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Formation of Massive Sulfide Lenses by Replacement of Folds:
The Hercules Pb-Zn Mine, Tasmania
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Abstract

The Hercules Pb-Zn deposit consists of a number of isolated, ellipsoidal massive sulfide
pods hosted in a tuffaceous slate unit of Middle Cambrian age. These pods are aligned
roughly parallel to the main cleavage and have completely discordant to moderately folded
bedding. Mineralization is localized in the short limb zones of parasitic F, folds from the
micro- to the macroscopic scale. Antithetic shearing induced along the bedding during Dy
caused localized dilation and fracturing of some of the short limb zones. This resulted in
alteration and replacement late in D5 such that S; was overprinted by the mineralization. The
following paragenetic replacement sequence exists: pyrite I = quartz — chlorite = pyrite I
— (sphalerite-galena-chalcopyrite). Pb isotope age data are consistent with the derivation of
the deposit from dispersed primary sulfides in the Mount Read Volcanics by synmetamorphic
mobilization into structural traps at higher levels in the crust.

Introduction

THE Mount Read Volcanics of western Tasmania con-
sist of felsic lavas, pyroclastics, and volcano-sedimen-
tary units that form the eastern side of a north-south-
trending Cambrian basin known as the Dundas
trough (Fig. 1). The volcanic belt is an important me-
tallogenic province and hosts two different types of
orebodies (Corbett, 1981, 1986; Solomon, 1981;
Collins and Williams, 1986; Corbett et al., 1989).
One type comprises Devonian granite-related, Sn-W
replacement and vein deposits, and the second type
consists of Cu-Pb-Zn massive sulfide deposits that are
generally regarded as being of Cambrian volcano-
genic (pretectonic) origin. Among the largest of the
Cu-Pb-Zn deposits are the Rosebery, Mount Lyell,
Hellyer, Que River, and Hercules orebodies.

The Hercules deposit occurs in a narrow, fine-
grained metasedimentary horizon within the mas-
sive, dacitic to rhyolitic “Central volcanic sequence”
(Central volcanic belt) of the Mount Read Volcanics
(Corbett, 1981, 1986; Corbett and Lees, 1987). The
deposit, situated on the western slope of Mount Ham-
ilton (2 km west of Mount Read; Figs. 1 and 2), was
discovered in 1897 and mined between 1900 and
1985. No access to the underground workings is pos-
sible, but there is good exposure of the ore and host
rock in road cuttings and several small open cuts and
cone-shaped surface pits above the underground
workings.

In plan and section, the orebody occurs as a series
of isolated ore lenses that crosscut the bedding in the
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host rocks (Figs. 3, 4a and b). The discordant nature
of the deposit led early investigators to conclude that
the orebody formed syntectonically and was struc-
turally controlled (Hall et al., 1954, 1965). However,
following subsequent volcanogenic interpretations
for the Rosebery and Mount Lyell ore deposits
(Markham, 1968; Brathwaite, 1969; Solomon et al.,
1969; Cox, 1981; Green, 1983; Green et al., 1981),
the Hercules deposit was reinterpreted as a strongly
deformed volcanogenic deposit (Burton, 1975;
Green, 1986, 1990; Eastoe et al., 1987).

Structural and microstructural analysis in the Rose-
bery mine (Aerden, 1991, 1992) supports a syntec-
tonic origin for the Rosebery orebody. Aerden pre-
sents evidence for the emplacement of mineraliza-
tion by metasomatic replacement of the host rock, at
sites controlled by foliation boudinage, and suggests
that Cambrian sulfides from the volcanic pile were
dissolved, transported upward, and redeposited in a
structural trap during Devonian deformation-meta-
morphism. The findings at Rosebery provide the im-
petus for reconsidering the origin of the other mas-
sive sulfide deposits in the Mount Read Volcanics, as
a common origin can be expected on the basis of simi-
lar mineralization style and isotopic signature (Gul-
son and Porritt, 1987; Solomon et al., 1988).

This paper presents structural relationships be-
tween the Hercules ore and the host rock. These rela-
tionships indicate syntectonic emplacement of the
orebody. Approximately coeval emplacement with
the Rosebery deposit is postulated.

Mine Geology

The ore lenses are hosted in an east-dipping tuf-
faceous sediment horizon within intermediate lavas
and pyroclastics of the Central sequence of the
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F1G. 1. The Cambrian Mount Read volcanic belt, including major Cu-Pb-Zn massive sulfide deposits.
Renison Bell, just outside the Central volcanic belt, is an Sn deposit.

Mount Read Volcanics (Figs. 1 and 2). Wall-rock alter-
ation associated with the orebody is developed both
stratigraphically below and above the host rock in the
volcanic units. In the immediate surroundings of the
ore lenses, the slate is pale yellow due to intense
leaching and sericitization (Fig. 2). In the lower parts
of the slate unit, patches of intense chloritization are
associated with disseminated mineralization.
Bedding layers could be traced continuously from
zones of dark, little altered, tuffaceous slate into
zones of strongly altered, sericite schist near the ore
lenses (Fig. 4b). Thus, the slate and sericite schists
appear to represent differentially altered parts of the
same fine-grained tuffaceous sedimentary unit. Previ-
ously, the pale sericite schist zone hosting the ore
was not recognized as the intensely altered equiva-

lent of the Black Slate. This is why the distribution of
the Black Slate does not accord with the bedding
structure (Figs. 3a and 4a).

The footwall and hanging wall to the deposit con-
sist of siliceous, feldspar phenocryst-bearing lavas
and pyroclastics. These rocks have been altered
to sericite-quartz-chlorite-epidote-carbonate assem-
blages and contain an anastomosing cleavage of vari-
able intensity (Green et al., 1981; Allen and Cas,
1990). The original contact between the slate and the
underlying volcanics is partially obliterated but
roughly coincides with the transition from sericite-
chlorite alteration to silica-dominated alteration in
the footwall volcanics. Local intense silicification in
narrow zones of intense anastomosing cleavage re-
sulted in a lithology named “quartz-augen schist” by
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previous mine geologists and researchers. The hang-
ing-wall contact between slate and volcanics is
faulted and marked by an unmineralized fault brec-
cia, up to 3 m wide.

Alteration and Metamorphism

The wall-rock alteration at Hercules is part of a re-
gional alteration system in the Mount Read Volcanics
that is associated with and intensifies near the mas-
sive sulfide deposits. This alteration produced Na,
Ca, and Sr depletion and K, Fe, Mg, Ba, Rb, and H,O
enrichment in the volcanics (Green et al., 1981;
Walshe and Solomon, 1981). Texturally, the alter-
ation is expressed by the growth of quartz, sericite,
chlorite, carbonate, and epidote and the destruction
of feldspar phenocrysts.

Green et al. (1981), Hendry (1981), McLeod and
Stanton (1984), and Eastoe et al. (1987) found that
within the Rosebery and Mount Lyell orebodies, vari-
ations in the Fe-Mg content of chlorite correlated
with mineralogical zoning patterns and variation of
sulfur isotope values, indicating that wall-rock alter-
ation was cogenetic with sulfide formation. It was rec-
ognized by some (e.g., Cox, 1981) that the alteration
assemblages had grown syntectonically, but this was
ascribed to recrystallization and solution-reprecipi-
tation of an identical pretectonic alteration assem-
blage. However, microstructural evidence was not
presented to support this assumption, whereas evi-
dence supporting syntectonic wall-rock alteration
has been presented by Aerden (1992) at Rosebery.
Walshe and Solomon (1987) calculated from the min-
eral assemblages and chlorite compositions that re-
gional metamorphic temperatures had been similar
to the temperatures of the ore fluids. The regional
alteration-metamorphic assemblages have been lo-
cally overprinted by a slightly higher grade, contact
metamorphic assemblage (biotite-garnet-fluorite-K
feldspar - quartz - tourmaline - pyrrhotite - magnetite-
bornite, and chalcopyrite) associated with late tec-
tonic, Devonian granite intrusions (Solomon et al.,

1987).
Structural Development

Structural mapping at Hercules revealed a macro-
scopic structure of doubly plunging, parasitic folds in
a dominantly east-dipping host-rock sequence (Figs.
3 and 4a). Mesoscopic fold geometries in bedding

FIG. 2. Geologic map of the mine area. The contact between the
Central volcanic belt and the Dundas Group is a steeply dipping
fault. The slate unit has been differentiated in a relatively unal-
tered part (Black Slate) and a part that is strongly sericitized
(strongly altered slate). Outcropping ore is indicated in black.
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FIG. 3. a. Structural surface map of the central and northern mine area. The projected ore lenses are
completely discordant to doubly plunging F folds. The position of the cross section of Figure 4a is
indicated by an arrow. b. F$ fold axes and L intersection lineations are doubly plunging and lie in a plane
(dashed line), which is the average orientation of S,. Poles to bedding (dots) lie on a fan of AC planes
(perpendicular to variably plunging fold axes) between AC1 and AC2. c. Point density contours for S, and
S, measurements (3¢ = uniform distribution). The average intersection lineation of S, and S, (L2)
plunges gently south-southeast and the stretching lineations (L3) on S,,; plunge steeply northwest, approx-
imately at right angles to L2.
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(So) are disharmonic and fold hinges die out rapidly
so that the folds commonly appear isolated.

A regionally developed, second generation cleav-
age (S,) at Hercules dips moderately to steeply east
and strikes north-northwest—south-southeast. Relics
of an S, foliation were only recognized in the strain
shadows of porphyroclasts and it is uncertain
whether they represent a true tectonic foliation or a
bedding-parallel fissility. No mesoscopic evidence
for pre-D, deformation was found.

An uncommon, weakly developed, subvertical,
northwest-southeast-trending cleavage was ob-
served in the field. In thin section it comprises a cren-
ulation cleavage (S,). In both horizontal and vertical
east-west thin sections, F2 crenulations have a “Z”
asymmetry (looking south), indicating south-plung-
ing crenulation axes and a shear sense along S, of the
east block north and downward (Bell and Johnson,
1992).

Thg L? intersection lineations plunge approxi-
mately 20° to the south while the LZ stretching linea-
tion pitches 70° NE on the S, cleavage planes (Fig. 3a
and b). The average orientation of the F9 fold axes
approximately parallels L.2.

Commonly, S; and crenulated S, are only pre-
served adjacent to rigid objects, such as pyrite por-
phyroblasts, volcanic feldspars, or early veins,
whereas an intense planar S, fabric dominates the
matrix away from the heterogeneities (Fig. 5a and b).
S, appears to be progressively decrenulated, whereas
S; becomes obliterated as the fabric passes from the
strain-protected regions into the matrix (Fig. 5a). In
other thin sections, S, and S; cleavages are both well-
developed in the matrix, but S; is deformed and de-
flected by narrow zones of intensified S, cleavage
(Fig. 6a).

Kinematic interpretation

Similar microstructures as described above have
been described elsewhere by Bell (1986, fig. 5) and
interpreted to indicate reactivation and extension of
an early cleavage during a subsequent deformation
event. See the Appendix for an outline of the reacti-
vation concept and the resulting microstructures. At
Hercules, post- or syn-D; shear movements along the
S, cleavage are indicated by the above described de-
flection of S, into zones of intensified and reactivated
S, (Fig. 6a). The movement sense is reverse, indi-
cated by the sense of curvature of S, into S, and by
offset veinlets. This shear sense is antithetic with re-
spect to synthetic shear along S; crenulation limbs, in
the context of being located on the east limb of a D,
macroscopic antiform (see Appendix), thus consis-
tent with reactivation of S, during D; folding (Bell,
1986). The reactivated S, cleavage is referred to as
the ‘S, cleavage” (S, reactivated during D,).

The geometry of mesoscopic tolds, which rapidly
die out along their axial plane, is also consistent with
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progressive unfolding due to bedding anisotropy-in-
duced shearing (Fig. 7). These folds have the domi-
nant cleavage as axial plane and are therefore inter-
preted as F, folds. No macroscopic F, closures were
recognized. Parasitic F, folds and F, crenulations
have the same asymmetry and both are believed to
have been partially destroyed by reactivation of S,.
This does not imply that wherever S, is not devel-
oped it was destroyed by reactivation of S,. It is also
possible that in large areas, particularly in competent
zones, S; never did develop and S, was immediately
reactivated at the onset of D; deformation.

Orebody-Host Rock Relationships

A surface map combining trace lines of bedding
and cleavage juxtaposed on a projection of the ore-
body was produced to study the structural position of
the ore (Fig. 3a). Because most of the ore occurs near
the surface, the ore lenses were projected to surface
along their dip direction from a series of 100-ft-
spaced, east-west cross sections by Lees (1987) from
drill core information and early underground map-
ping. Ore up to 25 m deep was projected to the sur-
face, because at deeper levels the structural map pat-
tern may deviate significantly from that observed at
the surface and the distribution of mineralization
may not bear any relationship to the structural pat-
tern at the surface.

The map (Fig. 3a) shows the ore lenses discordant
to folded bedding, as observed by previous workers
(Hall et al., 1954, 1965). It further shows that the ore
lenses parallel the axial planes of F folds, which
trend slightly more north-south than the main reacti-
vated S,.5 cleavage (Fig. 3a-c). The apparent dips of
the ore lenses and the dominant cleavage (S,,;) are
oblique in cross section (Fig. 4a), with the cleavage
dipping slightly steeper. An explanation for the small
angle between the dominant S, 5 cleavage on the one
hand and the ore lenses and the F, hinge surfaces on
the other is given in a later section.

Outcropping ore lenses were observed to be di-
rectly associated with parasitic F, folds in the field
(Fig. 4b). The interpretative cross section (Fig. 4a)
shows localization of ore lenses in the short limb
zones of F, folds, based on the structural pattern ob-
served at the surface and all available bedding orien-
tation data on old mine level plans. Although, the
proposed structural position of the ore in parasitic
folds is largely interpretative, it satisfactorily explains
the strata-bound, en echelon arrangement of ore
lenses (Figs. 2 and 3a) and the parallel trends of ore
lenses and FY folds. On the map (Fig. 3a), the projec-
tions of ore lenses do not always coincide with fold
hinges. This could be due to the disharmonic charac-
ter of folds and their limited continuity along their
axial plane direction (Figs. 4a and 7). It is also possi-
ble that some fold hinges were almost completely
obliterated by sulfide, leaving these only partially




FIG. 4. a. Interpretation of the host-rock structure around the orebody on an east-northeast-west-
southwest cross section based on the surface data of Figure 3a and all the available underground data from
mine plans (on-section data represented by orientation symbols). Figure 3a shows position of the cross
section (continuous lines = bedding; dashed lines = dominant cleavage S,,;). The stippled area is the
Black Slate unit as it appears in previous mine sections, based on drill core logging, not on structure. The
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FIG. 5. a. Tracing (top) and photomicrograph (bottom) of a dextral, reactivated shear along S, during
D, which caused destruction of S; and rotation of S, to a steeper orientation. In the strain shadows of the
volcanic quartz crystals, S, retained a less steep orientation and S; is preserved. Reactivation of S, was
antithetic to the (sinistral) shearing along S;, deduced from the sense of curvature of S crenulation limbs
into the Sy, cleavage. (Vertical east-west section; large half-arrow symbol marks east, horizontal, and up;
see also Appendix and Fig. 17d and e; width of photomicrograph 2.1 mm). b. Tracing (top) and photomi-
crograph (bottom) of S, which was reactivated late during D; except in the strain shadows where S; is
preserved and S, has a less steep orientation, as where it reactivated (S,,5). Note the slight curvature of the
pressure fringes on pyrite toward their ends, suggesting the pyrite grains grew during late D, deforma-
tion.

ally parallel to S, or S,,5 and the pyrite grains truncate
the S, cleavage (Fig. 5b). However, some small pyrite
grains were observed with slightly sigmoidal pres-
sure fringes (Fig. 5b), possibly recording some exten-
sion during D, as well. Other pyrite grains are with-
out any pressure fringes and sharply truncate both

preserved above and below the ore lens (cf. Bell et
al., 1988; Bell, 1991).

Timing and Genetic Interpretation

Timing of disseminated pyrite

Disseminated pyrite grains and grain aggregates
occur throughout the mine area with quartz-chlorite
pressure fringes. The fringes at Hercules are gener-

the S; and S, cleavage seams.
In the immediate vicinity of the orebody, locally
higher concentrations of relatively large, euhedral py-

fact that the lower Black Slate boundary does not accord with the mapped bedding structure is because a
large part of the host rock was not previously recognized as a highly altered equivalent of the Black Slate
(see text). b. Traced photograph of the outcropping small ore lens shown in (a) just below the surface
(mirror image to have same viewing direction as (a)). Bedding is obliterated by intense alteration immedi-
ately adjacent to the ore (black), but above it, a short limb zone of an F, fold is observed (fold axes average
horizontal). The dashed line approximately separates what looks like Black Slate (left) from host-rock
tuffs (location coordinates: 5,366,700 mN, 376,680 mE, Australian map grid; see hammer on loose block
below massive ore for approximate scale).
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FIG. 6. a. Tracing of a thin section showing patches of sphalerite (Sph)-chlorite (Chl) mineralization in
a matrix of chlorite schist. The two large mineralization patches are localized in F, short limbs. The
mineralization sharply truncates bedding, S,, and S;. The S; and S; cleavages interfere in an anastomosing
pattern, which is ascribed to the partial reactivation of S, during D;. Reactivation is indicated by S; being
locally dragged into zones of intensified S, labeled S5 (see arrow). Note the rhomb shape of the larger
patch, controlled by the orientation of S, and/or S;. b. Tracing (top) and photomicrograph (bottom) of a
detail of (a) (area indicated) showing the abrupt truncation of S; and S, cleavages against the sphalerite-
chlorite assemblage and indicating replacement of deformed host rock (base of photomicrograph 1.7
mm). Metasomatic chloritization (associated with sulfides) was to some extent controlled by the preexist-
ing matrix fabric as indicated by preferential orientations of chlorite 001 planes, parallel to predating
cleavages in the matrix.
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F1G. 7. The geometry of this FJ fold observed at the surface at
Hercules in a horizontal plane is interpreted as indicating that an-
tithetic So-parallel shearing occurred after the fold developed. The
fold plunges 15° N (arrow). See Appendix section for explanation
(approximate Australian map grid coordinates: 5,366,220 mN,
376,750 mE).

rite crystals (0.5-1 mm) were found with variably de-
veloped pressure fringes parallel to S; and S,,;. How-
ever, many extensional pyrite margins, or portions of
these, apparently never did detach from the matrix as
they sharply truncate the S,,,; cleavage (Fig. 8a and
b). High concentrations of tiny pyrite euhedra (0.5-5
) occur next to the larger pyrite crystals and align
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along S, cleavage seams, locally aggregating into very
thin, continuous pyrite seams. Composite pressure
fringes also developed; they contain significant quan-
tities of sphalerite, galena, and/or chalcopyrite along
earlier contacts between large pyrite crystals and
their silicate pressure fringes.

The above observations are consistent with pro-
longed pyrite growth, from early to late or even post-
D, deformation. Some pyrite grains record D, defor-
mation and are clearly pre-D, deformation (see
above). These latter grains could have formed at any
time before D; deformation and be either volcano-
genic, diagenetic (pre-D,), or syn-D, deformation.
The base metal sulfides in composite pressure fringes
appear to have nucleated syn-D, at preexisting py-
rite-silicate fringe contacts, where they grew by re-
placement of the silicate fringe and possibly some re-
placement of the pyrite as well (Fig. 9).

Timing of patchy ore

The massive sulfide mineralization at Hercules
comprises sphalerite, galena, pyrite, chalcopyrite,
quartz, carbonate, chlorite, some barite, and white
mica. The abundance ratios of these minerals are vari-
able. In fact, massive, coarse-grained carbonate-silica
pods (mm-m scale), which occur within the host rock
can be regarded as sulfide-poor, gangue-rich equiva-
lents of the ore lenses. Texturally, the ore assem-
blages have a granoblastic, undeformed appearance
with typical grain sizes between 0.05 to 0.5 mm (Fig.
10a-c).

In the transition from unmineralized host rock to
massive ore, elongate sphalerite-rich patches de-
velop parallel to S; or Sy, and sharply cut across ¥
microfolds in the matrix (Figs. 6a and 11a). The sim-

FIG. 8. a. Undeflected S,,, cleavage is sharply truncated against pyrite grain, indicating that the grain
overgrew the cleaved matrix. After overgrowth, small pressure fringes still developed on parts of the
pyrite margins, indicating syntectonic growth (width of photomicrograph 2.1 mm). b. A portion of
strongly cleaved host rock is enclosed and truncated by large pyrite grains. Continued extension after
pyrite (Py) growth resulted in quartz (Q)-chlorite (Chl) being deposited at extensional pyrite margins

(width of photomicrograph 1.1 mm).
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FIG.9. Composite, metasomatic pressure fringe at a pyrite mar-
gin. Microfractures at an extensional pyrite matrix contact initially
resulted in the formation of a quartz fringe, by an unspecified com-
bination of microfracture infill and replacement of the microfrac-
ture wall. Subsequent fracturing at the quartz (Q)-pyrite (Py) con-
tact allowed replacement of quartz by sphalerite (Sph) and chalco-
pyrite (Cpy). Quartz relicts with identical crystallographic
orientation are marked with an asterisk. (crossed polarizers; width
of photomicrograph 1.7 mm).

plest form of these patches is a sphalerite-rich core
with an irregular rim of quartz, chlorite, or white
mica, although lesser amounts of the same sulfides
also exist outside the silicate zone. Partial replace-
ment of the silicate rims by the sphalerite core is sug-
gested by isolated silicate inclusions that have an
identical optical orientation as relatively large grains
with a corroded appearance along the leading sulfide
front. These two-dimensional inclusions are inter-
preted as relicts of the incompletely replaced larger
grains (Fig. 12a and b; compare with texture in Fig,
10a). It must be borne in mind that the inclusions as
observed in two dimensions might be connected to
the larger grain or to each other in the third dimen-
sion. However, the relevance of the microstructures
presented is the total erratic geometry of the phase
boundary with convex ingressions of one mineral into
the other. Such phase boundary geometries gener-
ally do not result from equilibrium (re)crystallization
of two phases (e.g., Stanton, 1972) but are more typi-
cal of reaction or replacement fronts.

Pyrite, chalcopyrite, and/or galena may be present
in minor quantities at sphalerite-silicate boundaries
and show similar replacement of the silicates as de-
scribed for the sphalerite. Corrosion textures of eu-
hedral pyrite cubes by surrounding base metal sul-
fides suggest that the latter grew slightly later in the
paragenetic sequence.

The relatively coarse-grained chlorite, quartz, and
white mica rims commonly show a weak pattern of
outward radiating grains that obliterates delicate F3
crenulations in the adjacent matrix (Figs. 6b and
11a). Nevertheless, S, and S, directions may be
weakly preserved within the silicate rim, probably

D. G. A. M. AERDEN

due to preferential nucleation and growth in preex-
isting crenulation hinge regions and mimetic over-
growth (Fig. 6b).

Geometric considerations: The distribution of min-
eralization along the axial planes of F} folds such that
it crosses the folded layering could, in principle, be
interpreted in two ways. Either discordant pretec-
tonic mineralization was subsequently flattened paral-
lel to the cleavage, or mineralization grew by syn- or
post-tectonic replacement and was controlled by the

FI1G.10. a.Replacementof two quartz grains by massive sphaler-
ite is indicated by the identical optical orientation of grouped
quartz inclusions, at least in two dimensions (marked with corre-
sponding symbols) and the erratic nature of the sulfide-quartz con-
tacts (width of photomicrograph 2.5 mm). b. and ¢. Relict inclu-
sions of intensely cleaved host rock. Replacement is indicated by
the sharp truncation of the S,,; cleavage by the highly irregular
massive sphalerite front without evidence for deformation of the
sulfide-host rock boundary. The sphalerite is undeformed and
shows extensive growth twinning.
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FiG. 11. a. Photomicrograph of patchy sphalerite-chlorite-
quartz mineralization in chlorite schist (obliquely crossed nicols;
base of photograph 40 mm). b. Tracing of left portion of (a). Miner-
alization crosscuts FJ folds and is localized in the largely replaced
short limb zones. The larger ore patches are composed of co-
alesced sulfide-silicate, core-rim complexes (stipple = sphalerite,
solid = quartz plus chlorite). Reactivation of S, cleavage is also
indicated by curvature of S; into zones of intensified S, (see
arrow). c. Tracing (top) and photomicrograph (bottom) of magnifi-
cation of top left corner of (a) and (b), showing overgrowth and
truncation of F3 folds and S, cleavage by sphalerite (width of pho-
tomicrograph 5.5 mm).
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FIG. 12. a. Advanced replacement of sericite schist by sphaler-
ite plus quartz along cleavage. The schist has been partially incor-
porated within the massive mineralization. Internal cleavages of
these host-rock inclusions are truncated by both the sphalerite and
the quartz (width of photomicrograph 18 mm). b. Tracing (top)
and photomicrograph (bottom) of a detail from the right bottom
corner of (a), showing replacement of an outer quartz (Q) rim by an
inner sphalerite (Sph)-chalcopyrite (Cpy) zone containing relict
inclusions of quartz. The optical orientation of such inclusions
shows that they are derived from partially replaced larger quartz
grains, commonly preserved at the leading replacement front
(arrows). The S, 5 cleavage in these inclusions of host rock are
sharply crosscut by the mineralization fronts. Note that sphalerite
grew in the pressure shadows of paragenetic pyrite grains (right
bottom corner; width of photomicrograph 5.5 mm).

D. G. A. M. AERDEN

axial plane of the F} folds. The second interpretation
is favored because:

1. The elongate geometry of mineralization, sub-
parallel to cleavage, would require intense deforma-
tion if one assumes that the mineralization is pretec-
tonic (Figs. 6a, 11a, and 12a). Yet open folds in the
matrix suggest only moderate deformation. This
means that the deformation would have to be concen-
trated in the sulfides. However, if this were the case,
strong deformation-partitioning effects, such as cleav-
age intensification and bedding rotating into parallel-
ism with cleavage, should occur along the margins of
the mineralization. In fact, the opposite is observed,;
bedding is truncated by the sulfides and neither the
intensity nor the orientation of cleavage is affected
by geometrically erratic, crosscutting ore contacts,
regardless of the degree of mineralization (Figs. 6b
and 11b—c). This strongly suggests late syn- or post-
D, overprinting of the host-rock cleavages by the sul-
fides (cf. Aerden, 1992).

2. Neither sulfide nor silicate components of the
mineralization show evidence of internal deforma-
tion. Annealing or dynamic recrystallization of the
sulfide minerals, commonly held responsible for the
lack of deformation microstructures in ores, could ex-
plain the generally uncleaved nature of the ore. How-
ever, preservation of intricate replacement geome-
tries between sulfide and silicate components and the
highly irregular nature of internal phase boundaries
(Fig. 10a—c) are inconsistent with intense deforma-
tion of the ore, regardless of whether or not intramin-
eralic annealing occurred. Intense deformation
would have flattened and smoothed primary contacts’
between mineral phases with different competen-
cies.

3. The rhombic shape of some zoned patches and
the angular geometry of the matrix-mineralization
contacts, which generally follow matrix-cleavage di-
rections, strongly suggest a combined control of S,
and S, on the localization of mineralization (Figs. 6a—
b and 11a—c).

Timing of massive ore

Transitional into the massive ore zone, sulfide
patches gradually coalesce, forming more complex
zonal patterns, and the matrix is progressively re-
duced to relict inclusions in massive ore assemblages
(compare Figs. 6a, 11a, 12a, and 13a). Individual co-
alesced patches can, in some cases, still be recog-
nized by the way remains of silicate gangue and host
rock are distributed. The massive base metal sulfides
have irregular invading contacts into the host-rock
inclusions as well as into relicts of paragenetically ear-
lier metasomatic minerals (coarse-grained quartz,
carbonate, and pyrite gangue). Replacement of the
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FiG. 13. a. Semimassive mineralization by sphalerite, galena,
and chalcopyrite (solid), associated with coarse-grained quartz
gangue (blank) that contains relict cleaved matrix (cleavage indi-
cated by dashed thin lines; length of photograph 3.2 ¢m). b. Trac-
ing (top) and photomicrograph (bottom) of detail of boxed area in
(a), showing massive sphalerite-chalcopyrite-quartz mineraliza-
tion that truncates the internal cleavage of a relic host-rock frag-
ment (width of photomicrograph 4.2 mm).

latter is again indicated by the identical optical orien-
tation of several grouped inclusions with highly irreg-
ular margins, suggestive of corrosion by the sulfide
assemblage (Fig. 10a).

The massive sulfide mineralization contains abun-
dant irregular relict inclusions of host rock whose in-
ternal cleavages are sharply truncated by erratic min-
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eralization fronts, without any evidence for deforma-
tion of these contacts (Fig. 10b and c). This texture
suggests that the mineralization formed late syn- or
post-D;, because deformation of irregular bound-
aries between materials of different competence can
be expected to have a smoothing effect on these con-
tacts by shearing off or flattening any irregularities.
One would also expect intensification and wrapping
of cleavage around protrusions of the more compe-
tent material into the softer material. However, nei-
ther of these relationships was observed. Instead,
both the S, and S; cleavages are truncated and un-
deflected at the mineralization fronts, and the erratic
front geometry suggests that the host rock was pro-
gressively replaced. Cleaved matrix inclusions occur
both in high-grade (sphalerite-rich) ore and in
gangue-dominated assemblages (Figs. 10b-c and
13a-b).

A complete gradation occurs from composite or
sphalerite pressure fringes growing off single pyrite
grains, to patchy and semimassive mineralization, to
massive pyrite-quartz-sphalerite mineralization con-
taining relict host rock. All these degrees of mineral-
ization show similar replacement relationships,
which yield the following paragenetic sequence: py-
rite = quartz plus chlorite = carbonate — late-stage
pyrite = sphalerite, plus galena, plus chalcopyrite.
This sequence is also found in the Rosebery ore de-
posit (Aerden, 1991, 1992). The above therefore
suggests a syn-D; timing of all the mineralization
types at Hercules.

Microstructural control on mineralization

In thin section, mineralization appears to be prefer-
entially localized in the short limb zones of F} micro-
folds. The axial plane cleavage (S,) of these folds is
crosscut at a small angle by S,. The degree of reacti-
vation of S, to form S,,; commonly varies at the scale
of a thin section and can be measured from the
amount of rotation of S; toward S,,;. Simultaneous
operation of synthetic shear parallel to S; and anti-
thetic shear along S,,, is indicated by S, curving into
zones of intense S; and zones of intense S,,5, dragging
the S; into them in the same thin section. S;- and
S,.3-dominated tracts thereby enclose rhomb-shaped
domains of lower strain (Figs. 6a and 11a).

The localization of the ore patches in short limb
zones can be rationalized in terms of preferential
fracturing and dilation in these structural domains,
thereby allowing fluid infiltration and metasomatic
replacement. Concentration of brittle deformation in
F) short limb zones could result from the high angle
of bedding to the direction of maximum bulk exten-
sion in these zones during the D; folding event (Fig.
14a). This could then lead to a pulling apart of individ-
ual bedding layers as their orientation could not favor
accommodation of folding by bedding-parallel shear.
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D, anticline

synthetic S;-// shearing
—_—S

L~

D, syncline

FIG. 14. a. Diagram explaining how dilatancy could be induced
in parasitic F, folds during antithetic shear along bedding. The
short limbs fracture and pull apart because they are at a high angle
to the bulk extension direction (see also Fig. 17b). b. The attitude
of S;, S,,4, and S; in the same volume of rock as shown in (a). The
short limb zones oppose reactivation of S,, which therefore re-
mains crenulated and undergoes less rotation. Antithetic shearing
in the long limb zones decrenulates S,, and steepens Sy and S;. In
this way S,,4 is at an angle to the short limb zones and S,.

Bedding in the long limb zones, on the other hand,
could occupy the extensional quadrant of the bulk
instantaneous, stretching axes. It could therefore ac-
commodate D; folding by antithetic layer-parallel
shearing and would require no fracturing (see Ap-
pendix). This scenario would lead to a progressively
decreasing angle between S, 4 and the long limbs,
whereas in the short limbs bedding would retain a
more stable orientation at a high angle to S, (Fig. 14b
and Appendix Fig. Ale). A higher angle between S,
or Sy.3 and bedding in the short limbs is exactly what
is observed in thin section (Figs. 6a, 11b, and 15).
The geometry of replacement domains in thin sec-
tion commonly reflects a combined control by S; and
Sas. In zones of intense S, reactivation, low strain
pods containing the short limbs of F, folds are narrow
and confined between zones of intense S, . Preferen-
tial mineralization of such domains could lead to
elongate ore patches parallel to S, (Fig. 15). In
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zones of moderate reactivation, deformation would
proceed by a combination of shearing along the S,
and S,,; cleavages. Bedding in these areas generally
would preserve a higher angle with the S, 5 cleavage
and low strain pods would be enclosed by both S,,,
and S; cleavage planes. Selective mineralization of
such low strain pods in some cases led to almost per-
fect lozenge-shaped mineralization patches as shown
in Figure 6b.

As already suggested, base metal sulfides generally
form the center of mineralization patches and re-
place the inner margin of the surrounding silicate
gangue. This pattern suggests that the host rock be-
came replaced across two telescoping replacement
fronts; an outer front leading a zone of replacement
by silicates, closely followed by a sulfide replacement
front. Sulfides at the margins of mineralization
patches can be explained as the latest stages of miner-
alization nucleating at matrix-mineralization contacts
with orientations at a high angle to the principle ex-
tension direction (Figs. 11b and 15).

FiG. 15. Sphalerite-chlorite-quartz mineralization in low strain
domains, confined between zones of intense reactivation of S, and
S,. In the low strain zones, S, and S, have a less steep orientation
and S, is preserved (see host rock at the extremities of the ore
patches). It is envisaged that these sites were preferentially re-
placed as they microfractured and boudinaged between the zones
of ductile shearing. Replacement of these sites is supported by the
uncleaved nature of the mineralization and truncation of S, and Sy
cleavages. The ore patches are roughly zoned with a silicate rim
and sphalerite core, suggesting that they are individual replace-
ment aggregates and not elongate, transposed portions of pre-D;
ore.
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Macrostructural control

The microstructural evidence presented above in-
dicates that the Hercules ore formed syn-D, and was,
at least on a small scale, localized by parasitic F,
folds. The bedding selectively gaped in these do-
mains during Dj; folding. Macroscopically, an identi-
cal structural position of the ore in the short limb
zones of F, folds is suggested (Figs. 3 and 4a—b). Con-
sequently, the same mechanism of fracturing-con-
trolled mineralization is invoked. The model predicts
an angle between the axial planes of F} folds (and S,
cleavage) and the S,,; cleavage outside the fold area
(Fig. 14b). This was observed in thin section and is
also expressed macroscopically in the slightly differ-
ent dips and strikes of ore lenses and F, fold trends,
versus the regionally dominant S,,, cleavage (Figs. 3a
and 4a).

At Hercules, bedding in the host rock is closely
spaced and gaping of bedding in the short limb zones
is thought to have led to localized increased perme-
ability. I suggest that the lens-shaped mineralization
domains parallel to cleavage, rather than bedding-
parallel mineralization in a discrete number of iso-
lated tension gashes, express the tract of generally
increased permeability. Recent studies of orebodies
attributed to syntectonic replacement have also con-
cluded that mineralization was commonly controlled
by zones of fracturing and brecciation, related to hy-
drothermal fluid infiltration and evidenced by reac-
tion with the immediate wall rock (e.g., Bell and
Cuff, 1989). Examples of different structural controls
documented in massive sulfide replacement deposits
are (1) unfolding and gaping of a discordant lithologic
contact during folding (Mount Isa, Queensland; Bell
et al., 1988), (2) fold-hinge dilation during folding
(Elura mine, New South Wales; de Roo, 1989; Haile
mine, North Carolina; Hayward, 1992), (3) discor-
dant lithologic contacts across thrusts, and (4) large-
scale foliation boudinage in a high strain zone (Rose-
bery; Aerden, 1991). Gaping on such macroscopic
anisotropy planes caused a sudden release of fluid
pressure and rockburst in the immediately adjacent
wall rock. This produced zones of pervasive micro-
fracturing around the gape that could be selectively
replaced (e.g., Hobbs, 1987; Bell et al., 1988).

Discussion
Pretectonic versus syntectonic ore genesis

Syntectonic mineralization overprinting primary
massive sulfide deposits is commonly formed by local
dissolution, fluid transfer, and redeposition of ore
into (replacement) veins. Consequently, it could be
argued that at Hercules partial dissolution of primary
sulfides was followed by redeposition of the dissolved
sulfides as replacements of wall rock along the origi-
nal boundaries of the (primary) orebody. Timing of
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mineralization based on the host rock-ore contacts
would falsely suggest replacement of host-rock schist
by the entire orebody, instead of by a marginal fringe
of remobilized mineralization.

Against this possibility at Hercules is the continu-
ous transition from syntectonic patches of mineraliza-
tion to massive ore with identical paragenetic tex-
tures (Fig. 16). There is no textural evidence for a
segregation into primary and secondary ore compo-
nents or for mineralization by a process other than
replacement of schistose sediments. This strongly
suggests that the scale is the only difference between
ore patches in hand specimens and the ore lenses. In
contrast to this, remobilized sulfides can generally be
distinguished from their source material by a differ-
ent texture and/or composition and occur in highly
localized zones of low strain or fracturing (Gilligan
and Marshall, 1987). Also, the cleavage-parallel mar-
gins in the Hercules orebody would be expected to
be sites of dissolution instead of redeposition. The
formation of a continuous fringe of remobilized mate-
rial around a precursor orebody is therefore highly
unlikely. There is no evidence either for a nearby
pretectonic orebody that could have been the main
source for the Hercules orebody. Consequently the
favored model at Hercules involves large-scale disso-
lution of disseminated sulfides, focused upward mi-
gration, and concentration in structural traps.

Volcanogenic models at Hercules are believed to
be inconsistent with the microstructural evidence for
syntectonic replacement throughout the orebody.
They are also difficult to reconcile with the macro-

FIG. 16. Schematic illustration of the transition from patchy ore
to massive ore (white) containing relics of host rock. At Hercules
all these mineralization types show the same paragenetic replace-
ment textures and sharply truncate cleavages in the host rock (thin
lines). Bedding is indicated by the solid lines; replaced bedding by
a dashed line. Note that the relicts of host rock within the massive
ore are shown to be controlled by small-scale short limbs within
the larger scale short limb represented by the right half of the
diagram. These small-scale short limbs have the same orientation
as the larger scale long limbs (east dipping), at a low angle to the
bulk extension direction, which inhibits fracturing apart from
beds. The drawing is purely speculative because bedding was gen-
erally not observed within the relicts of host rock.
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scopic geometry of the orebody. A number of hypo-
thetical models are considered below.

The discordant nature of ore lenses has been
ascribed by some to mechanical remobilization of sed-
imentary sulfide lenses (Corbett and Lees, 1987).
Similar processes have been widely applied in other
deposits (e.g., Sangster, 1979). Nevertheless, where
mechanical remobilization by ductile flow of sulfides
into zones of dilation has been demonstrated, gener-
ally involved relatively small portions of a larger pri-
mary orebody. Complete, solid state mobilization of
the ore, without any traces of the primary (concor-
dant) material remaining, is highly unlikely (Gilligan
and Marshall, 1987) and not supported by any evi-
dence at Hercules. Such a process would most likely
also have involved intricate folding of the primary
stratigraphic orebody zoning, but previous mine geol-
ogists have reported simple downdip mineralogical
trends within individual ore lenses (e.g., Lees, 1987).
Almost identical downdip mineralogical zoning has
been described in syntectonic massive sulfide lodes
in Wales (Phillips, 1972).

Perhaps a more viable pretectonic model would be
mineralization formed as isolated, subsurface replace-
ment bodies. Such bodies could initially have had any
shape but assuming a roughly equidimensional shape,
their present lens geometry (aspect ratios of 1/5-
1/15 common) would indicate extreme flattening.
This is contradicted by the structure of the immedi-
ately enveloping host rock showing a high angle be-
tween bedding and cleavage. Concentration of defor-
mation in the ore would most likely have resulted in a
narrow shear zone affecting bedding above and be-
low the ore lens. This is not observed and, in fact, the
oreislocalized in fold hinge regions, which are gener-
ally zones of relatively low strain compared to the
limbs of folds. Also, some massive quartz-carbonate
alteration lenses exhibit identical structural relation-
ships, despite having a higher competency than the
surrounding rock as indicated by slight cleavage
wrapping. Obviously, if the attenuation of these bod-
ies was due to deformation, the immediately
surrounding host rock should have been extremely
deformed and isoclinally folded.

The most viable pretectonic model, therefore, en-
visages a number of discordant replacement bodies
that formed primarily with a tabular shape. The asso-
ciation with F, fold hinges could then be attributed to
a mechanism of fold nucleation on the ore lenses, as-
suming these behaved as relatively competent bod-
ies. This model would be consistent with the lack of
internal deformation of the ore and the preserved in-
ternal paragenetic replacement relationships. How-
ever, apart from the microstructural evidence that
mineralization overprints the cleavage, this model
encounters two problems. First, there is no evidence
for any pervasively developed, pretectonic fracture
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set or foliation in the host rock. This would be re-
quired to control ore deposition in tabular bodies on
all scales. Second, it would be highly coincidental if
such a pre-D, fabric would exactly overlap with the
regional S, cleavage that developed subsequently.

Stratigraphic control on orebodies

Although small massive sulfide replacement veins
occur in shear zones stratigraphically above and be-
low the Hercules slate horizon (e.g., Ring P. A. and
east Hercules prospects), by far the largest concen-
trations of sulfides in the Rosebery-Hercules district
occur close beneath or within a well-layered slate ho-
rizon. This fact has been used to support sedimentary
exhalative ore formation at a specific stratigraphic
level. However, the association of the orebodies with
this stratigraphic unit is also expected in a syntec-
tonic replacement model. A thin slate layer
surrounded by massive volcanics s likely to accommo-
date regional deformation by concentrating shear
strain within it. A second potential role of the slate
units is as relatively impermeable barriers, allowing
fluid pressure to build up below. This would enhance
fracturing, dilation, and hence, mineralization (Phil-
lips, 1972; Sibson, 1981; Etheridge et al., 1983,
1984; Hobbs, 1987; Bell et al., 1988).

Source and transport of material

Pb isotope data suggest that the sulfides compris-
ing the Cu-Pb-Zn mineralization in the Mount Read
Volcanics are distinctly older than the tin-tungsten
mineralization from, for example, the Renison-Bell
mine, which is clearly related to Devonian granite
intrusions (Gulson and Porritt, 1987). Aerden (1991,
1992, in prep.) suggested that this age difference
could reflect different sulfide sources rather than dif-
ferent times of orebody emplacement. He suggested
that Cambrian sulfides within the Mount Read Vol-
canic pile were dissolved and migrated upward dur-
ing cleavage formation and metamorphism until they
were concentrated by reprecipitation in structural
traps. Such a concentration process would not neces-
sarily have altered the Pb and S signature of the Cam-
brian source material (cf. Solomon et al., 1987).

Transport toward sites of deposition may have in-
volved a combination of focused, upward fluid flow
and elemental diffusion through interconnecting
fractures and fluid films (Hobbs, 1987). The latter
process is generally considered less important, al-
though Bell and Cuff (1989) have recently argued
that the rate of diffusion along phyllosilicate domains
of active cleavages could be orders of magnitude
greater than the rates that have been experimentally
measured for passive, solid state diffusion. Although
this concept needs experimental verification, it could
account for the recorded volume losses in deformed
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rocks and the upward transport of large amounts of
material without needing the unrealistically high
fluid-rock ratios and many cycles of fluid recircula-
tion against lithostatic pressure gradients in the fluid
required by Etheridge et al. (1983, 1984). Transport
by diffusion would also explain the lack of extensive
fracture systems below both the Rosebery and Her-
cules orebodies, which would be expected if material
was transported purely by fluid advection (cf. Bell
and Cuff, 1989).

Eastoe et al. (1987) and Green (1990) defined a
broad zone of high Mg chlorite and low §'® isotope
values in the footwall to the deposit. They believed
that this mineralization occurred in the Cambrian.
However, focused hydrothermal fluid flow directed
toward the location of the orebody could also have
produced this alteration pattern during Devonian
metamorphism. Perhaps detailed mapping of the geo-
chemical zoning could provide further proof for the
timing of mineralization and alteration relative to re-
gional folding. The §'%0 values (Green, 1990) are
consistent with the Cambrian seawater-hydrother-
mal fluid-mixing hypothesis, but they are also consis-
tent with a metamorphic fluid which was not in equi-
librium with the volcanics but generated elsewhere
in the crust (i.e., from outside the volcanics). The
6'%0 data do not preclude a metamorphogenic origin
for the Hercules deposit.

Massive sulfides in the Mount Read Volcanics

A Devonian replacement origin of the Rosebery
and Hercules orebodies contrasts with a volcano-
genic origin for other massive sulfide deposits in the
Cambrian Mount Read Volcanics. Interpretation of
these deposits relies heavily on tentative prefolding
reconstructions of ore geometry and regional and
mine-scale geochemical zoning patterns; the timing
of mineralization relative to matrix microfabrics has
only been superficially considered (Brathwaite,
1969; Cox, 1981; Green et al., 1981; Large et al.,
1988; Zaw et al., 1990). Isotope data are consistent
with volcanogenic sulfides but not inconsistent with a
syntectonic origin of mineralization (Aerden, 1991,
1992). Therefore, microstructural timing and de-
tailed studies of the structural relationships between
the ores and their host rocks are necessary to verify
or reject a Cambrian origin.

Conclusions

Sulfide mineralization and alteration occurred by
the metasomatic replacement of slate during D; in
the Devonian. A syn- or post-D, timing of mineraliza-
tion is indicated by the overgrowth on S, and S, and
the gradual incorporation of replacement relics of
host rock in the massive sulfides and associated sili-
cate gangue. Slight anastomosing of S,,; around gan-
gue-rich pods and the occurrence of pressure
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shadows on early mineralization further constrains
the timing of mineralization to late syn-D,. Replace-
ment was controlled by localized dilation and fractur-
ing between beds in short limb zones of parasitic F,
folds. Paragenetic replacement relationships indicate
the following replacement sequence: early pyrite >
{quartz, chlorite} — late pyrite = {sphalerite, ga-
lena, chalcopyrite}. Isotope data are consistent with
the sulfides at Hercules and Rosebery, derived from
the Mount Read Volcanics through synmetamorphic
leaching, upward transport, and structurally con-
trolled concentration at higher crustal levels.
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APPENDIX

Cleavage Reactivation during Folding

When an early foliation is folded, two shearing sys-
tems are commonly competing: synthetic shearing
along the actively forming crenulation cleavage (e.g.,

S;) and antithetic, anisotropy-induced shearing along
the foliation being folded (e.g., S;; Choukroune,
1971; Bell, 1986; Johnson, 1990; Fig. Ala). “Reacti-
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FIG. Al. a. andb. The concept of bedding-controlled reactivation of a hypothetic cleavage S, during a
subsequent deformation event D, is illustrated. c. Parasitic F; and F, folds within the left-hand fold limb
of (b). dand e. (Unoriented) details of the upper parts of the Fy and F, folds in (c), respectively. The role of
rigid objects and low strain pods as preservers of prereactivation fabrics is also illustrated. See text for
explanation.

vation” of a foliation (Bell, 1986) occurs when shear-  shearing along the old foliation. This happens as the
ing along the actively forming foliation is arrested early foliation reaches a critical angle with respect to
and deformation proceeds dominantly by antithetic the bulk compression direction ¢, , after rotating into
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the extensional field of the bulk instantaneous strain
ellipsoid (ISE; Fig. A1b). Cleavage reactivation gener-
ally occurs on one fold limb only, as on the other limb
the foliation lies in the shortening field of the ISE and
is crenulated (Fig. Alb).

In bedded rocks, cleavage reactivation is com-
monly controlled by the bedding anisotropy, with
different degrees of reactivation in different beds.
Cleavage refraction from one layer to another is a
clear expression of this (Bell, 1986). Within a certain
bed, reactivation generally commences in narrow
zones that progressively broaden out, thereby caus-

D. G. A M. AERDEN

ing decrenulation and unfolding of (in the case of
Hercules) F; crenulations and folds, which formed
earlier during the same deformation event (Fig. Alc
and d). Note from Figure Alc that in zones where
reactivation occurs, the crenulation cleavage and the
older cleavage rotate toward each other. The original
orientations of these foliations are typically pre-
served in low strain zones and as inclusion trails in
syntectonic porphyroblasts (Bell, 1986; Fig. A1d and
e). Parasitic folds of an earlier deformation event (F,)
may also undergo unfolding if they have the same
assymetry as the F; folds (Fig. Ale).



