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INTRODUCTION 

The Great Gossan Lead is a northeasterly trending mineralized 

zone located in Carroll and Grayson Counties of southwestern Virginia. 

It is similar in nature, and possibly in origin, to a series of other 

massive sulfide bodies which occur along strike throughout the 

metamorphosed Precambrian to Cambrian gneisses and schists of the 

Appalachians (fig. 1). Its known length is nearly 28 kilometers, 

extending from a point about 5 kilometers north of Galax, Virginia, to 

a point approximately 10 kilometers north of Hillsville, Virginia. A 

possible extension of the ore body is traceable southwesterly over 11 

kilometers into North Carolina, although this segment is discontinuous 

and ill-defined. The ore zone consists of a series of crude pod- to 

vein-like bodies which thicken and thin irregularly while remaining 

approximately parallel to strike (fig. 2; see also Stose and Stose, 

1957, plate 1). Individual zones reportedly attain maximum widths of 

about 50 meters, but only average about 7 meters (Ross, 1935). 

Lengths range from only a few feet up to a continuous outcrop of 7.5 

kilometers along the Iron Ridge segment at the southern portion of 

the district. 

The Great Gossan Lead has been considered by previous workers 

(Ross, 1935; Kinkel, 1967) to be related in terms of mineralogy, age, 

and deformation to other si~ilar massive sulfides of the Appalachians 

such as Ore Knob~ N. C., and Ducktown, Tennessee. The present study 

was undertaken to examine the mineralogy, petrology, and deformation 

history of the ores of the Great Gossan Lead. 
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Figure 1. Location map of the massive sulfide deposits of the 

Appalachians (after Kinkel, 1967) •. 
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MATERIALS AND METHODS 

Samples for this study were collected from the Gossan Howard, 

Iron King, and Betty Baker mines by Dr. J. R. Craig and the author. 

In addition, two drill cores were provided by the Freeport Sulfur 

Company. The locations for the cores numbered 117 (2052 feet) and 142 

(1305 feet) are given in figure 2. 

Chemical analyses were made using the automated Krisel control 

ARL-EMX microprobe at Virginia Polytechnic Institute and State 

University. Operating conditions were an accelerating voltage of 15 

kV and a beam current of 0.150 mAo Counting times were 20 seconds and 

data were reduced using the correction procedures of Ziebold and 

Ogilvie (1964). Standards employed were synthetic FeS, ZnS, PbS, 

Cu5FeS4 and elemental Mn, Cd, Ag, and Sn. X-ray powder diffraction 

determinations were carried out using a Picker diffractometer. 
o 

Internal standards were Silicon metal (a = 5.4305 A) for pyrrhotite 

o 
runs and NaCl (a 5.6402 A) for sphalerite. Pyrrhotite compositions 

were found using the determinative curves of Arnold and Reichen 

(1962). Iron contents of sphalerite were calculated using the methods 

of Skinner et ale (1959). 
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Figure 2. Location map for the Great Gossan Lead district (after 

Craig et al., 1971, and Staten, 1976). 
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MINING HISTORY OF THE GREAT GOSSAN LEAD 

The earliest mining activity in the region of the Great Gossan 

Lead occurred in 1789 (Currey, 1880) with the extraction of the gossan 

which was smelted for iron. A blast furnace was built at the southern 

end of the district. The metal was of poor quality, and after several 

years operations were suspended. 

The 1847 discovery of the copper deposits at Ducktown, Tennessee, 

provoked interest along the Great Gossan Lead and culminated in mining 

of the supergene chalcocite and covellite in 1850. The largest mines 

at that time included the Betty Baker, Cranberry, Kirkbride, Vaughn, 

Copperas Hill, and Chestnut Ridge. In the period January to July 

1855, eight operating mines shipped a total of 1,545,363 pounds of are 

containing 25 percent copper which sold at the time for 26 cents per 

pound (Weed and Watson, 1906). The rich secondary ores of these 

deposits were, however, soon exhausted and mining was halted in 1859 

with the closing of the Cranberry mine. 

Operations were resumed after about 1880 when mining again was 

focussed primarily on iron from the gossan. The improved quality of 

metal and an extension of the railroads into the district encouraged 

production at the Betty Baker and Iron King mines. The Betty Baker 

closed down in 1900 because the metal contents of the ore were no 

longer great enough to warrant mining for iron, copper, or zinc. The 

Iron King continued to operate, but interest was centered on the 

primary pyrrhotite ore for its sulfur content which was used for the 

manufacture of sulfuric acid. From 1935 until closing in 1962, 

7 
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operations there were underground. Figure 3 illustrates the 

"dog holes" or tunnels which were cut during the mining of individual 

ore pods. 

The only recent mining in the district was conducted by the 

Allied Chemical Corporation at the Gossan Howard mine. Annual tonnage 

totalled approximately 3000 tons used for the production of reagent 

grade FeS. Operation ceased in July 1976. 
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Figure 3. "Dog holes" cut following the individual ore pods at the 

Iron King mine (photo by J. W. Miller). 
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PREVIOUS WORK 

The first known interest and work in the Great Gossan Lead grew 

out of the discovery of the copper ores at Ducktown, Tennessee, in 

1847. Early workers such as Boyd (1881) and Currey (1880) described 

the mining operations and general geology of the district. Currey 

named the pyrrhotite veins the "Great Northern Lode." Weed and Watson 

(1906) first proposed a fault origin with subsequent replacement of 

the wall rocks. Watson (1907) discussed the features of the veins and 

suggested that the ores were among the most voluminous deposits in 

the Appalachians but were somewhat low in copper and zinc contents. 

Weed (1911) recognized the similarities of the sulfide bodies of the 

Appalachians. Ross (1935), in a more complete comparison of the Great 

Gossan Lead to the other similar sulfide occurrences, proposed an 

origin requiring initial faulting with brecciation, followed by 

several successive stages of hydrothermal 'mineralization and 

replacement of the host rocks. Wright and Raman (1948), in a 

re-evaluation of the mining potential of the district, agreed with 

Ross' interpretation of its origin. In 1957, Stose and Stose 

published their detailed work on the general and economic geology of 

the region. They believed that the mineralizing solutions were 

introduced after metamorphism. Kinkel (1967) described many of the 

massive sulfide deposits of the Appalachians including the Great 

Gossan Lead. He ,suggested that primary deposition of the base metals 

with the sediments could have occurred because of 

11 
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the parallelism of many deposits to bedding, the lack of 
correlation between sulfide-rich areas and intrusive 
rocks, and the presence of layers of sulfide-rich sediments 
in the eugeosynclinal rocks of the Appalachian mineral 
belts (Kinkel, 1967, p. 55). 

Kinkel also noted that "parallelism between the plunge of the are 

bodies and lineation suggests that solutions penetrated the rock along 

these structural and textural lineaments." 

Relationships of the wall rocks and the are zone have been 

studied most recently by Craig et ale (1971), Staten and Hewitt (1976), 

Staten (1976) and Henry et ale (1977). Wall rock alteration effects 

have also been studied at the Ore Knob copper deposit by Fullagar et 

ale (1967). Ore mineralogy has been described by Corriveau (1956) 

and Henry et ale (1976). Metamorphism of the are deposits of the 

Appalachians has been recognized by Kinkel (1962). 



GENERAL GEOLOGY 

The Great Gossan Lead district occurs within the Precambrian Ashe 

formation of the Blue Ridge Complex. The Ashe formation in the 

. vicinity of Sylvatus, Virginia, is comprised mainly of fine-grained 

sulfidic metagraywacke, gritty metagraywacke, and sulfidic/graphitic 

phyllite (Rankin et al., 1973). In addition, Rankin reported minor 

greenstones, metagabbros, and more rarely, quartzites and marbles. 

Staten (1976) has described the host rocks from the two drill cores 

used in this study. The units are dominated by quartz-muscovite 

schists and gneisses with minor amounts of hornblende gneiss, 

hornblendic amphibolite, biotite schist, chlorite schist, biotite

chlorite gneiss, biotite-chlorite schist, and calcareous lenses. 

Quartz boudins are also present. Watson (1907) noted the presence of 

ffordinary mica schists" on the hanging wall and rocks similar to the 

Ocoee rocks of the southern Appalachians on the footwall. Stose and 

Stose (1957) and Rankin (1970) did not recognize Ocoee rocks in the 

vicinity of the district. Drill core logs from the district show no 

distinct differences between rocks above and below the ore zone 

(Staten, 1976). The Ashe formation has been interpreted as a sequence 

of interbedded metasediments and metavolcanics (Rankin, 1970). Keith 

(1903) first named these units the Carolina Gneiss and the Roan 

Gneiss. Later Stose and Stose (1957) believed these rocks to be 

correlative to the Lynchburg formation to the north. However, Rankin 

(1970) defined a new form~tion because some rocks included in the Ashe 

formation may be equivalent to the Swift Run and Catoctin formations 

13 
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occurring above the Lynchburg. Also large unmapped areas occur 

between Lynchburg, Va., and Ashe County, N. C. 

Although quartz-muscovite schist is the dominant lithology in the 

Ashe formation near the Great Gossan Lead, the immediate rocks of the 

ore-bearing zones are mostly chlorite schist with minor amounts of 

biotite and garnet. Staten (1976) found that the chlorite schist 

serves as an envelope 0-3 feet in thickness around the ore-bearing 

zones'. Significant amounts of sulfides (> 5%) occur with the schist 

which is interleaved with minor amounts of quartz-muscovite schist. 

Sulfides occur with the remaining rock types, but are generally 

limited to small veins or disseminated grains. 

The ore zone consists of a series of en echelon mineralized pods 

which pinch and swell irregularly along strike, but which are roughly 

concordant with the foliation (regarded as the primary foliation, Sl' 

by Rankin et a1., 1973). The strike of the individual zones varies 

from about N3S o E at the Betty Baker up to a maximum of N60 0 E in places 

further southwest (Watson, 1907). Dips are somewhat variable ranging 

from 30 0 -60 0 at the Iron King (Ross, 1935). In the northeastern part 

of the Betty Baker segment, the strike shifts to the east and is 

accompanied by a shallowing in dip (Wright and Raman, 1948). 

The contacts between the ore and its surrounding wall rock vary 

from sharp to gradational. A sharp contact is exposed between 

massive ore and the "hanging wall" at the Iron mine. This 

contact appears to closely follow the foliation of the country rock. 

Gradational contacts appear in fresh hand or the drill cores 
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as widely varying ratios of inter layered sulfide, chlorite schist, and 

country rock (fig. 4). 

The structural features of the Great Gossan Lead district are 

discussed by Stose and Stose (1957, p. 173) who wrote that 

the rocks, composed chiefly of Lynchburg gneiss with thin 
beds of infolded limestone and mafic andultramafic sills 
are closely folded. The axial planes of the folds are 
overturned to the northeast. Their crests are sheared 
out in many places. 

The Fries overthrust borders the district on the northwest and is 

marked by a belt of mylonites which parallels the foliation. The ore 

body occurs about 5 kilometers southeast of the fault and was thought 

by Stose and Stose (1957) to be localized in a shear zone that cuts 

across the structure of the area. Evidence of movement affecting the 

veins includes cross faults with minor offsets (Ross, 1935), the 

brecciated character of the gangue material within the ore, and the 

presence of slickensided chalcopyrite balls in schist (Stose and 

Stase, 1957). 

Regional metamorphism to biotite and garnet grade was recognized 

by Rankin et ale (1973). Staten (1976) has determined an upper 

thermal limit of the metamorphism to 415°-455° on the basis of the 

assemblages hornblende-plagioclase (An27 ) , muscovite-calcite-quartz

clinozoisite-plagioclase (An
20

), muscovite-paragonite compositions and 

temperature-sensitive distribution coefficients of iron and magnesium 

in garnet-biotite pairs. Staten's distribution coefficient data 

clearly show that the ferromagnesian silicates have equilibrated in 

the presence of a high sulfur environment. This data, in addition to 
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Figure 4. Slabbed drill core Sample 95-155', Gossan Lead. Lightest 

areas are dominantly pyrrhotite interleaved with gangue 

(dark), specimen approximately six inches long. 
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the well-developed metamorphic fabric and the intimate intercalation 

of sulfides with silicates, indicates that the ores were emplaced 

prior to or during metamorphism to epidote-amphibolite conditions. 

The age of mineralization is not known with certainty, but an ore 

zone muscovite from the Iron King mine was dated at 430 m.y. using 

K-Ar and 310 m.y. by Rb-Sr (Kinkel, 1965 and 1967). Kinkel also 

dated various minerals from many of the other sulfide occurrences as 

summarized in Table 1. The ages range from 300 to 465 m.y. for K-Ar 

and 310-320 m.y. for Rb-Sr. Hornblendes have yielded ages of 1120 

m.y. at Ore Knob, N. C., and 1045 m.y. at Ducktown, Tenn., but two 

additional amphiboles at Ducktown gave ages of 387 m.y. and 478 m.y., 

and a third specimen from the Sulphur mine, Va., was dated at 330 

m.y. (Kinkel, 1965). Kinkel also gives a date of 1200 m.y. on a 

biotite from Ducktown. The consistency of these determinations led 

Kinkel to the conclusion that these deposits formed at least during 

the Grenville orogeny and experienced two additional metamorphic 

events. At least the ages between 300 and 400 m.y. are consistent 

with the Acadian metamorphism. Rankin et ale (1973), however, assign 

a younger Precambrian age to the Ashe formation because it lies 

nonconformably above the Elk Park plutonic group for which an age of 

approximately 1050 m.y. has been given. 
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Table 1.* Age determinations of gangue minerals associated with some 

massive sulfide deposits of the southern Appalachians. 

Locality 

Gossan Lead, Virginia 
(Monarat Mine) 

Ore Knob, North Carolina 

Ducktown, Tennessee 

London-Virginia Mine, 
Virginia 

Arminius Mine, Virginia 

Sulphur Mine, Virginia 

Mineral 

muscovite 
muscovite 

biotite 
biotite 
biotite 
biotite 
hornblende 

sericite 
biotite 
biotite 
hornblende 
hornblende 
hornblende 

biotite 

biotite 

biotite-muscovite 
hornblende 

* After Kinkel 1967, table 2, p. 48 

K-Ar Age 
(m. y.) 

430 

335 
345 
435 
465 

1120 

327 
374 

1200 
387 

1045 
478 

300 

305 

365 
330 

Rb-Sr Age 
(m. y.) 

310 

310 
320 
320 
320 



ORE MINERALOGY 

The ores of the Great Gossan Lead are composed primarily of 

pyrrhotite with minor amounts of sphalerite and chalcopyrite. Other 

ubiquitous sulfides--galena, arsenopyrite, and pyrite--usually occur 

only as traces but may occur locally in concentrations up to a few 

percent. Pyrite is rare to absent in much of the district but 

increases in abundance in the northeastern part of the district where 

local concentrations of up to about 25 percent occur in the Betty 

Baker mine. Additional phases found in this study include trace 

amounts of cubanite, mackinawite, tetrahedrite, stannite, native 

bismuth, rutile, ilmenite, and graphite. Of these tetrahedrite, 

stannite, and bismuth have been found only at the Gossan Howard mine. 

Other minerals previously described (Corriveau, 1956) but not 

confirmed in this work include lollingite, magnetite, and hematite. 

Staten (1976) reported the presence of bornite with chalcopyrite 

lamellae in a hornblendic amphibolite unit in core 142. Samples of 

the copper-rich supergene ores were not available during this study. 

No mineral zoning of the ores has been found. 

Gangue mineralogy in the are zone is marked by an increase of 

chlorite, quartz, and calcite accompanied by a decrease of biotite and 

muscovite (Staten, 1976). Radiating bundles of actinolitic hornblende 

and actinolite-tremolite up .to several centimeters long are also 

common in the are (fig. 5). In general, the ore zone silicates are 

coarser grained than their equivalents in the wall rocks, and the 

ferromagnesian minerals within about 1-2 meters of the ore zone have 

20 
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Figure 5. Radial amphiboles (dark), pyrrhotite (light) and 

chalcopyrite (light with lower relief), 5.6 X in air, 

Sample 75-10, field width is approximately 1.5 mm. 
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significantly higher Mg/Fe ratios (Staten, 1976). Frequently, tiny 

radial aggregates (approximately .1 mm) of chlorite occur in the ore. 

They are unfractured and apparently formed as metamorphism waned and 

after deformation was completed. 

PYRRHOTITE (Fel S) - Pyrrhotite normally averages over 90 
-x 

percent of the total are minerals and occurs disseminated to massive. 

It is hexagonal single phase. A sample from the Gossan Howard 

yielded a probable 6C superstructure from a single crystal precession 

photograph. Weak magnetism is present but no monoclinic pyrrhotite 

has been found. Compositions according to the x-ray curves of Arnold 

and Reichen (1962) are given in Table 2. 

Disseminated pyrrhotite is observed primarily within the wall 

rocks close to the ore body but is also a ubiquitous minor constituent 

of the surrounding country rocks. Dominant grain size is approximately 

0.1 mm in diameter. Crystals most often have formed in available 

sp'ace between gangue minerals but occasionally can be found subhedral 

in habit. Deformation features are generally absent, indicating 

possible annealing. 

Grain sizes of pyrrhotite in the massive ore vary from about 0.1 

to 2 mm. The remnant effects of deformation are characterized by 

prevalent kinking and undulose extinction (fig. 6). Deformation 

twinning is notably absent. In zones where deformation features are 

absent t re-equilibration through annealing is evidenced by the 

prevalent occurrence of triple junctions with angles of approximately 

120 0 among the pyrrhotite' grains. A zone of this type is illustrated 
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. Table 2. Composition data for Gossan Lead pyrrhotites 

0 Atomic % 
Sample d(102)A Metals 

Gossan Howard-1 2.0689 47.57 

Gossan Howard-2 2.0709 47.73 

Core 117-1263' 2.0661 47.33 

Core 117-1335' 2.0684 47.53 

Core 117-1399' 2.0683 47.52 

Core 142-1129' 2.0681 47.51 

Core 142-1141' 2.0693 47.60 
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Figure 6. Kink banding in pyrrhotite; 12.5 X in water, crossed nicols, 

Sample 75-70, field width is approximately 0.7 mm. 
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in figure 7. More rarely, grain size diminishes to the range of 

10-100 microns in zones that have been apparently sheared. Transitions 

from relatively undeformed, coarse-grained pyrrhotite grading through 

areas of abundant kinking and undulose extinction to the finer-

grained areas may occur over distances of up to 2 mm. Recrystallization 

has resulted in the establishment of 120 0 triple junctions but has not 

progressed to the extent of increasing the grain size to that of the 

surrounding pyrrhotite. 

Pyrrhotite has also been observed as small, possibly exsolved, 

inclusions in chalcopyrite and where it accompanies rows of 

oriented chalcopyrite grains. Where silicates have been shattered, 

pyrrhotite commonly infills fractures, apparently having been squeezed 

in during deformation. 

SPHALERITE [(Zn,Fe,Mn)S] - Sphalerite occurs throughout the ore 

as both single grains and polycrystalline aggregates and 

less than 6 per cent of the ore. Individual grains are usually 

between 0.1 mm and 0.5 mm, but aggregates occur up to 5 mm in diameter. 

In glassy quartz pods associated with the ores, sphalerite occurs 

rarely as aggregates up to 1 cm across. The sphalerite in the ore 

commonly contains apparently exsolved chalcopyrite blebs in parallel 

rows (fig. 8) which occasionally exhibit curvature indicating the 

effects of mild deformation. Observed in transmitted light, these 

blebs are actually rods extending through a grain but terminating 

10-50 microns from the grain boundaries. No evidence of zoning was 

found in transmitted light. In reflected light, sphalerite is 
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Figure 7. Annealed pyrrhotite, 12.5 X in water, crossed nicols, 

Sample 75-59, field width is approximately 0.7 mm. 
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Figure 8. Oriented chalcopyrite blebs also showing curvature in 

sphalerite. The few distinctly larger blebs are 

pyrrhotite, 25 X in water, Sample 75-6, field width is 

approximately .35 mm. 
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isotropic, dark grey in color, and normally shows deep reddish-brown 

internal reflections. Cell edges according to Skinner et ale (1959) 

are given in Table 3. The effect of minor amounts of MnS are not 

known. 

Sphalerite grain size diminishes to approximately 10-100 microns 

as does pyrrhotite in the finer-grained portions of the are. In many 

cases, grains appear flattened or granulated over distances up to 1 

rom (fig. 9). Sphalerite also shows pressure shadow effects in 

proximity to gangue minerals. Figure 10 shows these effects as the 

sphalerite next to the inclusion is stretched and the adjacent 

pyrrhotite exhibits kink banding. 

Often in the massive ore, sphalerite is rimmed by chalcopyrite 

(fig. 11). Stanton and Gorman (1968) demonstrated that at least in a 

two-phase aggregate such as galena and sphalerite, the dihedral angle 

of the galena approaches zero with increasing temperature. It is 

possible, therefore, to produce a rimming effect by annealing of the 

assemblage pyrrhotite-sphalerite-chalcopyrite. The reason for 

chalcopyrite rimming may be more complex because of the existence of 

relatively coarse-grained aggregates of pyrrhotite-sphalerite

chalcopyrite + galena (fig. 12). 

CHALCOPYRITE (CuFeS2) - Chalcopyrite makes up about four percent 

of the ore and occurs primarily as polycrystalline aggregates up to 

several millimeters in diameter within the massive portions of the 

ore. Individual grains average 100-200 microns in size, show no 

crystal forms, and exhibit abundant annealing or growth twinning. 
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Table 3. Sphalerite cell edges. 

0 
Calculated 

Sample Cell Edge (A) Mole % FeSa 

Quartz pod - Gossan Howard 5.4187 20.61 

Misc. core l27-l355A (+ pyrrhotite) 5.4170 16.89 

Misc. core 127-1355B (+ pyrrhotite) 5.4174 17.76 

Sphalerite - Gossan Howard 
13.38

b 
(Craig et a1., 1971) 5.4154 

a MnS contents undetermined. 

b XRF analysis gives 23.2 mole percent FeS and 2.5 mole percent MnS. 
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Figure 9. Granulated sphalerite (medium grey), pyrrhotite (light) and 

gangue (dark); 12.5 X in water, Sample 75-22, field width 

is approximately .7 rnrn. 
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Figure 10. Pressure shadow adjacent to silicate gangue (black) 

containing sphalerite (dark grey) and chalcopyrite (light 

grey) at lower left. Pyrrhotite (remainder) shows kink 

banding; 12.5 X in water, crossed nicols, Sample 75-16, 

field width is approximately .7 mm. 
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Figure 11. Chalcopyrite (light) occurring as rims between sphalerite 

(dark grey) and pyrrhotite (light grey). Silicates are 

black. 12.5 X in water, Sample 75-10, field width is 

approximately 0.7 mm. 
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Figure 12. Sphalerite (grey), pyrrhotite (light, high relief, at 

bottom of photo), chalcopyrite (low relief surrounding 

central sphalerite), and galena (lowest relief on either 

side of central sphalerite grain. 12.5 X in water, 

Sample 75-40, field width is approximately 0.7 mm. 
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Such aggregates occur primarily in zones of broken silicates and the 

sheared portions of pyrrhotite mineralization similarly to sphalerite 

(see fig. 9). In deformed areas, chalcopyrite appears to have been 

injected or squeezed into the fractures of gangue minerals (fig. 13). 

These aggregates may also grade into vein-like occurrences up to 5 

millimeters in width. Chalcopyrite veinlets commonly contain 

scattered inclusions of pyrrhotite, sphalerite, and galena and 

exhibit pyrrhotite borders consisting of flattened grains up to 50 

microns wide and normally less than 100 microns across. Cubanite and 

mackinawite frequently occur in the larger chalcopyrite aggregates as 

apparently exsolved phases. Chalcopyrite also shows pressure 

shadowing as it is often in the presence of silicates. In the 

coarser-grained undeformed polyphase aggregates, chalcopyrite coexists 

with pyrrhotite, sphalerite, and galena or is found as rims already 

described up to 100 microns wide between sphalerite and pyrrhotite. 

In some of the apparently sheared zones already described, chalcopyrite 

appears to have been granulated along with minor amounts of cubanite. 

Chalcopyrite also occurs as disseminated grains with or without 

pyrrhotite in the wall rocks. Grains appear commonly as space fillers 

among the silicate gangue but sometimes show a subhedral habit. 

Chalcopyrite also appears to exsolve from sphalerite as oriented rods 

nor~ally less than approximately 25 micron~ in diameter. One rod 

approximately 40 microns across contained a pyrrhotite core and a 

mackinawite "worm" each only a few microns wide. 
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Figure 13. Chalcopyrite (light) and sphalerite (grey) squeezed into 

fractured amphiboles (dark), l2.? X in water, Sample 75-42, 

field width is approximately 0.7 mm. 
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GALENA (PbS) - Galena is commonly found as inclusions in 

pyrrhotite, chalcopyrite, and sphalerite. Grain size is normally 

10-100 microns when it occurs in the finer-grained portions of the ore 

and as inclusions, but undeformed and disseminated grains occur up to 

0.5 mm. It is present in almost all samples in trace amounts but may 

be present locally to over 3 percent, particularly in the presence of 

average or higher concentrations of sphalerite. Frequently it fills 

available space between gangue minerals of the host rocks and is 

squeezed with or without chalcopyrite into the fractures of broken 

silicates. In more massive and deformed ore specimens, galena appears 

granulated similarly to sphalerite and chalcopyrite. Locally galena 

contains inclusions of chalcopyrite and rarely native bismuth or 

tetrahedrite. 

ARSENOPYRITE (FeAsS) - Arsenopyrite typically occurs as 

disseminated enhedrae about 0.01 to 0.1 rom throughout the ores and as 

in~lusions in silicates or calcite (fig. 14). Vein-like occurrences 

are rare but seem to he asssociated with more carbonate-rich portions 

of the ore. The enhedrae appear to be primary and are fractured only 

in areas of intense deformation, particularly in samples from the 

Betty Baker segment. 

PYRITE (FeS 2) - Pyrite is rare at most localities and occurs as 

tiny corroded grains approximately 5-50 microns wide. It is found 

most often within massive pyrrhotite but does occur as remnants in 

chalcopyrite aggregates and rarely included in sphalerite. At the 

Betty Baker mine, pyrite is locally abundant as corroded, fractured 
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Figure 14. Arsenopyrite euhedrae (white), chalcopyrite (light grey), 

pyrrhotite (medium grey) and gangue (black). 25 X in wate~ 

Sample 75-1, field width is approximately 0.35 mm. 
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euhedrae up to 5 mm in diameter in pyrrhotite (fig. 15). Pyrite up to 

1 cm have also been observed from miscellaneous drill core. 

Pyrite also occurs as a late-stage meteoric weathering product of 

pyrrhotite. The alteration appears to be concentrated along fissures 

within the ore and wall rocks. Many euhedrae have grown in a matrix 

of pyrrhotite and transparent alteration products (fig. 16). These 

grains also may show oriented inclusions of sphalerite, chalcopyrite, 

and pyrrhotite, indicating successive periods of growth. 

CUBANITE (CuFe2S
3

) - Cubanite is occasionally present as 

exsolution lamellae approximately 20 microns wide and up to 1 mm in 

length in large grains of chalcopyrite. Blades are optically 

anisotropic and are, therefore, probably of the orthorhombic form. 

Anhedral grains may occur with granulated chalcopyrite in the sheared 

portions of massive pyrrhotite. 

MACKINAWITE (Fel+xS) - Mackinawite c~mmonly occurs as worm-like 

bodies less than 10 microns wide in or directly associated with 

chalcopyrite (fig. 17). It also forms borders of approximately 5 

microns between chalcopyrite and pyrrhotite (fig. 18). Few isolated 

grains are present in pyrrhotite. 

Complete analysis has not been achieved because of the small 

grain size, but a traverse using an electron microprobe indicated a 

small rise in metal/sulfur ratio relative to adjacent pyrrhotite. 

Traces of nickel were detected in the mackinawite but were absent in 

the adjacent pyrrhotite or chalcopyrite. 
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Figure 15. Fractured and corroded pyrite euhedrae in pyrrhotite 

(matrix), 12.5 X in water, Sample,JRC 522, field width in 

approximately 0.7 mm. 
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Figure 16. Pyrite forming in pyrrhotite fracture (matrix) as a result 

of weathering, 12.5 X in water, Sample JRC 474, field 

width is approximately 0.7 rom. 
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FigQre 17. Mackinawite worms (dark grey) in chalcopyrite, 25 X in 

water, Sample 76-45, field width is approximately 0.35 rom. 
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Figure 18. Mackinawite borders (darker grey) surrounding 

chalcopyrite in pyrrhotite (remainder of field), 60 X in 

oil, Sample 75-68, field width is approximately 0.12 mm. 
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STANNITE (Cu
2

FeSnS
4

) - Stannite has been found only in ore 

specimens from the Gossan Howard mine_ It occurs as rounded inclusions 

generally less than 20 microns in pyrrhotite, chalcopyrite, and 

sphalerite (fig- 19). One grain was of sufficient size to obtain the 

analysis given in Table 4. 

BISMUTH (Bi) - Inclusions of native bismuth occur rarely in 

Grains are rounded and usually less than about 20 microns 

across • 20). Native bismuth is found only in samples that 

contain stannite. 

TETRAHEDRITE (Cu12Sb4Sl3) - Tetrahedrite occurs as very rare 

inclusions in galena. 

RUTILE (Ti02) - Rutile occurs ubiquitously as euhedral or 

rounded in association with all of the ore body_ 

Twinning is common and sometimes deformed. Honey-colored reflections 

predominate with some reddish tints. 

ILMENITE (FeTiD3) - Ilmenite is found with isolated concentrations 

of rutile in the host rocks. It occurs as euhedral laths about 0.01 

mm to 0.1 mm long. 

GRAPHITE (C) - Graphite is common to all portions of the ore 

body and wall rocks as radial aggregates up to 0.1 mm in diameter 

(fig. 21). Deformed blades are quite rare but occur in the more 

schistose units of the Ashe formation. 
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Figure 19. Stannite (medium grey) in pyrrhotite (grey) with minor 

chalcopyrite (light grey), 60 X in oil, Sample 76-58, 

field width is approximately 0.12 mm. 
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Table 4. Microprobe analyses performed at 15 kv and 0.15 rnA beam 

Core 

current using synthetic FeS, Cu
5

FeS
4

, ZnS, }fu, Cd, PbS, Sn 

as standards. 

Sphalerite Analyses 

FS 117-1398 1
, Sample 75-74 (coexisting with pyrrhotite) 

Grain No. Mn Fe Zn S Cd Total 

Sp-1 .39 7.00 48.27 33.02 .51 99.18 
Sp-2 .40 7.57 58.05 33.19 .38 99.58 
Sp-3 ~42 7.43 57.67 33.54 .27 99.32 
Sp-4 .45 7.65 58.20 32.74 .40 99.44 
Sp-5 .42 7.38 57.46 32.98 .14 98.38 
Sp-9 .50 7.12 58.82 33.60 .32 100.36 

Average .43 7.36 58.08 33.18 .34 99.38 
Standard 

Deviation .04 .25 .48 .34 .13 .64 

Gossan Howard, Sample JRC 481 (coexisting with pyrrhotite) 

Grain No. Mn Fe Zn S Cd Total 

Sp-1 .72 8.50 57.46 32.79 .28 99.75 
Sp-2 .63 8.41 57.77 33.29 .45 100.55 
Sp-3 .65 8.85 58.13 32.73 .27 100.63 
Sp-4 .70 9.75 57.23 33.42 .18 101.29 
Sp-5 .66 8.74 58.02 33.79 .00 101.20 
Sp-6 .66 7.74 58.68 33.12 .45 100.64 
Sp-7 .65 9.46 56.93 33.03 .00 100.06 
Sp-8 .60 9.48 55.93 32.80 .00 98.81 
Sp-9 .57 9.10 56.35 32.83 .31 99.15 
Sp-10 .61 9.79 54.83 32.96 .00 98.19 
Sp-11 .73 8.81 56.26 32.49 .29 98.68 
Sp-12 .62 9.00 56.96 32.98 .11 99.66 
Sp-13 .59 '9.75 56.56 32.77 .29 99.93 
Sp-14 .60 9.43 56.89 32.61 .67 100.19 
Sp-15 .67 8.72 56.97 32.83 .39 99.58 
Sp-16 .74 8.33 57.22 32.80 .46 99.55 
Sp-17 .58 9.05 57.13 32.82 .57 100.15 
Sp-18 .65 9.31 57.02 32.61 .16 99.75 
Sp-19 .64 9.01 56.46 32.15 .45 98.71 
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Table 4 (Continued). 

Grain No. Mn Fe Zn S Cd Total 

Sp-20 .54 9.40 56.82 32.56 .72 100.05 
Sp-23 .69 9.31 57.02 32.22 .49 99.73 
Sp-24 .67 6.86 58.49 32.75 .46 99.24 
Sp-21 .58 6.69 58.14 33.01 .11 98.53 
Sp-22 .64 8.97 55.22 32.87 .36 98.06 
Sp-25 .62 9.13 55.46 32.56 1.23 99.00 
Sp-27 .64 8.11 57.53 32.69 .20 99.18 
Sp-26 .66 8.81 56.00 32.67 .45 98.59 
Sp-31 .57 8.25 59.27 32.94 .20 101.23 
Sp-33 .64 8.41 58.19 33.02 .29 100.55 
Sp-34 .63 8.44 56.88 32.78 .51 99.23 
Sp-35 .55 8.55 58.54 33.49 .13 101.25 
Sp-37 .61 8.18 58.39 33.24 .36 100.79 
Sp-38 .59 8.48 57.86 32.93 .25 100.11 
Sp-39 .70 6.55 58.76 33.15 .93 100.08 
Sp-40 .63 6.50 59.06 33.42 .38 99.99 
Sp-44 .63 8.51 58.93 33.39 .33 101.78 
Sp-45 .61 6.58 57.96 33.39 .61 99.15 
Sp-46 .59 8.74 58.21 33.27 .33 101.16 
Sp-47 .77 8.72 58.06 33.25 .00 100.79 
Sp-48 .60 7.46 59.77 33.73 .20 101.77 
Sp-42 .57 7.75 58.81 33.80 .64 101.57 
Sp-50 .62 8.65 58.64 33.42 .13 101.46 
Sp-51 .67 6.72 59.67 33.09 .43 100.59 
Sp-52 .25 7.33 58.31 33.34 .45 99.69 
Sp-53 .71 8.68 58.06 32.78 .11 100.28 
Sp-61 .66 8.24 58.68 33.16 .00 100.75 
Sp-62 .81 8.77 57.15 33.34 .52 100.59 
Sp-64 .66 8.34 59.56 33.25 .04 101.84 
Sp-68 .64 13.48 52.44 32.91 .28 99.75 
Sp-69 .57 7.15 58.86 33.22 .51 100.32 
Sp-70 .66 7.61 58.35 32.65 .25 99.54 
Sp-75 .56 6.82 58.76 33.29 .50 99.94 
Sp-76 .65 8.09 57.74 33.39 .29 100.16 
Sp-77 .66 7.60 57.81 33.77 .30 99.75 
Sp-78 .76 7.70 57.57 33.12 .44 99.58 
Sp-80 .55 9.19 57.36 34.17 .00 101.27 

Average .63 " B.46 57.59 33.05 .34 100.07 
Standard 

Deviation" .OB 1.12 1.31 .40 .24 .94 
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'Table 4 (Continued) .. 

Gossan Howard, Sample 75-1 

Grain No. Mn Fe Zn S Total Assemblage 

Sp-2 .54 7.92 57.49 33.14 99.08 aspy 
Sp-3 .49 10.49 54.55 34.05 99.54 aspy, po, cpy 
Sp-4 .71 8.37 56.76 34.01 99.85 cpy 
Sp-5 .81 8.01 57.69 34.57 101.08 po 
Sp-6 .69 9.54 55.87 33.30 99.39 
Sp-7 .59 7.71 58.73 34.23 101.26 cpy 
Sp-8 .63 7.72 58.30 34.32 100.97 aspy 

Average .64 8.54 57.06 23.95 100.17 
Standard 

Deviation .11 1.07 1.46 .53 .91 

Gossan Howard, Sample 75-44 

Grain No. Mn Fe Zn S Total Assemblage 

Sp-2 1.04 8.94 56.69 33.41 100.08 cpy 
Sp-3 1.03 7.75 57.96 33.00 99.74 cpy 

Average 1.04 8.35 57.33 33.21 99.91 

Be'tty Baker, Sample JRC 529 (coexisting pyrrhotite + pyrite) 

Grain No. Mn Fe Cu Zn S Cd Total 

Sp-1 2.28 6.23 .. 34 58.37 32.26 .37 99.83 
Sp-2 2.20 5.64 .40 58.51 32.61 .33 99.70 
Sp-3 1.66 4.70 .37 59.69 32.89 .28 99 .. 60 
Sp-4 1.79 4.87 .38 58.88 32.82 .18 98.91 
Sp-5 1.66 4.57 .38 60.51 33.16 .00 100.29 
Sp-6 1.76 5.70 .50 59.69 33.30 .00 100.96 
Sp-7 1.47 4.45 .41 61.06 33.52 .00 100.92 
Sp-8 1.90 4.91 .41 59.69 32.47 .08 99.74 
Sp-9 1.76 6.04 .50 59 .. 39 33.71 .00 101.39 

Average 1.83 5.23 .41 59.56 32.97 .14 100.15 
Standard 

Deviation .26 .67 .06 .89 .49 .15 .80 
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Table 4 (Continued). 

Betty Baker, Sample JRC 523 (coexisting with pyrrhotite + pyrite) 

Grain No. Mn Fe Cu Zn S Cd Total 

Sp-1 .80 5.38 .40 60.33 33.40 .54 100.91 
Sp-2 .80 6.39 .68 58.37 33.77 .34 100.35 

Average .80 5.89 .54 59.35 33.59 .44 100.63 

Sphalerite Analyses Using Defocussed Beam to Pick Up 

Exsolved Copper Contents 

Gossan Howard, Sample 75-74, Random Analyses (coexisting with 
chalcopyrite) 

Mn Fe Cu Zn S Cd Total 

.71 8.30 . 21 57.39 . 33.68 .23 100.53 
.. 62 8.53 .09 56.70 33.58 .36 99.88 
.68 8.92 .14 56.75 33.47 .11 100.08 
.48 9.73 .19 54.75 33.52 .00 98.71 
.61 8.12 .14 56.79 33.75 .26 99.67 
.61 9.07 .11 56.20 34.21 .30 100.51 
.53 8.74 .09 55.62 34.10 .25 99.32 
.55 9.49 .11 55.95 33.82 .00 99.92 
.58 9.44 .12 56.24 33.56 .00 99.95 
.71 8.96 .08 56.29 34.64 .11 100 .. 79 
.64 9.04 .07 56.79 34.10 .52 101.16 
.66 9.62 .18 55.88 34.10 .34 100.77 
.52 9.94 .08 56.04 34.63 .03 101.23 
.61 9.19 .19 55.92 33.79 .36 100.05 
.71 8.62 .13 56.63 34.46 .16 100.70 
.98 8.26 1.64 55 .. 70 34.39 .36 101.33 

1.13 7.79 .28 57.29 33.29 .43 100.21 
1.13 7.36 .55 57.27 33.80 .05 100.16 
1.22 7.72 .53 57.10 34.06 .16 100.79 
1.19 6.70 .53. 57.71 35.13 .57 101.83 
1.07 7.03 .59 56.89 33.99 .36 99.93 
1.20 7.23 1.58 55.52 34.27 .54 100.33 
1.15 8.18 .42 56.84 33.79 .17 100.54 
1.06 8.20 1.69 55.53 34.22 .39 101.09 
1.10 8.07 .62 57.45 33.79 .16 101.19 
1 .. 16 8.68 1.48 55.92 33.67 .07 100.98 
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Table 4 (Continued). 

Mn Fe Cu Zn S Cd Total 

1 .. 06 8.30 1.25 56.78 34.12 .40 101.91 
1.09 7.90 .67 57.37 34.13 .34 101.50 
1.22 7.89 .33 57.31 34.68 .18 101.60 
1.09 8.20 .75 57.00 34.13 .32 101.48 

.99 7.55 1.21 55.93 34.80 .89 101.37 

.97 7.83 .58 57.36 34.76 .29 101.79 
1.11 7.35 .83 57.31 34.23 .50 101.33 
1.20 8.19 .85 56.98 34.43 .13 101.78 
1.09 7.11 .68 57.98 34.66 .11 101.63 
.. 54 6.86 .13 56.56 33.78 .56 98.42 

.40 10.16 .10 55.13 34.81 .70 101.30 

.39 7.88 .23 56.61 34.72 .97 100.80 

.46 8.16 . 11 56.32 34.93 . .50 100.49 

.51 8.27 .23 56.31 33.95 .26 99.53 

.43 7.42 .11 56.93 34.11 .55 99.55 

.56 7.89 .20 56.75 33.44 .54 99.37 

.52 7.12 .04 57.34 34.25 .58 99.84 

.46 11.16 .08 53.42 33.22 .42 98.76 

Average 
.81 8.32 .46 56.51 34.11 .33 100.55 

Standard Deviation 
.29 .95 .47 .86 .47 .23 .90 

Chalcopyrite Analyses 

Gossan Howard, Sample 75-44, Random Analyses 

Fe Cu S Total 

30.52 34.74 35.27 100.54 
30.88 34.79 35.00 100.67 
30.41 34.98 35.19 100.59 
30.38 34.94 35.67 101.00 
30.36 34.07 35.57 100.00 
30.58 34.64 35.89 101.11 
30.96 34.90 35.50 101.36 
31.04 34.81 35.30 101.15 
31.02 34.91 35.57 101.50 
30.60 34.59 35.58 100.77 
30.98 34.84 35.43 101.25 
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Table 4 (Continued). 

Fe Cu S Total 

30.73 34.30 35.44 100.46 
31.18 34.83 35.57 101.56 
31.15 34.45 35.50 101.11 

Average 30.77 34.70 34.46 100.93 
Standard 

Deviation .29 .27 .22 .44 

Gossan Howard, Sample 76-55 

Fe Cu S Total 

31.71 34.46 34.52 100.70 
32.76 35.69 32.64 101.09 
31.94 35.02 33.14 100.10 
31.77 35.51 32.37 99.64 
33.35 35.73 32.13 101.21 

Average 32.21 35.28 32.96 100.55 
Standard 

Deviation .72 .54 .95 .67 

Gossan Howard, Sample 75-1 

Fe Cu S Total 

32.57 34.17 35.23 101.97 

Gossan Howard, Sample .75-44 

Fe eu S Total 

31.00 35.16 34.08 100.24 
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Table 4 (Continued). 

Galena Analyses 

Gossan Howard, Sample 75-1 (Ag and Bi not 
detected) 

Grain No. Pb S Total 

Gn-1 85.53 13.51 98.95 
Gn-2 85.32 13.56 98.91 
Gn-3 85.57 13.46 99.11 
Gn-4 85.84 13.59 99.49 
Gn-5 85.23 13.54 98.76 
Gn-6 85.97 13.50 99.47 

Average 85.58 13.53 99.12 
Standard 

Deviation .29 .05 .30 

Gossan Howard, Sample 76-55 

Grain No. Pb S Total 

Gn-Ind 86.41 13.87 100.29 
Gn-l 86.55 14.02 100.57

1 Gn-2 85.43 13.75 99.22 
Gn-3 86.16 13.93 100.08 
Gn-4 86.91 14.27 101.19 
Gn-5 86.52 14.10 100.65 
Gn-6 86.21 13.86 100.08 
Gn-7 86.03 13.90 99.93 
Gn-8 86.77 14.01 100.78 

Average 86.33 13.97 100.31 
Standard 

Deviation .44 .15 .57 

1 Included .87% Bi. 
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Table 4 (Continued). 

Stannite Analyses 

Gossan Howard, Sample 76-55 

Fe Cu Zn S Sn Total 

14.59 29.97 1.55 30.13 23.88 100.13 

Pyrrhotite Analyses 

Gossan Howard, Sample 75-1 

Fe S Total 

62.25 37.84 100.17 

Gossan Howard, Sample 75-44 

Fe S Total 

61.59 38.98 100.59 
61.06 37.75 98.84 

Average 61.33 38.36 99.72 
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Figure 20. Bismuth (light) inclusion in galena, 60 X in oil, Sample 

76-57, field width is approximately 0.12 mm. 
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Figure 21. Graphite (mottled) in amphibole (dark) with chalcopyrite 

(lightest) and pyrrhotite (light), 25 X in water~ Sample 

75-40, field width is approximately 0.7 mm. 
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TEXTURES 

The ores of the Great Gossan Lead both megascopically and 

microscopically are typified by a variety of metamorphic textures. 

The intercalation of sulfides and gangue, pronounced foliation, and 

the frequent development of kink bands, microfolds, and micro-shears 

demonstrate that the ores and host rocks have been subjected to at 

least one metamorphism. In outcrop, blocks of gangue up to 20 feet 

across have been reported by Ross (1935). In hand specimen, lenses, 

blocks, and wisps of silicates up to several centimeters across occur 

in varying amounts. Brecciated to rounded blocks of quartz-muscovite 

schist are common and occur along with foliated to folded chlorite 

schist. Knots of carbonates are often conspicuous. Amphiboles form 

radiating aggregates up to 10 centimeters in diameter. Sphalerite is 

not usually detectable, but patches and veinlets of chalcopyrite are 

distributed throughout the ores. 

In polished section the megascopic textures are repeated on a 

smaller scale, exemplified by the intercalation of silicates with 

sulfides and the presence of fractured gangue with sulfides injected 

into fractures. Some samples appear to be undeformed where 

pyrrhotite is strain-free and exhibits triple junctions with 

characteristic solid angles approaching 120°. The zones may be the 

result of annealing, but evidence of strain is generally absent in 

the gangue minerals. However, where deformation of the gangue is 

pronounced such as curved twin lamellae, crumpled mica books, and 

fractured silicates, kink banding and undulose extinction are 
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prevalent in pyrrhotite. The finer-grained zones of pyrrhotite occur 

in proximity to severely fractured gangue minerals and contain 

granulated inclusions of sphalerite, chalcopyrite, and galena. 

Granulation can be frequently observed near pressure shadows developed 

adjacent to the harder gangue inclusions. Ore minerals are coarser 

grained adjacent to the inclusion but change abruptly to finer-grained 

material trailing away, indicating some movement and subsequent 

recrystallization (fig. 10). Other examples of deformation include 

fractured pyrite and arsenopyrite euhedrae at the Betty Baker mine. 

Coarse-grained pyrrhotite sometimes shows fine-grained borders between 

grains, possibly the result of small displacements parallel to grain 

boundaries and recrystallization (Stanton and Gorman, 1968). In more 

intensely deformed areas, chalcopyrite, sphalerite and galena have 

been squeezed or injected into fractured silicates (fig. 13). 

Experimental studies on the deformation of the common base metal 

sulfides can be applied to the ores of the Great Gossan Lead. Clark 

and Kelly (1973) demonstrated that pyrrhotite and sphalerite become 

ductile in behavior at temperatures and pressures below the zeolite 

facies. These transitions occur well below the thermal limits of 

metamorphism of the ore body and, thus, can account for the 

development of microshears common in the ore zone. Clark and Kelly 

(1973) note that below approximately 250°C the strength of pyrrhotite 

exceeds sphalerite, but at higher temperature this relationship is 

reversed. In addition, the lack of deformation twinning in pyrrhotite 

requires temperatures of less than 250°C during deformation. Galena 
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and chalcopyrite have been shown to readily mobilize under very low 

stresses at much lower temperatures and pressures (Salmon et al., 

1974; Kelly and Clark, 1975; Roscoe, 1975). The observed failure and 

granulation of sphalerite, chalcopyrite, and galena at less than 250°C 

explain the presence of microshears where these minerals are present. 

Annealing has occurred as illustrated by the triple junctions of the 

fine-grained pyrrhotite in the shears. However, the preservation of 

kink banding and undulose extinction indicates incomplete annealing 

just outside the zones of movement. Recrystallization and grain 

growth may have been inhibited by the presence of impurities and the 

initial differences in grain size (Stanton and Gorman, 1968). 

Distribution of chalcopyrite + pyrrhotite in sphalerite and 

cubanite + mackinawite in chalcopyrite suggests exsolution as an 

active mechanism although simultaneous crystallization cannot be ruled 

out. The absence of small blebs of chalcopyrite near grain boundaries 

and the presence of larger grains in sphalerite indicate that there 

has been diffusion of copper, but it is not possible to tell whether 

chalcopyrite occurring in curved rows were present before or after 

deformation. Scott and Barnes (1971) demonstrated that with 

increasing pressure, sphalerite in equilibrium with hexagonal 

pyrrhotite and pyrite accepts reduced amounts of FeS into its 

structure. Although not as yet confirmed experimentally, the solid 

solution of CuS into sphalerite probably behaves in the same manner. 

Accordingly, it is quite possible that increasing pressure resulted 

in the exclusion of iron and copper as CuFeS2 from the sphalerite. 
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Wiggins (1974) has shown that copper solubility is a function of the 

Fe-content of the sphalerite and thus elimination of iron from 

sphalerite will likely force a reduction in copper content as well. 

Wiggins (1974) also showed the copper content in sphalerite is 

sensitive to both temperature and activity of sulfur in the range of 

500-800°C. The effects of these parameters are unknown, however, 

below 500°C. 

The upper thermal limit of approximately 170°C for mackinawite 

(Takeno et al., 1970) indicates that the mackinawite formed after the 

main metamorphic event. The mackinawite apparently formed from an 

iron-rich chalcopyrite. Nickel is noticeably rare to absent in 

massive sulfide deposits such as those in the Great Gossan Lead but 

traces have been found in the mackinawite. Whether the nickel simply 

prefers the mackinawite as a residence or actually contributed to its 

nucleation is unknown. Mackinawite is, however, the only phase 

observed to contain nickel. 



DISCUSSION 

Although the ores of the Great Gossan Lead have never before been 

examined in detail, the district has commonly been compared (Weed, 

1911; Ross, 1935; Kinkel, 1967) with other similar massive sulfide 

deposits of the Appalachians such as Ducktown, Tennessee; Ore Knob, 

North Carolina; and Elizabeth, Vermont. There is indeed a marked 

similarity in terms of the gross mineralogy and chemistry of the ores 

and host rocks, the ages, the geologic setting, and the metamorphic 

overprint. Weed and Watson (1906) first proposed an origin for the 

ores of the Great Gossan Lead type requiring faulting and subsequent 

base metal deposition along the fractures by hydrothermal fluids. 

Ross (1935) considered that all of these deposits formed as replacement 

bodies along shear zones and cited what he believed to be several 

distinct periods of hydrothermal alteration. Stose and Stose (1957) 

concluded that the hydrothermal solutions were introduced after most 

of the deformation of the district and migrated along foliation planes 

a considerable distance from their source. Kinkel (1962~ 1967) agreed 

with these interpretations but also recognized the metamorphic 

overprint on the ores at Ore Knob. More recently, Gilmour and Still 

(1968) have suggested that many of the massive base metal sulfide 

deposits of the southern Appalachians may be of volcanogenic origin. 

Anderson (1969) discussed volcanism and its relation to massive 

sulfides but eliminated the deposits of the Appalachians because 

metamorphism has removed ~vidence of primary sedimentary and/or 

volcanic features. 
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Clearly the metamorphism of the Great Gossan Lead has resulted 

in removal of original textures in both the host rocks and ores. 

Staten (1976) has determined that metamorphism reached a thermal 

maximum of 41S-4S5°C and notes that chlorite, biotite, and garnet have 

lower Fe/Mg ratios in the vicinity of the ores relative to non-ore 

regions. This observation is consistent with those of Kinkel (1962) 

and Salotti (1969) on Ore Knob and Ducktown, respectively, that the 

ores tormed before metamorphism and have reequilibrated with the host 

rocks during the metamorphic episode. 

Assuming that the ore mineral assemblage now present, except for 

exsolved and inverted phases, reflects the mineralogy of the ores at 

the time of the metamorphic maximum, it is possible to estimate the 

activities of sulfur, oxygen, and arsenic at that time. Pyrrhotite 

within the ores consists of 47.3-47.7 atomic percent Fe and reveals no 

evidence of having changed composition through oxidation or exsolution 

after metamorphism. The data of Barton and Toulmin (1966) indicate 

that at a temperature of approximately 425°C this pyrrhotite 

composition would be in equilibrium with aS
2 

of about -9 10 atm 

(fig. 22). This aS 2 is consistent with that required for the presence 

of galena + bismuth ~d for the coexistence of arsenopyrite and 

pyrrhotite. In the pyrite-bearing portions of the ores, the aS
Z 

would 

have been slightly greater than 10-7 atm •. The effect of pre~sure on 

these curves is not great. The activity of As required to have 

arsenopyrite stable with pyrrhotite may be estimated at approximately 

-0 5 0 . 
10 • to 10 atm (Barton, 1969). The oxygen activity during ore 
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Figure 22. Log aS2 - liT diagram for the systems Fe-As-S (Barton, 

1969), Pb-S (Barton and Skinner, 1967), Bi-S (Barton and 

Skinner, 1967). Isop1eths of atomic percent iron in 

pyrrhotite (dashed lines) are after Barton and Tou1min 

(1966). Isopleths of mole percent FeS in ZnS were 

calculated using the thermodynamic data of Robie and 

Waldbaum (1968). The following mineral abbreviations are 

used: pyrite (py), pyrrhotite (po), arsenopyrite (aspy), 

lollingite (loll), galena (gn), and bismuthinite (bm). 
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formation may be delineated by the presence of graphite in the ores 

and immediate host rocks. The graphites require the a02 was 

approximately 10-25 to 10-27 (Lindsley, 1976). 

Unambiguous application of the sphalerite geobarometer to the 

Great Gossan Lead ores is unfortunately not possible. The sphalerite, 

although associated with pyrite and pyrrhotite, is iron poor. 

Compositions of sphalerite vary significantly from one end of the 

district to the other. Sphalerites occurring with hexagonal 

pyrrhotite at the Gossan Howard mine where pyrite is absent contain a 

range of about 11 to 17 mole percent FeS (Table 4). Sphalerite from 

an identical association in core 117 show an intermediate range of 

compositions from 12 to 13% FeS. However, samples from the Betty 

Baker show lower iron contents ranging from 8 to 11% FeS. Here 

corroded pyrite euhedrae occur in hexagonal pyrrhotite and sphalerite. 

Equilibrium in this assemblage is doubtful, however, because such a 

low iron content for sphalerite in equilibrium with pyrrhotite and 

pyrite suggests pressures from about 9 kb to well over 10 kb (Scott, 

1973, 1976). There is no evidence in the Appalachians for 

metamorphism at so high a pressure. It has been suggested the 

assemblage pyrrhotite + sphalerite may become supersaturated with 

respect to pyrite upon cooling from higher grades because of a lack of 

nuclei in a pyrite-free assemblage (Barton.and Skinner, in 

preparation). An assemblage of sphalerite + pyrite + hexagonal 

pyrrhotite may continue to react and subsequently the sphalerite 

becomes more iron poor. MnS contents vary somewhat from about 1 



81 

percent at the Gossan Howard up to almost 4 percent at the Betty 

Baker. These differences may be a function of a change in bulk 

composition. CdS contents vary from 0 to 1.5 percent but average only 

0.5 percent. MnS and CdS contents of sphalerite are not believed to 

affect the pressure dependence of FeS in ZnS (Schwarcz et al., 1975), 

but if the mole percent MnS is added to the mole percent of FeS, 

pressures then may have been on the order of 5 kb. Rankin (1973) 

recognized a Barrovian-type metamorphism in the Ashe formation with 

occurrence of chlorite to sillimanite grades in the Winston-Salem 

quadrangle. 

4-7 kb. 

Typical pressure would then fall into the range of about 

An alternative explanation for low iron contents in sphalerite 

may be that pyrite and sphalerite may have formed in a lower 

temperature environment such as a syngenetic precipitate. Iron 

contents would be initially low according to low temperature 

equilibria in the system Zn-Fe-S (Scott and Kissin, 1973). During 

metamorphism, while the bulk S content of the ores was decreasing, 

the sphalerite would tend to' incorporate more iron into the structure. 

In the case of the Great Gossan Lead this reaction may have been 

incomplete. 

Unfortunately, determination of these parameters merely gives an 

indication of metamorphic conditions but does not uniquely define the 

initial mode of origin. It is apparent that metamorphism has 

obliterated original textures, and Ross' (1935) criteria for a 

hydrothermal origin are not unambiguous. 
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The lithologies of the enclosing country rocks (Staten~ 1976) 

like those of Ore Knob (Kinkel, 1967) indicate that they are 

metasediments with interlayered volcanics. The bulk chemistry of the 

ores is consistent with that of volcanogenic cupreous pyritic ores 

(Hutchinson, 1973) if the pyrite has been nearly entirely converted to 

pyrrhotite. The microscope study of these ores has revealed that 

primary pyrite is now very rare and is restricted to highly corroded 

grains, an observation consistent with an original pyritic mass. In 

the system Fe-S (fig. 23), metamorphism caused a shift in bulk 

composition from pyrite only or pyrite + pyrrhotite to hexagonal 

pyrrhotite with a composition range of 47.3 to 47.7 atomic percent 

metals. Low temperature re-equilibration below about 100°C is 

evident by the presence of a 6C superstructure. The resulting loss of 

sulfur from the are zone could well be responsible for the zone of low 

Fe/Mg ratios in silicates immediately adjacent to the ores. The width 

of' this zone would likely be related to the width of the ore zone as 

it would depend on the amount of sulfur liberated during metamorphism. 

In the cores examined in the present study, Staten (1976) observed an 

iron depletion zone of 1-2 meters adjacent to ore zones up to 6 m 

thick. In contrast, at Ore Knob Fullagar et ale (1967) reported 

anomalous wall rocks up to 50 m adjacent to an are zone of 7 m thick. 

At Ducktown, Harvey (1975) and Brown (1961) observed lower indices of 

refraction in biotites as the ore is approached indicating a reduction 

of iron content. 
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Figure 23. The central portion of the Fe-S system (Kissin, 1974, after 

Francis and Craig, 1976). 
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The presence of chlorite schist as a common ore zone lithology 

indicates that an original zone of alteration could have been present 

prior to metamorphism. Other such zones are common to many massive 

sulfides (Anderson, 1969). These occurrences are particularly notable 

in light of the presence of similar zones enclosing the Kuroko ore 

bodies (Matsukuma and Horikoshi, 1970). 

The presence of shearing in the ores is not believed to indicate 

emplacement of the ores along a fault as suggested by Weed (1911), 

Ross (1935), and Kinkel (1967) but rather is interpreted as the result 

of sulfide strain under the stress of the metamorphic episode(s). 

Kelly and Clark (1973) have shown that, at temperatures above 

approximately 250°C, pyrrhotite becomes ductile in behavior. Kink 

banding and recrystallization of the pyrrhotite is obvious in polished 

sections. In addition, chalcopyrite, galena, and sphalerite are 

commonly injected into fractured silicates and into leaves of sheet 

silicates. Thus the mineralized pods would become zones of weakness 

in the metamorphosed sediments and volcanics. Deformation by 

shearing would develop more readily in the pyrrhotite pods under 

stress than in the surrounding schists and gneisses. 

In summary, the Great Gossan Lead ores are believed to have 

formed as massive pyritic deposits contemporaneously with sedimentation 

and basaltic volcanism. The bulk chemistry of the ores is consistent 

with other volcanogenic ores, but the lack of major volcanism in 

proximity of the ores makes it difficult to make a direct correlation 

with a volcanogenic origin. An alternative hypothesis involves a 
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synsedimentary origin as discussed by Rickard (1973). The enclosing 

graphitic quartz-muscovite schists and metabasites of the Ashe 

formation may have had their origin as the organic-rich sediments and 

contemporaneous volcanic activity suggested as necessary for the 

accumulation of metal sulfide deposits by Rickard (1973). Later 

metamorphism to the epidote-amphibolite facies caused recrystallization 

of the pyrite ores to pyrrhotite. The resulting release of sulfur 

would'form more iron sulfide and a zone of depleted Fe/Mg ratios 

forming an envelope of about 1-2 meters immediately adjacent to the 

ore. The ready mobilization of the pyrrhotite ores was responsible 

for the development of shearing in the zones during folding and 

faulting of the metamorphosed pile. 
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ORE MINERALOGY AND PARAGENESIS OF A PORTION OF THE 

GREAT GOSSAN LEAD DISTRICT, VIRGINIA 

by 

Donald K. Henry 

(ABSTRACT) 

The Great Gossan Lead is a Ne-Sw. trending belt of sulfide 

mineraliz~tion extending over 28 kilometers through Carroll and 

Grayson Counties in southwestern Virginia. The zone, which occurs in 

the metamorphic Late Precambrian Ashe formation, consists of a series 

of en echelon mineralized pods which pinch and swell irregularly along 

strike and are essentially concordant with the foliation. 

Ore mineralogy is dominated by hexagonal pyrrhotite with minor 

amounts of sphalerite and chalcopyrite. All other phases--galena, 

arsenopyrite, pyrite, cubanite, mackinawite, tetrahedrite, stannite, 

and native bismuth--are disseminated throughout the ores. Pyrite is 

locally common as corroded primary euhedrae in some are bodies. 

Sphalerite occurs as disseminated anhedral aggregates commonly 

containing oriented lamellae and blebs of chalcopyrite and pyrrhotite. 

Chalcopyrite and galena occur as disseminated grains and as veinlets 

squeezed into fractured gangue minerals. 

A strongly developed metamorphic fabric, the absence of mineral 

zoning, and the presence of a zone of iron depletion surrounding the 



ores indicate that the ores and host rocks have been subject to the 

same metamorphism. At a thermal maximum of 4l5-455°C, the ore 

assemblage would have developed a sulfur activity of approximately 

10-9 to 10-7 atm. and would have been subject to an oxygen activity of 

-25 -27 about 10 to 10 atm. 

The Great Gossan Lead is interpreted to have formed either as 

synsedimentary deposits or massive pyritic volcanism. Later 

metamorphism to the epidote-amphibolite facies and subsequent 

deformation produced the present mineral assemblage and deformation 

features. 


