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15. DATA REPORT: SULFIDE TEXTURESIN THE ACTIVE TAG MASSIVE SULFIDE DEPOSIT,
26°N, MID-ATLANTIC RIDGE 1

D. Brown? and K.R. McClay®

ABSTRACT

Ocean Drilling Program Leg 158 recovery from the active Trans-Atlantic Geotraverse (TAG) hydrotherma mound pro-
vided an excellent opportunity to study textures developed in an actively forming seafl oor-hosted massive sulfide deposit. The
TAG mound has a crude lithostratigraphy of approximately vertically stacked breccias that, at the base, consist of silicified and
chloritized wall rock of the stockwork zone; at intermediate levels, they consist of sulfide-silica breccia clasts in an anhydrite
matrix; and in the upper part they consist of massive sulfide breccias. Colloform pyrite-marcasite-sphalerite structures are the
dominant sulfide textures devel oped in the upper part of the mound. At intermediate depths, sulfide textures are dominated by
pyrite and chal copyrite replacement of wall rock along anhydrite veins and by the recrystallization of sulfide grains. At depth,
the deposit contains predominantly disseminated pyrite in a silicified wall-rock matrix, and sulfide veins cut the wall rock and
altered basalt clasts. These textures and their distribution within the TAG deposit are remarkably similar to those described for
the Cyprus ophiolite-hosted massive sulfide deposits.

INTRODUCTION that the lithostratigraphic sequence may have formed as a result of
multiple episodes of hydrothermal activity, faulting, and possibly
collapse of the mound during inactive periods and noted that the de-
posit appears to grow as an in situ breccia pile. This paper presents
textural data from pyrite, marcasite, sphalerite, and chalcopyrite, the
dominant sulfide phases in the TAG deposit, from near-surface sam-
ples to those from a depth of 120 meters below seafloor (mbsf).

Textural and paragenetic studies of massive sulfide deposits have
generaly been conducted on ancient, land-based deposits in which
primary micro- and mesoscopic textures usually have been modified
subsequent to formation of the deposit by processes such as deforma-
tion, metamorphism, or supergene ateration (e.g., McClay and Ellis,
1983; McClay, 1991; Gilligan and Marshall, 1987; Craig and V okes,
1993). Consequently, important information on the primary develop- SAMPLE PREPARATION
ment of massive sulfide depositsis either difficult to assess or miss-
ing. Ocean Drilling Program (ODP) Leg 158 recovery from the active
TAG massive sulfide deposit at 26°N on the Mid-Atlantic Ridge pro-;
vides a unique opportunity to study sulfide textures and paragene
from the internal parts of what can be considered a modern-day al
log, in terms of both internal structure and size, of ophiolite-hoste

Samples were prepared as polished thin sections for transmitted-
ht microscopy and as polished blocks for reflected-light microsco-

. Selected polished blocks were etched in warm 25% HNO
udy growth textures (e.g., grain boundaries and overgrowths), dif-

massive sulfide deposits such as those found in Cyprus and Bet rent mineral phases, and deformation textures (dissolution, brecci-

) . ion, and recrystallization). The etching process is a simple and non-
(_:ove_, Newfoundland (e.g., Herzig and Hannl_ngton, 1995)' Beca.lusc?estructive technique in which the sample is immersed in warm
little is known about the internal nature of actively forming MasSIVE, -t with the process often repeated several times, until the de-
sulfide deposits (with the exception of the Middle Valley deposit; ired dégree of etching is achieved !
Mottl, Davis, Fisher, Slack, 1994), previous studies have been Iargeﬁ/ '
been confined to seafloor-surface samples obtained by dredging and
submersible (e.g., Thompson et al., 1985; Rona et al., 1993; Fouquet TEXTURES
et al., 1993, Graham et al., 1988), studies of textures in the TAG de-
posit provide important new information on how seafloor-hosted

massive sulfide deposits form and evolve. The uppermost part of the TAG deposit (from 0 to ~15 mbsf) con-

The internal structure of the TAG massive sulfide deposit consist I'tséts gﬁlcé?gsﬁantlr)i/tgfvr;%sige, (\:/%nutggczgoé?jusma}ggotr)r:gf:rfsglgy_
of a complex association of sulfide-anhydrite-silica breccias, wall-, ~ h m py far th y f P hi fth
rock breccias, and altered wall rock of the stockwork zond'oWt banding is by far the most common feature in this part of the

: ; ; . : deposit (Pl. 1, Fig. 1). Individual and composite colloform pyrite
Humphris, Herzig, Miller et al., 1996; Humphris et al., 1995). The ) . . - . A
SI'AG r?lound has g crude lithostratigraphy coFr)lsisting of appro>)(imates-trUCtures are cemented by fine-grained, typically cubic pyrite with

ly vertically stacked breccias (Fig. 1) that, at the base, consists of g’[]IC(Ometerl-lscale QVOW(tjh banding r(]PI. 1, Fig. 2). The co.llofo‘;.m b?nQ-
licified and chloritized wall rock of the stockwork zone. At interme- "9, 'S usua y truncated against the cement, suggesting dissolution
gnd precipitation processes have been active (Pl. 1, Fig. 3). Rarely,

diate levels, it consists of sulfide-silica breccia clasts in an anhydrit, e banding is partly recrystallized into very fine grained, equant to

m::;i);’ al\ﬂﬁlyel:] tgte ;I p?gggtéggmﬁigﬁ r?sugltd;brgggg;s ‘sﬂggeit:ggnhedral, pyrite grains. These colloform structures are typically

! ' ) ) cored by an assemblage of crystalline pyrite, chalcopyrite, and
sphalerite, indicative of mineral precipitation within a fluid conduit.

Herzig, PM., Humphris, SE., Miller, D.J, and Zierenberg, RA. (Eds.), 1998. Locally, these phases form a roughly equant structure, with a pyrite

Proc. ODP, Sei. Results, 158: College Station, TX (Oceen Drilling Program). core, rimmed by chalcopyrite, and an outer rim of sphalerite (PI. 1,

2|nstituto de Ciencias de la Tierra “Jaume Almera,” CSIC, Lluis Sole i Sabaris s/ng; f ; ;
08028 Barcelona, Spain. dbrown@ija.csic.es Fig. 4), suggestive of a completely blocked conduit. In one location,

sDepartment of Geology, Royal Holloway, University of London, Egham, Surreyfr_aCtureS in pyrite are infilled Wi_th sphalerite and chalcop_yrite (PL. :!-,
TW20 OEX, United Kingdom. Fig. 5). Equant to euhedral pyrite overgrowths, locally with 120° di-
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hedral angles, on colloform cores are common (PI. 1, Fig. 3). Lami-
nated pyrite with a euhedral, cubic morphology (PI. 1, Fig. 6) isless
common in the upper part of the deposit.

The majority of marcasite in the TAG deposit occurs within the
upper 20 m (Humphris, Herzig, Miller et a., 1996). Marcasite gener-
aly occurs as colloform growth structures with numerous microme-
ter-scale growth laminae (Pl. 2, Fig. 1), commonly interbanded with
colloform pyrite and sphal erite. Recrystallization of marcasite grains
iswidespread (Pl. 2, Fig. 2). Replacement of marcasite by anhedral,
fine-grained pyrite is also widespread (Pl. 2, Fig. 1).

Like marcasite, the mgjority of sphalerite in the TAG deposit is
found within the upper 20 m. By far the most common sphal erite tex-
ture is growth-banding of subhedral to euhedral grains, usualy re-
placing both colloform and coarsely crystalline pyrite (PI. 2, Fig. 3).
True colloform sphalerite israre, and it istypically interbanded with,
and commonly replacing, colloform pyrite (P. 2, Fig. 4), or euhedra
pyrite. Colloform sphalerite is intimately associated with growth-
banded, subhedral to euhedral sphalerite grains, suggesting recrystal-
lization of the colloform structures.

Chal copyrite occurs throughout the deposit. The usual occurrence
of chalcopyrite, at all depths in the deposit, is amorphous grain as-

Figure 1. Sketch of the TAG mound showing the distri-
bution of the various lithofacies and the location of the
Leg 158 boreholes (after Humphris, Herzig, Miller et
a., 1996; Humphriset a., 1995).
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semblages in selvages associated with anhydrite veining (see bel ow).
In the upper part of the deposit, chal copyrite also forms the cores of,
or replaces, colloform structures (see Pl. 1, Fig. 4).

At intermediate depths, between approximately 20 and 45 mbsf,
the deposit consists of complex pyrite-anhydrite and pyrite-silica
anhydrite breccias. Sulfide growth in this part of the deposit appears
to have been dominated by selvage-related replacement associated
with anhydrite veining. Selvages have acommon sulfide mineralogy
of chalcopyrite and pyrite, with lesser marcasite and minor sphalerite.
A selvage generally consists of chalcopyrite immediately adjacent to
the vein anhydrite, followed by pyrite abutting the wall rock (Pl. 3,
Fig. 1).

Textural relationships in these selvages indicate a complex chal-
copyrite-pyrite paragenesis. Facing the vein, pyrite has moderately to
well-developed growth banding extending roughly parallel to the
veinwall (Pl. 3, Fig. 1). Chalcopyrite and marcasite arelocally inter-
grown with the pyrite. Within, and facing thewall rock, pyrite grains
are subhedral to euhedral, usually with multistage growth textures
and widespread evidence of dissolution and precipitation (PI. 3, Fig.
2). Recrystdllization of pyrite is aso widespread, and it is common
that the new grain boundaries overgrow the multistage growth zon-
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ing, partially or wholly overprinting it (PI. 3, Fig. 3; locally, several
new grain boundaries appear to be active simultaneously). An earlier
generation of pyrite grains forms mottled inclusions within the new
grains. Chalcopyrite also occurs as inclusions in pyrite, and rare py-
rite veinlets cut the chal copyrite, suggesting several phases of sulfide
deposition and growth. Triangular to blocky chalcopyrite grains in
the silicate wall rock suggest that it has pseudomorphically replaced
aeuhedral pyritegrain (Pl. 3, Fig. 4).

At intermediate depths in the deposit, marcasite generally occurs
as growth-banded laminae that have been partially to extensively al-
tered to pyrite (Pl. 3, Fig. 5). Sphalerite occurs as subhedral to anhe-
dral, growth-banded grain aggregates, typically overgrowing pyrite
(Pi. 3, Fig. 6).

In the deeper parts of the deposit (from approximately 45 to 120
mbsf), sulfide textures consist predominantly of subhedral to euhe-
dral pyritedisseminated throughout silicified wall rock (PI. 4, Fig. 1).
These pyrite grainstypically contain abundant quartz inclusions, and
the bulging pyrite boundaries show clear evidence of replacement of
quartz (Pl. 4, Fig. 2). Pyriteisalso found in pyrite veinlets cutting the
silicified wall rock (M. 4, Fig. 3) and altered basalt (P 4, Fig. 4),
where the silicahas usually recrystallized along the veinlet margin to
form quartz. In the upper part of thisinterval, pyrite and chal copyrite
selvages are also associated with silica veins in the silicified wall
rock.

DISCUSSION

The clear vertical distribution of sulfide textures in the TAG
mound broadly represents different mechanisms of sulfide deposition
and growth and evolution of the deposit at different levels. Colloform
pyrite-marcasite-sphal erite structures in the upper part of the deposit
most likely represent fluid conduits(c.f. Tivey et al., 1995), cemented
by later subhedral to euhedral pyrite, suggesting that the main sul-
fide-forming mechanism in this part of the mound is by precipitation
in areas of focused fluid flow. However, the cement infilling the areas
between the colloform fluid conduits (Pl. 1, Fig. 2) further suggests
that diffusefluid flow played an activerolein sulfide formation in the
upper part of the deposit. The occurrence of fractures with aninfill of
sulfide (PI. 1, Fig. 5) indicates overpressuring and hydraulic fractur-
ing may have taken place, perhaps as conduits became blocked by
sulfide precipitation (Pl. 1, Fig. 4). Selvages associated with anhy-
drite veining were also an important sulfide-forming (particularly
chalcopyrite) mechanism in the upper part of the deposit.

At intermediate depths, sulfide selvages associated with anhydrite
veining become more important as areas of sulfide deposition. The
common mineralization sequence within selvages (PI. 3, Fig. 1) may
represent the evolution of the ore-forming fluid as it cools and/or
mixes, with the higher temperature fluid represented by pyrite and
progressively lower temperatures by chalcopyrite and, finaly, vein
anhydrite precipitating from entrained seawater. Alternation and in-
tergrowth of the sulfide phases in the selvages, together with wide-
spread evidence for replacement, recrystallization, and phase trans-
formations (i.e., marcasiteto pyrite), possibly indicate changesin flu-
id composition, temperature, and pH, and fluctuationsin the activity
and fugacity of S, and O, (e.g., Hemley et al., 1992; Marchig et al.,
1988; Hannington et al., 1995; Tivey et a., 1995). Sulfide veining is
more common in the deeper parts of the deposit, but the textural re-
lationships observed between pyrite and quartz indicate that fluctua-
tionsin the activity and fugacity of S, and O, also play an important
rolein sulfide mineralization in the stockwork zone.

The sulfidetextures and vertical zoning devel oped inthe TAG de-
posit are remarkably similar to those found in Cyprus deposits (Con-

stantinou, 1976, 1980). The development of similar textures in the
TAG deposit clearly point to the possibility of a primary origin for
features such as colloform pyrite and the cementing euhedral pyrite,
which in the Cyprus deposits are thought to be secondary in nature
(Constantinou, 1976, 1980).

CONCLUSIONS

The widespread occurrence of vein systems, dissolution, recrys-
tallization, replacement, and phase changesin the TAG deposit point
toward adynamic, changing hydrothermal system inwhich fluid flux
plays an important role in the mineralogical and textural evolution of
the deposit. These textures also indicate that the sulfide phases
throughout the deposit are undergoing frequent, if not constant, tex-
tural, and most likely chemical, modification, and suggest that the
evolution of a seafloor massive sulfide deposit involves a long and
complex history of growth and internal replacement. Significantly,
many of thetexturesfound inthe TAG deposit are similar to those de-
scribed in on-land ophiolite-hosted massive sulfide deposits, suggest-
ing that features previously thought to be secondary are, in fact, pri-
mary.
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Plate 1. 1. Colloform pyrite showing micrometer-scale growth banding. The central part of the colloform structures is infilled by pyrite, chalcopyrite, and
sphalerite (sp). Sample 158-9571-1N-1, 42—-46 cm. Etched in 25% HNO5; Normarski interference contrast. 2. Colloform structures are cemented by euhedral
pyrite with numerous growth bands. Sample 158-957E-10R-1, 9-10 cm. Etched in 25% HNO; Normarski interference contrast. 3. Colloform structures are
truncated by the cement, indicating that dissolution (arrow) and precipitation have occurred. Sample 158-9571-1N-1, 53-56 cm. Etched in 25% HNO; Normar-
ski interference contrast. 4. Roughly equant texture with pyrite (py) in the center, surrounded by chalcopyrite (cp), and the whole rimmed by sphalerite (sp).
Sample 158-957M-4R-1, 23-24 cm. Etched in 25% HNO; Normarski interference contrast. 5. Fractured pyrite (py) with the fracture infilled by chalcopyrite
(cp) and sphaerite (sp). Sample 158-957M-4R-1, 2-4 cm. 6. Growth-banded pyrite with a euhedral morphology. There are severa phases of pyrite growth
present, represented by various morphologies. Note that there is local recrystallization of pyrite (arrows) and late sphalerite (sp) also replaces pyrite. Sample
158-9571-1N-1, 18-23 cm. Etched in 25% HNO; Normarski interference contrast.
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Plate 2. 1. Growth-banded marcasite that is altering to anhedral pyrite (py). Sample 158-957M-4R-7, 2—-4 cm. Etched in 25% HNO; Normarski interference
contrast. 2. Subhedral grain of marcasite (mc) undergoing recrystallization. 158-957C-10N-1, 38-42 cm. Etched in 25% HNO; Normarski interference contrast.
3. Sphalerite (sp) replacing euhedral, growth-banded pyrite (py). Sample 158-957M-3R-1, 27-28 cm. Etched in 25% HNO; Normarski interference contrast. 4.
Colloform sphalerite (sp) replacing colloform and euhedral pyrite (py). Note that in the bottom left of the photograph, sphalerite has recrystallized to form euhe-
dral grains. Sample 158-957M-3R-1, 53-55 cm. Etched in 25% HNO; Normarski interference contrast.
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Plate 3. 1. Chalcopyrite (cp) and pyrite (py) selvage along an anhydrite vein. Note the well-developed banding in the pyrite, parallel to the vein wall. Sample
158-957C-7N-2, 81-82 cm. 2. Growth-banded, euhedral pyrite displaying multiple stages of dissolution and overgrowth. Sample 158-957P-6R-1, 18-20 cm.
Etched in 25% HNO3; Normarski interference contrast. 3. Recrystallizing pyrite with two active grain boundaries growing (arrows). Sample 158-957C-11N-1,
60-63 cm. Etched in 25% HNO3; Normarski interference contrast. 4. Triangular and blocky chalcopyrite (cp) grain that has pseudomorphically replaced a euhe-
dral pyrite (py) grain. Sample 158-957N-1W-16, 45-50 cm. 5. Finely banded marcasite (mc) recrystallizing to pyrite (py). Sample 158-957M-8R-1, 8-12 cm.

Etched in 25% HNO; Normarski interference contrast. 6. Growth-banded sphalerite (sp) replacing pyrite (py). Sample 158-957M-8R-1, 8-12 cm. Etched in
25% HNO; Normarski interference contrast.
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Plate 4. 1. Disseminated, euhedral pyrite (py) in asilica (qtz) matrix. Sample 158-957N-1W-1, 53-58 cm. 2. Pyrite replacing quartz (arrow). Sample 158-957C-
16N-1, 38-42 cm. 3. Pyrite (py) vein cutting silicified wall rock. Sample 158-957P-12R-4, 80—-82 cm. 4. Pyrite (py) vein cutting an altered basalt clast. Note
that the silica (gtz) has recrystallized along the margin of the vein. Sample 158-957E-14R-1, 48-52 cm.
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