh and altered
underlying volcanic rocks of the Uwharrie Formation range
from 0 to 6.2 per mil with the 0'50 of altered rhyolites having
lower values than the fresh rhyolites (Klein and Criss, 1988;
Feiss et al., 1993). Mudstones from the lowest part of the
overlying Cid Formation, about 5 km southwest of the Rus-
sell mine, have higher 680 values (about 8.2 to >13%o) than
mudstones at the Russell mine.

T T T T
Russell m Pyrite
Cid/Silver Hill O Sphalerite/Galena

W Pyrite
Brewer 0O Enargite
W Pyrite
Haile W Pyrite
Ridgeway O Molybdenite
W Pyrite
Barite Hill O Barite
W Pyrite
m o Bl ,.—'L|Ln.
-20 -10 0 10 20 30

0348

FIG. 7. 03S variation in pyrite and other minerals from precious metal de-
posits in the Carolina slate belt. 634S in sulfide minerals in most of the Car-
olina slate belt deposits ranges from 0-5.5%o suggesting that sulfur in sulfide
minerals was derived from a mixture of igneous sulfur and seawater-derived
sulfur. High sulfur values such as at Barite Hill and in the Cid district are con-
sistent with derivation by thermochemical reduction of early Paleozoic sea-
water sulfate. Data for the Barite Hill, Brewer, Haile, and Ridgeway mines
are from Seal et al. (1997, 2001); other data are from Table 3.
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TABLE 3. Stable Isotope Data and Sample Descriptions

Sample! 0348 0180 Description

Russell deposit

CYR 1 (77.14) 5.3 Disseminated, foliated pyrrhotite in unaltered mudstone (non-gold-bearing)
CYR 3 (15.84) 8.4 Concordant calcite layer in mudstone

CYR 3 (36.58) 74 Unaltered mudstone

CYR 4 (72.85) 45 Fine-grained, concordant, massive pyrite in mudstone (non-gold-bearing)
CYR 5 (34.75) 35 Disseminated pyrite in mudstone (non-gold-bearing)

CYR 5 (179) 3.9 Discordant secondary pyrite vein in mudstone (non-gold-bearing)
CYR 5 (61.42) 4.9 Discordant secondary pyrite vein in mudstone (non-gold-bearing)
CYR 5 (67.67) 4.3 Fine-grained concordant massive pyrite in mudstone (gold-bearing)
CYR 5 (72.85) 4 Disseminated pyrite in mudstone (gold-bearing)

CYR 5 (86.56) 4.2 Pyrite in thin concordant bed in mudstone (non-gold-bearing)

CYR 5 (91.44) 4 Fine-grained concordant massive pyrite in mudstone (gold-bearing)
CYR 5 (113.4) 10.6 Sericitically altered mudstone

CYR 5 (125.9) 9.1 Silicified mudstone

CYR 5 (131.7) 8.3 Unaltered mudstone

CYR 5 QV 10.3 Discordant barren quartz vein

TR 6 (183.5) 8.9 Discordant calcite vein in silicified mudstone

Rhyolite dome and underlying mudstone

HD 10 6.2 Altered stony rhyolite near top of dome

HD 8b 5.8 Quartz from north-northeast-trending veins in lower part of rhyolite dome
NC 10 6.2 Disseminated pyrite in mudstone near rhyolite dome

NC 10 5.9 Disseminated pyrite in mudstone near rhyolite dome

NC 13 (1) 5.1 Quartz-pyrite vein in rhyolite dome

NC 13(2) 5.4 Quartz-pyrite vein in rhyolite dome

NC 13 5.3 Disseminated pyrite in rhyolite dome

Regional mudstones

11 11.0 Unaltered mudstone (see Fig. 1)

Cid district 2

1-S 14.6 Sphalerite-rich layer in massive sulfide, Silver Hill mine (see Fig. 1)
2-P 15.4 Pyrite in sphalerite-rich massive sulhde Silver Hill mine (see Fig. 1)
Silver Hill gal 12.3 Galena, Silver Hill mine (same as sample 2-P)

Pyrite 13.1 LeHuray (1984), Silver Hill mine

Pyrite 13.6 LeHuray (1984), Silver Hill mine

Pyrite 14.9 LeHuray (1984), Silver Hill mine

Pyrite 12.7 LeHuray (1984), Silver Valley mine

Sphalerite 12.2 LeHuray (1984), Silver Ve Hey mine

Gold Hill district 2

Pyrite 12.9 LeHuray (1984), Union copper mine

Sphalerite 15.7 LeHuray (1984), Union copper mine

Oxygen results are reported relative to SMOW standard; sulfur results are relative to CDT standard

1 Locations for samples from the vicinity of the Russell mine are in Figure 2a unless otherwise shown in parentheses in the description; Russell deposit
samples from drill core; drill hole number is followed by depth in meters in parentheses

2 Analyses from other massive sulfide metal deposits in the Carolina slate belt

Discussion

Age relationships

The local stratigraphy indicates that the west-dipping
Tillery Formation conformably overlies the Uwharrie Forma-
tion, which crops out to the east of the Russell mine
(Stromquist and Henderson, 1985), and in turn is overlain by
the Cid Formation exposed to the west. The best age data for
the Uwharrie Formation are between 558 + 8 and 568 + 6
Ma, based on U-Pb zircon ages of the Uwharrie volcanic se-
quence (Kozuch, 1994). The age of rhyolite from the lower
Tillery Formation near Asheboro, North Carolina, about 30
km north of the study area, is 554 + 14 Ma (Kozuch, 1994),
based on U-Pb zircon age constraints. Rhyolite from the
upper part of the Tillery Formation at Morrow Mountain,
about 15 km southeast of the mine area, has a U-Pb zircon

age of 539 = 6 Ma (Ingle, 1999). Rhyolite from the overlying
Cid Formation has a U-Pb zircon age of 542 + 14 Ma
(Kozuch, 1994). These ages are consistent with the occur-
rence of latest Proterozoic Ediacaran fauna in basal mud-
stones of the Cid Formation (Gibson et al., 1984). Crystal-
lization ages of the host volcanic rocks of the Persimmon Fork
Formation, for the Haile, Brewer, and Ridgeway deposits
range from 550 = 3 Ma to 556 + 2 Ma (Ayuso et al., 2005).
The best estimate of the age of the host rocks of the Russell
deposit is that of the lower Tillery Formation (554 Ma). This
lies in the interval of ages determined for the larger deposits
in South Carolina.

The age of dominant metamorphism in this part of the Car-
olina slate belt is approximately 456 + 2 Ma, based on the
4Ar/Ar studies of the Tillery Formation near Asheboro,
North Carolina, by Offield et al. (1995). Samples from the
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F1G. 8. 0180 variation in rock units associated with mineral deposits at the Russell mine. 650 values for the fresh rhyo-
lites from the Uwharrie Formation are similar to rhyolite from the Russell dome. Mudstone host rock at the Russell mine
lies within the 6180 range of typical mudstones from the Albemarle Group. Data for Uwharrie Formation are from Klein and
Criss (1988), the Albemarle Group from Feiss and Weslowski (1986) and the Russell mine from this study. Abbreviations:
(m) = the mean value, (n) = the number of samples represented and the vertical bars on data ranges are one standard devi-
ation from the mean. Distribution statistics and (or) raw data were not available for data of Feiss and Weslowski (1986).

Tillery Formation near the Russell mine have a probable age
of metamorphism of 455 Ma, based on “°Ar/%Ar ages of
sericite (Noel et al., 1988). The regional metamorphism is
thus Taconian in age. In this part of the Carolina slate belt,
only one period of metamorphism has been recognized. Else-
where in the Carolina slate belt, Acadian and Alleghenian
metamorphism is recognized; however, deformation related
to these later events appears to be confined to discrete shear
zones (Offield, 1994).

In the Russell deposit, veins containing molybdenite,
quartz, calcite, REE-rich apatite, and chalcopyrite were in-
troduced after development of the metamorphic fabric.
Molybdenite was dated at the Haile deposit (Stein et al.,
1996) using Re-Os and gave an age of about 555 to 585 Ma
that was interpreted to indicate the original age of the ore-
forming system. This is similar to the best age for the rhyolites
of the Uwharrie Formation (Kozuch, 1994) and the best age
for the Russell deposit. Molybdenite has not been dated at
the Russell deposit; however, textural constraints indicate it
was introduced to its present location after recrystallization of
the latest pyrite (stage 2). Calcite crystals in some of the post-
metamorphic veins exhibit cockscomb textures that indicate
open-space deposition in a low-strain environment. Zoned
postmetamorphic quartz veins containing potash feldspar
with cockscomb texture also occur in the nearby Riggon Hill
prospect (Fig. 2a). The “Ar/*Ar spectrum of this feldspar re-
flects cooling after a thermal event that occurred prior to 387
Ma (M. Kunk, U.S. Geological Survey, written commun.,
1999). This Acadian age, being considerably younger than the
widespread Taconian metamorphism in this part of the Car-
olina slate belt, suggests that a late hydrothermal event of this
age may have remobilized previously deposited minerals such
as molybdenite and formed the REE-bearing apatite.

Bimodal volcanism

The sediment-hosted Russell deposit is closely related to
mafic and felsic bimodal volcanism. Recognition of mafic vol-
canic rock fragments in mudstones in the ore zones at the
mine suggests that the source rock area included mafic vol-
canic rocks. Metabasalts in the Tillery Formation are exposed

about 1.6 km to the west and north of the Russell mine and
near the Coggins mine to the south (Conley, 1962b;
Stromquist et al., 1971). These metabasalts typically show
relict hyaloclastic breccia textures consistent with subaqueous
extrusion and were a likely source for the mafic rock frag-
ments within the siltstones. Neither the Russell dome nor the
sulfide deposit is directly dated. However, rhyolite in the
dome appears to be coeval with the massive sulfide lenses at
the Russell mine; fragments of spherulitic rhyolites are com-
mon in the mudstone matrix, and the rocks of the Tillery For-
mation and from the rhyolite dome have similar geochemical
enrichments and depletions.

Stable isotopes

The range of 638 values for pyrite from the Russell mine is
similar to that of massive pyrite from Barite Hill, South Car-
olina, (Seal et al., 2001) and slightly higher than that of pyrite
from the Haile, Brewer, and Ridgeway, deposits in South Car-
olina, suggesting that they all had a similar sulfur source.
Samples from the nearby base metal-rich sulfide minerals
from massive sulfide deposits in the Cid and Gold Hill dis-
tricts, North Carolina, and samples from the Barite Hill mine
(Fig. 1) have much higher 63S values consistent with deriva-
tion of sulfur by thermochemical reduction of early Paleozoic
seawater sulfate (Table 3; Seal et al., 2000).

At the Russell mine, the source of sulfur is thought to have
been hydrothermal fluids carrying a mixture of igneous sulfur
(~0%o0) and seawater-derived sulfur from the mudstones and
is similar to that proposed for other Carolina slate belt mas-
sive sulfide deposits in South Carolina (Seal et al., 2001). The
similarity of %S values of pyrite in ore samples and associ-
ated rocks, and pyrite in quartz veins in the nearby rhyolite
dome suggests they had a similar source of sulfur.

Klein and Criss (1988) concluded that volcanic, sedimen-
tary, and intrusive rocks in the Uwharrie Formation wholly
or partially reequilibrated with contemporaneous meteoric
water, a feature that is consistent with subaerial deposition.
They also found that many of the hydrothermal mineral de-
posits, including the Snow Camp, Hoover Hill, Sawyer,
Star, and Iola deposits were formed by fluids dominated by
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meteoric water. In contrast, sedimentary and volcanic rocks of
the overlying Albemarle Group, including the Tillery Forma-
tion, interacted with seawater and a gap exists between the
0180 values of whole rocks from the Uwharrie Formation and
those from the Albemarle group (Feiss et al., 1993) that is
demonstrated at the Russell mine (Fig. 8). Oxygen isotope ra-
tios of mudstones from the lower part of the overlying Cid
Formation exposed in the Jacobs Creek quarry are substan-
tially higher and may represent end-member marine sedi-
ment values. The whole-rock 0180 values at the Russell mine
are in the range considered by Feiss et al. (1993) to mark the
transition from a subaerial to a marine depositional environ-
ment. This scenario is consistent with the development of a
back-arc basin that was filled by sediments of the Albemarle
Group. They also observed that the change in depositional
environment was accompanied by a corresponding change in
mineralization style from epithermal disseminated gold and
pyrite deposited in the subaerial volcanic rocks to kuroko-
type deposits deposited in the marine sedimentary rocks.

Pyrite textures

Textural relations suggest that primary sulfide minerals of
the Russell mine were deposited syngenetically or diageneti-
cally under subaqueous conditions and were later recrystal-
lized, perhaps accompanied by the introduction of additional
metals. The apparent graded bedding of pyrite crystals (Fig.
5a) and local cut-and-fill structures are interpreted to be a
primary feature reflecting precipitation of sulfide minerals
from sulfur-rich submarine hot springs. Paragenetically early
pyrite containing remnant colloform and crustiform textures
of pyrite associated with ore minerals at other deposits in the
Carolina slate belt have been interpreted as evidence that
mineralization was coeval with the deposition of the host
rocks (Foley et al., 2001).

The presence of abundant, similar-sized cavities in or near
the center of stage 1 pyrite crystals suggests that pyrite
growth was partly controlled by nucleation on foreign matter
that has since been removed. The presence of arsenic-rich
halos around the cavities (Fig. 5b) further suggests that what-
ever initially filled the holes was involved in concentrating ar-
senic. We propose that organic material, probably micron-
sized bacteria, may have been important in the initial
deposition of pyrite. Bacteria are the right size, can precipi-
tate sulfides, and are commonly abundant in marine sedi-
ments. Experimental studies have shown convincingly the
ability of bacterial spores to nucleate gold (Watterson et al.,
1984; Brooks and Watterson, 1992), silver (Mullen et al.,
1989), and other metals (Fortin et al., 1997) on or within cell
walls. Parduhn et al. (1985) also showed that some bacteria
develop a tolerance for toxic elements. Zierenberg and Schiff-
man (1990) documented replacement and overgrowth of bac-
terial filaments that selectively precipitated silver, arsenic,
and copper. They noted that bacteria are preserved by
pseudomorphic replacement and overgrowth by sulfide and
sulpharsenide minerals. Bacteria that derive their energy
from chemosynthesis are common at sea-floor hydrothermal
vents of the type that are considered to have deposited sul-
fides in the Russell deposit. Such bacterial populations can
create physiochemical microenvironments that can influence
both mineral and trace element accumulation (Juniper et. al.,

253

1986; Juniper and Fouquet, 1988). Some textures observed at
the Russell mine, such as ring structures with a diameter of
about 60 um (Fig. 5d), are too large to be related to a single
bacterium. However, the micron-sized cavities in the wall of
the ring suggest that the overall structure could be the fossil
remains of a bacteria-laden, filament or mucus-lined tube
(Juniper and Fouquet, 1988, Juniper et al., 1992; Juniper and
Tebo, 1995). Little et al. (1997) demonstrated experimentally
that biodeposited manganese oxide deposits could form ring
structures of comparable size. Pyrite also is present as platy
features interlayered with disrupted bedding as shown in Fig-
ure 5e. These contain stage 1 spongy pyrite with euhedral
stage 2 overgrowths. We cannot rule out that the pyrite tex-
tures represent inclusions of iron hydroxide particles, fluid in-
clusions, or minerals that were subsequently dissolved, al-
though the regular geometry suggests a biogenic origin.

Pyrite in framboids, some with central cavities, also sug-
gests that some of the pyrite in the Russell deposit was nu-
cleated on or replaced organic matter on the sea floor. Simi-
lar textures are well documented in kuroko- and Besshi-type
deposits (Eldridge et al., 1983; Yui, 1983).

Gold content

It is easier to make a case for stage 1 pyrite being deposited
on the ocean floor than it is for the pyrite to contain primary
Au. The Au is present in stage 1 pyrite near the limit of de-
tection by the electron microprobe and it correlates with As
concentrations which, in turn, are texturally zoned about the
stage 1 voids as seen in Figure 5b. Spongy pyrite also contains
free gold within the cavities, which may be interpreted as ei-
ther a primary or secondary feature.

Alteration

Sericite alteration, the result of potassium enrichment, is
widespread in the deposit. Above and within the zone of mas-
sive and laminated sulfide deposition, sericite is randomly ori-
ented, and pyrite grains within the syngenetic layers show
chlorite-filled pressure shadows, possibly resulting from the
synmetamorphic reaction of preexisting bedded and dissemi-
nated pyrite and sericite. These features support the inter-
pretation that the potassium metasomatism associated with
the bedding parallel sulfides occurred prior to regional
Taconian metamorphism and deformation.

Extensive silicification below the massive sulfide zone oc-
curs in a shear zone that deforms all structural elements, in-
cluding quartz and carbonate veins. This zone of silicification
and deformation is similar to those found in the five other
“leads” that correspond to highly deformed fold crests and is
clearly epigenetic. Hydrothermal fluids focused along these
fold crests caused extensive silicification parallel to S1 during
what we interpret as Taconian deformation. The development
of these high strain zones clearly postdates the deformed bed-
ding parallel sulfide accumulations.

Conclusions

The Russell deposit is interpreted to have formed as a syn-
genetic, exhalative, gold-rich massive sulfide deposit hosted
by the late Proterozoic laminated mudstones of the Tillery
Formation. It was, in part, remobilized by hydrothermal flu-
ids during Ordovician syntectonic regional deformation into
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northeast-trending, structurally controlled zones that devel-
oped along attenuated, asymmetric, east-verging anticlinal
folds that formed the multiple ore leads.

Two morphologies of pyrite are present. Stage 1 pyrite is
characterized by 10-um euhedral crystals containing cavities
about 1 um in diameter that are interpreted to result from nu-
cleation of the sulfides on bacteria. This texture is most abun-
dant in the centers of thin pyrite layers that are interbedded
with the layered mudstones. Locally, the cavities are so abun-
dant as to give the pyrite a “spongy” appearance. The enrich-
ment and zonation of As in stage 1 pyrite suggests that it is a
primary syngenetic feature of the deposit, and the geochemi-
cal association of Au with As suggests that it too was intro-
duced early in the paragenesis. The lack of primary breccia
features in the ore and the predominance of Zn over Cu sug-
gest a low-temperature, possibly distal setting. Stage 2 pyrite
is present as euhedral overgrowths on Stage 1 pyrite. Stage 2
pyrite contains growth layers that are enriched in As that
formed during Ordovician Taconian metamorphism and de-
formation associated with the development of S; foliation.
Late syn- to posttectonic quartz veins are enriched in Mo.

The deposit is associated with bimodal rhyolite-basalt vol-
canism. A nearby rhyolite dome appears to be coeval with the
massive sulfides; they are closely spatially associated and on
the same regional strike, they were both deposited during
Tillery Formation sedimentation, stratigraphically near the
base of the Tillery Formation, and the ore-hosting rock types
and rocks from the rhyolite dome have similar geochemical
enrichments and depletions. Geochemical and sulfur isotope
data suggest that the rhyolite was a possible source of the heat
and some of the metals that formed the deposit. Most of the
gold production from gold-rich VMS deposits has been from
deposits with a close spatial and temporal association with fel-
sic volcanic successions (Barrie and Hannington, 1999; Han-
nington et al., 1999).

The dominance of what we interpret to be premetamorphic
sericitic alteration associated with early syngenetic sulfide lay-
ers at the Russell deposit, the low base metal content of the
syngenetic sulfide layers, and the geochemical association of
Au and As are similar to the Haile and Ridgeway deposits in
northern South Carolina (Feiss et al., 1993; Ayuso et al., 1997,
2005; Clark et al., 1999; Foley et al., 2001). Together with
massive sulfide deposits at Barite Hill, South Carolina, and in
the Cid and Gold Hill districts, North Carolina, may repre-
sent two end members of submarine exhalative mineraliza-
tion in the Carolina slate belt, namely base metal-rich,
kuroko-type deposits (Barite Hill, Gold Hill, and the Cid dis-
trict) and base metal-poor, gold-rich deposits (Haile, Ridge-
way and Russell).
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