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28. COMPARISON OF THE TAG MOUND AND STOCKWORK COMPLEX WITH CYPRUS-TYPE

MASSIVE SULFIDE DEPOSITS

Mark D. Hannington,? Alan G. Galley,? Peter M. Herzig,® and Sven Petersen®

ABSTRACT

Drilling of the active Trans-Atlantic Geotraverse (TAG) deposit indicates that the size of the mound-stockwork complex is
approximately 3.9 million t, including 2.7 million t of massive and semi-massive sulfide (~2% Cu) at the seafloor and 1.2 mil-
lion t of mineralized breccias (~1% Cu) in a subseafloor stockwork. Quartz-pyrite veining in the stockwork zone extends from
about 40 meters below seafloor (mbsf) to a depth of 95 mbsf. Siliceous wallrock breccias in the lower part of the stockwork
grade abruptly into chloritized basalt breccias at the margins of the mineralized zone, and massive sulfides at the flanks of the
deposit onlap relatively unaltered, partially hematized basalts. The pipe-like dimensions of the stockwork zone do not exceed
the diameter of the sulfide mound. Comparisons with samples collected during earlier dive series confirm that the vent com-
plexes at the surface of the mound are not representative of the bulk composition of the deposit. Steep vertical metal zonation
within the mound suggests that along history of hydrothermal reworking has effectively stripped the constituents that are solu-
ble at lower temperatures from the massive sulfides and concentrated them at the top of the deposit through a process of zone
refining.

The bulk of the mound is composed of massive pyrite and anhydrite-cemented breccias. The massive anhydrite (~165,000
t) occupies a high-temperature zone, immediately beneath the central Black Smoker Complex and above the quartz-rich stock-
work. Fracturing in the underlying quartz-pyrite stockwork also has resulted in anhydrite veining at considerable depthsin the
stockwork zone. Despite the abundance of anhydrite in the mound, the amount of seawater penetrating the region of high-
temperature upflow is small in comparison to the total mass flux of hydrothermal fluid. The anhydrite has been deposited by
conductive heating of a small amount of entrained seawater at the margins of high-temperature conduits, and little or no mixing
has occurred with the end-member fluids. Collapse of the anhydrite-supported portion of the mound following major episodes
of hydrothermal upflow has caused extensive in situ brecciation of the mound and is an important mechanism for the formation

of “breccia ores” in the deposit. Although anhydrite is not well preserved in the geologic record, given its retrograitig solubil
it has likely played an important role in the development of similar ore types in ancient massive sulfides.

The morphology, size, and bulk composition of the TAG mound-stockwork complex is identical to that of some of the larg-
est Cyprus-type massive sulfide deposits in the Troodos ophiolite. Typical Cyprus-type deposits comprise massive brecciated
pyrite ores, underlain by a vertically extensive quartz-pyrite-chlorite stockwork. Sandy pyrite or conglomeratic orepsimilar t
that found in the TAG mound, is characteristic of the upper parts of Cyprus-type deposits. Textures in these ores, previously
attributed to seafloor weathering and erosion, are most likely the result of anhydrite dissolution. Massive, granulargyrite (h
compact ore), with abundant vuggy cavities lined by idiomorphic pyrite and quartz, occur below the conglomeratic ores and
closely resemble sections of massive pyrite and pyrite-silica breccias from the TAG mound.

At TAG, seafloor oxidation of the sulfides is currently taking place, even as the deposit is forming. Fe-oxide gossans have
developed at the surface of the mound as a result of weathering of chimney debris. These deposits are modern analogs of the
extensive ochers that typically overlie the massive sulfide deposits in Cyprus. By analogy with TAG, a number of the weather-
ing features of Cyprus-type deposits (e.g., red clays, leached lavas), previously thought to be products of acid alteration by
meteoric groundwaters, may have formed while the deposits were still on the seafloor. Low-temperature venting through this
material has locally produced distinctive red cherts (silicified Fe oxides). This material is common within the moundeand in th
underlying basalts and closely resembles the red jaspers found throughout the pillow lava sections in Cyprus. Silicification in
the upper part of the TAG mound also has produced a cherty, sulfide carapace at the top of the deposit that inhibit-further de
radation of the mound by seafloor weathering. This may have important implications for the long-term preservation of the
deposit, although dissection of the mound along active fault scarps may eventually expose its interior to seafloor oxidation.

An estimated growth rate for the TAG deposit, based on a total accumulation of 2.7 million t of massive sulfides and a
cumulative venting history of 5 to 10 k.y., is between 500 and 1,000 t per yr. This is consistent with observed growth rates fo
the central Black Smoker Complex and with estimates of mass fluxes from heat and fluid flow at black smoker vents on the
East Pacific Rise. Although TAG is among the largest of the known mid-ocean ridge deposits, grade-tonnage models for
Cyprus-type massive sulfides world-wide suggest that much larger deposits are likely forming elsewhere on the mid-ocean
ridges and at similar, slow-spreading centers in extensional back-arc basins.

INTRODUCTION

Active hydrothermal vents and black smoker deposits on the mid-
ocean ridges are widely recognized as probable modern analogs of
Cyprus-type massive sulfide deposits in ancient ophiolites (Table 1).
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The origin of Cyprus-type deposits at submarine hot springs has been
widely accepted for at least 20 years (e.g., Hutchinson, 1965; Panay-
iotou, 1969; Constantinou, 1972, 1973; Constantinou and Govett,
1973; Searle, 1972), and more than a decade of seafloor research at
active hydrothermal vents has not significantly changed the genetic
models for these deposits. Most studies of ophiolite-hosted massive
sulfides have included comparisons with active seafloor hydrother-
mal systems (e.g., Oudin, 1983; Oudin and Constantinou, 1984; Hay-
mon et d., 1984; Ixer et al., 1984; Koski, 1987). However, compari-
sons with modern deposits have been limited by the fact that their
gubsurface morphology and composition are not well documented.
Short of drilling an active sulfide deposit, direct observations of the
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Table 1. Grade and tonnage of selected ophiolite-hosted massive sulfide depositsin Cyprusand Oman.

Deposit Type Tonnes (t) Cu (%) Zn (%) Pb (%) Ag (ppm) Au(ppm) S (%)
TAG, Mid-Atlantic Ridge 3,800,000 2.0 0.4 <0.01 14 0.5 42
Troodos ophiolite, Cyprus
Limni massive 422,000 1.4 — — 3 3.4 —
Limni stockwork 16,000,000 1.0 0.2 — — — 14
Kinousa reserves 4,000,000 15 — — — — —
Kinousa massive & stockwork 300,000 24 34 — — — 44
Kinousa-Uncle Charles massive & stockwork 220,000 2.2 1.0 — — — 47
Mavrovouni — 15,000,000 3.8 0.5 — 39 0.3 49
Apliki — 1,650,000 1.8 0.2 — 5 — 40
Skouriotissa massive & stockwork 5,440,000 2.3 0.06 — 69 — 48
Phoenix stockwork 15,000,000 0.5 — — — — —
Ambelikou — 16,000 1.0 — — — — 45
Memi stockwork 1,500,000 0.1 — — — — 26
Alestos — 100,000 — — — — — —
Kokkinoyia reserves 1,000,000 1.5 0.2 — — — 35
Kokkinoyia massive & stockwork 500,000 3.8 — — — — —
Kokkinopezoula massive & stockwork 3,500,000 0.2 — — — — 24
Agrokipia A massive & stockwork 765,000 15 0.8 — — — 46
Agrokipia B stockwork 4,500,000 0.4 0.06 — — — 35
Pitharokhoma stockwork 2,250,000 0.5 — — — — 20
Kambia stockwork? 1,500,000 — — — — — 30
Kapedhes — 50,000 0.5 — — — — —
Mathiati massive & stockwork 2,800,000 0.2 1.0 — — — 33
Sha massive & stockwork 350,000 1.0 — — — — 25
Kalavasos-Mousoulos massive & stockwork 6,916,000 1.0 0.5 0.01 6 1.7 35
Platies massive & stockwork 45,000 2.8 — — — — 46
Klirou East massive & stockwork 420,000 1.1 1.4 — 23
Klirou West massive & stockwork 77,000 0.5 0.5 — — 21
Troulli — 270,000 1.0 — — — — 8
Peravasa — 90,000 0.8 — —
Semail ophiolite, Oman
Aarja massive & stockwork 3,200,000 15 0.9 0.01 — — —
Byayda massive & stockwork 900,000 3.1 1.4 0.01 11 1.2 —
Hyal-as-Safil massive & stockwork 8,000,000 1.3 0.6 0.01 10 0.6 —
Lasail massive & stockwork 8,200,000 21 0.04 —
Rakah massive & stockwork 400,000 7.7 1.2 0.04 25 19.0 —

Notes: Sources are Bear (1963), Pantazis (1967), Kortan (1970), Constantinou (1980), Alabaster et al. (1980), Adamides (1984, 1987) Batchelor (1992). — = no information.

development of a large mound-stockwork complex have not been 44° 50W 44° 48W 44° 46 W
possible. Although the study of modern black smokers has enhanced iy ‘ ‘ ‘ »
the understanding of depositional processes at the seafloor, the u ity
growth of large deposits has been the subject of much speculation Y e
(e.g., Campbell et al., 1984). " Siae ousorop
In this paper, we compare the nature and distribution of the prin- O ol ;
cipal ore types in ophiolite-hosted massive sulfides in Cyprus and 0 O e L e 10w
Oman with the results of drilling at Site 957. New evidence for the
internal structure of large sulfide deposits on the modern seafloor /Km
provided by drilling at the Trans-Atlantic Geotraverse (TAG) siteen- Axial high @P
hances current models for the genesis of Cyprus-type massive sul- O r
fides and suggests areinterpretation of the origin of several important B
ore types. Several key observations, such as the role of anhydritein O
the growth of the deposits, are adirect result of drilling an active sul- O
fide mound. 7 ) Eastern wall
Active mound
GEOLOGIC SETTING AND DESCRIPTION b% - 267 08N
OF THE TAG DEPOSITS £
TAG Hydrothermal Field v / /
1km
The TAG hydrothermal field is a site of major active and fossil 50w ‘ 4w ‘ o
44° 46'W

sulfide depositsin the rift valley and along the east wall of the Mid-
Atlantic Ridge at 26°N (Fig. 1). Hydrothermal deposits consisting ¢

active and relict sulfide mounds and Fe-Mn-oxides occur in an ar
of at least 5x 5 km at water depths ranging from 2300 to 4000 m.

Three main zones of sulfide deposits have been mapped, including
the actively venting TAG mound and two fossil high-temperatureActive TAG Mound
vent fields known as thklir zone and thélvin zone (Rona et al.,

Figure 1. Location of sulfide deposits in the TAG hydrothermal field (modi-
fied from Ronaet a., 1993a, 1993b). Contour intervals are 100 m.

19934, 1993b). Low-temperature Fe-Mn—-oxide deposits occur on top The active TAG mound occurs on the floor of the rift valley at
of the east wall between 2300 and 3100 m depth (Rona et al., 198870 m depth, 2.4 km east of the axis and 1 km from the east wall.
Thompson et al., 1985). The deposit occurs in an area of nhumerous pillow volcanoes (e.g.,

390



COMPARISON OF MASSIVE SULFIDE DEPOSITS

Smith and Cann, 1990), and the massive sulfides partly overlap the The black smokers are currently venting high-temperature fluids (up
northwest margin of a small pillow mound (500 m wide and 35 m to 366°C) from multiple spire-shaped chimneys up to 15 m in height.
high: Zonenshain et a ., 1989). Thevalley floor adjacent to the depos- The Black Smoker Complex is surrounded by a raised platform up to
it is generaly flat, although recently active, axis-parallel and trans- 100 m wide, which is covered by debris from the collapse of sulfide
verse faults and fissures up to several meterswide occur in the pillow chimneys (blocks ranging in size from tens of centimeters to several
lavas and sediments surrounding the mound (Kleinrock et al., 1995). meters across). Large blocks of coarse-grained massive anhydrite, up
Hydrothermal upflow at TAG appears to be focused by the intersec- to several meters, also occur at the base of the Black Smoker Com-
tion of the axis-parallel fissures and a set of east-northeast-trendipiex. The anhydrite blocks contain abundant coarse-grained, dissem-
faults. Several graben-like depressions on the surface of the mouirted pyrite and chalcopyrite that “weather” out of the anhydrite as
appear to be related to axis-parallel faults which bisect the easteitrdissolves. The resulting pyrite- and chalcopyrite-rich sand forms an
half of the deposit (Kleinrock et al., 1996). A major transverse faulapron around the Black Smoker Complex.

system is also evident in the east wall of the rift valley adjacent to the A field of active and inactive white smoker chimneys, up to 2 m
TAG deposit (Karson and Rona, 1990), although its relationship tbigh, occurs close to the southeast margin of the mound (Kremlin ar-
the vent field is not known. The local fissuring was likely an impor-ea). The white smokers presently discharge fluids at temperatures of
tant factor in the development of numerous pillow volcanoes in th65-300°C and appear to have grown on top of older sulfide debris
area, and the faults which have controlled hydrothermal upflow werduring a recent phase of hydrothermal activity. The white smoker flu-
probable conduits for dike intrusions feeding the nearby pillowids are strongly depleted in most metals and sulfur compared to the
mounds. Multiple episodes of hydrothermal venting at TAG duringblack smokers, suggesting that mixing, conductive cooling, and pre-
the past 50 k.y. may have been related to intrusive activity at severaipitation of sulfides has occurred within the mound prior to venting

of these volcanic centers (Lalou et al., 1995). (Edmond et al., 1995, Tivey et al., 1995). The distribution of vents
) ) across the TAG mound indicates a well-developed thermal profile
Mir Zoneand Alvin Zone with a central high-temperature upflow zone and a broader zone of

The Mir zone andAlvin zone are areas of discontinuous sulfide cooler hydrothermal upflow at the margins of the deposit.

. The sulfide talus on the surface of the mound is locally extensive-
outcrop perched on fault blocks of the adjacent Iower east wall,.at Wa oxidized resulting in the formation of Fe-oxide gossa)rlls with mi-
ter depths 0f.3400 _and 360(.) m. As many as four d|scretg, r_ellc_t Su%or secondary sulfides, jarosite, and atacamite (Thompson et al.,
fide mounds in th#ir andAlvin zones have been mapped, indicating y gag. Hannington et al., 1990a; Hannington, 1993). Samples of dis-
an extensive earlier phase of hydrothermal activity in the area (up ;L ’ N ! ' )

0
~100 ka). The sulfide deposits are presently being dissected by fau

[nctive red chert recovered from the surface of the deposit are inter-
ing along the east wall and thereby have undergone extensive m% ted to be products of late-stage silicification of Fe-oxide sedi-
wasting.

nts by low-temperature fluids leaking through the top of the

The Mir zone is ~2 km northeast of the active TAG mound anamOund (Hannington et al.,, 1990b; Tivey et al,, 1995). In places,

covers an area ~1000 m long by 900 m wide. It consists of extensive _a_II, low temperature cr_nmneys have grown on top of this older,
) . . . . oxidized debris (cf. Kremlin area).
sulfide outcrop interspersed with metalliferous sediment and Fe-Mn— . . )
During the last 50 ka, accumulating sulfide talus on top of the

qxide staining_. Al tr?fgdcenter of this zone igO%Iarge arﬁ(a (I)f serkr:icoh nound has progressively been buried by the growth and collapse of
tinuous massive sulfide, measuring up to m in strike length. T ) X ; !

: : - . lew sulfide chimneys and gradually has become incorporated in the
deposit appears to consist of a number of coalesced, rgllct sulfide wing sulfide degosit. Dﬁ‘fuse onw-temperature ven{)ing through
Qoulngdgssgt i'ggg%';t la:g;ig f Wﬁt%t h; nr('jnghzr?gomar?tsevgfn“nlge éRrggc?tgé talus occurs over much of the present surface, and the continuous

? ' : Py Py p Yiow of hydrothermal fluids through the sulfide debris has resulted in

ered from theMir mound exhibit coarse-grained, recrystallized tex- extensive hydrothermal recrystallization, annealing, and cementation
tures typical of hydrothermally reworked sulfide deposits on land.; the chimney fragments. The substrate is poorly exposed beneath

These ores are locally cut by late-stage, pyrite-sphalerite veins. T . : . .
last high-temperature event on thér mound is estimated to have ° e'sulfldel_taluds_, but local sub%rogplng of maslswe pyrite sr?mgleig
occurred about 10 ka. However, the presence of numerous sm uring earlier dive series provided important clues as to the bu

) ! mposition of the mound. These samples were composed of coarse-

standing chimneys in the center and at the margins of the field attests . . . o - . )
to a more recent stage of chimney growth superimposed on older s rained, recrystallized pyrite with little of the original chimney-like
extures preserved.

fldgl'rk?s,té\el\r/li?]l z(ghgév :? OkrrLarlecEr?tl{é;gtggfa’Ti%g?if )éimilar in age and ap- Jhe flanks_ OI{ thg d_e %osl;it are steep-sidfed Si:c_odpesd ubp_to 20 dmf_high,
- : ' ; . and are partial urie an apron of sulfide debris and fine-

pearance to”;:;m.r zone. It .C?]nS'StS.lff él‘ Iarg;]e afrea;)of dlzsgggt'nuqrfgrained Fpe-oxid)é sedimentyThe dgbris is composed mainly of pyrite-

massive sulfide outcrop with a strike length of about m. ' o . i

area of sulfide outcrop is punctuated by several old, mound-like feaé'-Ch blocks and pyritic sand eroded from sulfide outcrops along the

. ; X carpment at the edge of the mound. Fine-grained, detrital Fe ox-
tetjlrefgz;pspg)oxmately the same size as the active TAG mound (Rona@es, eroded from the weathered slopes, have been deposited as mi-

croturbidites up to 60 m from the base of the mound (Hannington et

On therrift valley floor at the base of the east wall, local occurrencél_, 1990b; Mills et al., 1993). The Fe-oxide muds grade outward into

es of metalliferous sulfide-oxide sediments have been recovered glagic ooze and form a bright red and brown halo surrounding the

short coring (e.g., Metz et al., 1987). Fragmental material within th : -
cores Was?n(ter%reted to have beer)1 eroged from decomposing mggPOS!t Close to the mound, the sediments appear to have been local-
silicified, similar to the red cherts noted above. Angular basalt

sive sulfide deposits on the wall of the rift valley (possiblyNfieor fragments found on the talus slopes were an early indication that the
Alvin zones) and deposited as sulfide-oxide turbidites on the Va”e%assive sulfides are underlain by a locally thickened section of pil-

floor. low breccias (e.g., in situ talus or pillow mound: Lisitsyn et al., 1989).

DESCRIPTION OF THE TAG MOUND
AND STOCKWORK COMPLEX Surface of the TAG Mound

The TAG mound is a steep-sided structure measuring about 250 More than 50 sulfide samples were previously collected from the
m in diameter and up to 40 m high (Fig. 2). Hydrothermal venting iSAG mound during 25 dives and by dredging from surface (Thomp-
centered on a 4@e 50-m-diameter Black Smoker Complex built on son et al., 1988; Rona et al., 1993a, 1993b; Tivey et al., 1995). The
a conical edifice composed of anhydrite, pyrite, and chalcopyritesamples include black smoker chimneys, massive anhydrite, and
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Figure 2. Schematic representation of the internal structure of the TAG mound. Most of the convective heat loss is accommodated by the central Black Smoker
Complex. Diffuse venting of lower temperature fluids occurs through rubble at the surface of the mound. Fluids venting at white smokers in the Kremlin area
are interpreted to have been transported away from the central upflow zone through secondary conduits leading to the outer margins of the deposit. Cooling of
hydrothermal fluids at the margins of the upflow zone results in the precipitation of sulfides and silica within pyritic breccias on the flanks of the mound. Con-
tinuous hydrothermal reworking of pyritic breccias in the interior of the deposit has caused the Zn enrichment and associated low-temperature phasesin athin

zone at the top of the deposit.

massive pyrite-chalcopyrite assemblages from the central Black
Smoker Complex, lower temperature white smoker chimneys, and
massive pyrite-sphal erite assemblages from sulfide talus on top of the
mound. Delicate, primary banding, colloform textures, and dendritic
sulfides are commonly preserved in these samples, confirming that
much of the talus was derived from the recent collapse of sulfide
chimneys. Samples from the central Black Smoker Complex consist
mainly of pyrite, chalcopyrite, and anhydrite. Pyrrhotite is absent at
TAG, and a primary assemblage of bornite-pyrite-chalcopyrite oc-
curs locally. The white smokers are delicate, fine-grained structures,
with bulk porosities up to 50 vol%. These chimneys consist domi-
nantly of fine-grained, dendritic, and colloform sphalerite together
with minor marcasite and |ate-stage amorphous silica. Quartz, which
is among the principal gangue minerals in the pyrite breccias in the
interior of the mound, is largely absent in the surface samples, a-
though some coarse-grained sulfide blocks contained minor amounts
of euhedral quartz. A recent, detailed account of the mineralogy of
the sulfides from the active mound is given by Tivey et a. (1995).

Summary of the Drilling Results

Seventeen holesweredrilled at five locations on the surface of the
TAG mound to a maximum depth of 125 meters below seafloor

392

(mbsf; Humphris, Herzig, Miller, et a., 1996). A section through the
mound, including the central Black Smoker Complex and the white
smoker field is shown in Figure 3. The upper 5-10 m of the mound
comprises mainly sulfide debris from collapsed chimneys, Fe-oxide
gossan, and cherty sulfide breccias, capping massive pyrite and clast-
supported pyrite breccias. From the surface to a depth of about 15 m,
the uppermost layers of massive sulfide consist of porous, colloform
pyrite, pyrite breccias, and recrystallized massive pyrite + chalcopy-
rite. A hardened carapace of pyrite breccias that has been cemented
by colloform pyrite and cherty silica occurs at the top of the deposit.
In the center of the mound, below about 15 mbsf, the carapace of
massive pyrite breccias and cherty sulfides is underlain by a 15-m-
thick section of anhydrite-cemented breccias, representing the root
zone of the central Black Smoker Complex. The pyrite-anhydrite
breccias extend to about 30 mbsf, where the anhydrite cement isgrad-
ually replaced by quartz at thetop of the quartz-rich stockwork. Large
anhydrite veins, which were first encountered about 20 mbsf, persist
well below the anhydrite-rich zone to a depth of more than 45 mbsf.
The largest veins reach nearly 45 cm in true thickness. Most of the
holes through the upper part of the mound exhibited considerablein-
stability, and nearly all were abandoned shortly after penetrating the
stockwork because of the collapse of the overlying anhydrite-sup-
ported material.
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Figure 3. Interpreted structure of the TAG mound-stockwork complex based on results of drilling at Site 957. The section is from southeast to northwest,
through the low-temperature Kremlin area and the central Black Smoker Complex. Recovery from the deepest hole that penetrated the stockwork zone indicates
pervasive chloritization and pyritization of the basalts at depth. Intense alteration at the top of the upflow zone leads to silicification and complete replacement
of the basalt breccias. Massive anhydrite and anhydrite-supported breccias occur above the quartz-pyrite stockwork and occupy the root zone of the central
Black Smoker Complex. These zones are unlikely to have been part of a single prograde hydrothermal event and likely represent the products of many succes-
sive high-temperature hydrothermal events superimposed on an early mound-stockwork complex. The presence of anormal fault or series of fault steps beneath
the mound is suggested by an apparent displacement of about 15-20 m on opposite sides of the mound. E.O.H. = end of hole.

The thickness of the massive sulfides and anhydrite-supported
breccias corresponds closely to the present relief of the mound (~30-
40 m). However, a pyrite-silica zone, consisting of quartz-cemented
pyrite breccias, occursimmediately beneath the massive pyrite-anhy-
drite and extends well below the present seafloor between 30 and 45
mbsf. The pyrite-silica zone grades downward through a quartz-
pyrite stockwork and into intensely silicified and mineralized basalt
breccias at greater depths. An abundance of silicified basalt frag-
mentsin thelower part of the pyrite-silicazone suggests that the bulk
of the mineralization at this depth occupies azone of partially to com-
pletely replaced pillow breccias. Between about 45 mbsf and 100
mbsf the quartz-rich stockwork contains abundant angular to sub-
rounded clasts of silicified and intensely clay-altered basalt in a ma-
trix of quartz and pyrite. Chlorite and clay alteration become most
important (>10 vol%) at a depth of about 90 mbsf.

The stockwork zoneisavertically extensive pipe-like feature, ap-
proximately 80—100 m in diameter at the top and roughly circular in
plan. Relatively fresh basalt beneath the massive sulfides at the flanks
of the deposit, indicates that the stockwork zone does not extend be-
yond the limit of the exposed sulfide mound. The massive sulfides
and sulfide talus on the flanks of the deposit onlap relatively unal-
tered, partially hematized basalts, although there is locally a distinct

layer of red clays of apparent hydrothermal origin at the sulfide/pil-
low lava contact. At the margins of the quartz-rich stockwork, and
below about 100 mbsf, the silicified wallrock breccias grade abruptly
into chloritized and locally hematized basalt breccias that are cut by
minor quartz-pyrite veinlets and impregnated with minor disseminat-
ed pyrite.

The disposition of high-temperature vents at the surface of the
mound and the absence of stockwork mineralization beneath the east-
ern half of the mound imply that the stockwork zone is asymmetric
(e.g., Fig. 3). Thisis consistent with a fault-control that presently fo-
cuses hydrothermal upflow on the western side of the mound (i.e.,
hanging-wall side of the fault). A zone of demagnetization, approxi-
mately 80 min diameter, occursimmediately beneath the central part
of the mound and corresponds to the observed width of the upper part
of the quartz stockwork (Tivey et al., 1993). The zone of demagneti-
zation encompasses both the black and white smoker complexes and
appears to straddle the structural/bathymetric discontinuity which is
presently focusing hydrothermal upflow (Kleinrock et al., 1996). The
occurrence of the uppermost wallrock breccias corresponds approxi-
mately to the position of the unaltered basalt substrate at the southeast
flank of the mound, suggesting that the paleoseafloor beneath the
central part of the mound is at a depth of about 30 m, and is slightly
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deeper beneath the northwest margin of the mound. The displace-
ment may be a result of a series of small step faults that could also
account for the presence of less-altered basalt fragmentslocally high-
er within the stratigraphy. Although they are most abundant below 30
mbsf, the first basalt fragments were found at about 22 mbsf.

Sulfide Typesin the M ound-Stockwork Complex

The sulfides recovered in drill core consist mainly of massive py-
rite and pyritic breccias. Déelicate, fine-grained texturestypical of the
original chimney morphologies are preserved only locally within the
uppermost part of the mound. These features have been largely de-
stroyed during hydrothermal recrystallization and replaced by coars-
er-grained pyrite. Veins of coarse pyrite, and locally sphalerite, are
also found crosscutting earlier recrystallized sulfides, as in the sam-
ples from the Mir mound. A complex paragenesis is evident in the
breccia ores through the entire deposit, including multiple genera-
tions of vein-filling, recrystalization, annealing, and cementation.
Similar textures have been described in the exposed portions of other
large, hydrothermally reworked sulfide deposits (e.g., Galapagos
massive sulfides: Embley et al., 1988). In the interior of the mound,
six main sulfide types compose the bulk of the mineralization: (1)
cherty sulfide breccias, (2) porous colloform pyrite (+ marcasite and
minor sphalerite), (3) massive granular pyrite + chalcopyrite, (4)
massive pyrite breccias, commonly in a sandy pyrite matrix, (5) py-
rite-anhydrite breccias, and (6) pyrite-silica breccias. The different
zones containing these ores are unlikely to have been part of asingle
prograde hydrothermal event and likely represent the products of
many successive high-temperature hydrothermal events superim-
posed on an early mound-stockwork complex. A brief summary of
the different breccia types follows. More detailed descriptions, to-
gether with representative photographs, can be found in Humphris,
Herzig, Miller, et a. (1996) and elsewhere in this volume.

Pyrite Breccias

The sulfide breccias range in character from coarse, angular frag-
ments of massive pyrite (up to 10 cm) to nodular pyrite clastsin a
sandy pyrite or anhydrite matrix. The breccias are variably frame-
work to matrix-supported, and near the top of the mound they often
contain little or no cementing material. The sandy pyritein the upper-
most breccias locally contains discrete clasts of chalcopyrite and

Pyrite-Silica Breccias and Quartz-Pyrite Stockwork

The pyrite-silica breccias at the base of the anhydrite zone consist
mainly of earlier pyrite-anhydrite breccias in which the anhydrite ce-
ment has been replaced by quartz. The breccias are locally veined by
anhydrite, but anhydrite is not the dominant cementing material. At
the top of the pyrite-silica zone, the breccias contain mainly clasts of
pre-existing massive pyrite. Lower in this zone, many of the clasts are
remnants of intensely silicified and pyritized wallrock, in which the
breccia fragments have been almost completely replaced by quartz
and pyrite. The brecciated wallrock consists mainly of gray siliceous
material with abundant, fine-grained pyrite. Relict igneous textures
are only rarely visible. Individual clasts are usually indistinct in core,
but range in size from a few centimeters up to 10 cm. At the base of
the mound, the pyrite-silica breccias commonly incorporate a variety
of earlier clast types (massive pyrite, red chert, less-altered basalt
fragments), indicating multiple episodes of brecciation and collapse
of the mound above the stockwork zone. Quartz-pyrite veining in the
main stockwork zone becomes most important at a depth of about 50
mbsf. Many of the larger quartz veins appear to have originated as
early pyrite-filled fractures that were re-opened and filled by later
quartz during subsequent crack-seal events. Larger and more angular
fragments of silicified wallrock and chloritized basalt occur in the
lower portion of the quartz-pyrite stockwork. The chloritized basalt
breccias at the bottom of the stockwork contain abundant network-
type quartz and pyrite stringers and up to 20% disseminated pyrite.
Fine-grained, disseminated pyrite also occurs at the outer limits of the
chlorite pipe.

Anhydrite Veins

A complex network of anhydrite veins cuts the massive pyrite-
anhydrite breccias and underlying pyrite-silica breccias. The veins
comprise mainly fine-grained, crystalline anhydrite and exhibit mul-
tiple generations of vein-fill and complex crosscutting relationships.
The latest openings in the veins are often lined by chalcopyrite, indi-
cating that the fractures were also conduits for high-temperature flu-
ids. This is supported by fluid inclusion homogenization tempera-
tures in the anhydrite, which are close to the exit temperatures of
black smoker vents at the surface (e.g., Petersen et al., Chap. 13, this
volume). The massive anhydrite blocks at the Black Smoker Com-
plex also contain fluid inclusions that homogenize at high-tempera-

closely resembles the detrital pyrite being “weathered out” of largéures (Fig. 4). Although anhydrite veining is found at the bottom of

anhydrite blocks at the base of the Black Smoker Complex. Massitbe deepest holes drilled, it is most abundant at the top of the quartz-
pyrite, which underlies these breccias, ranges from densely-pack@yrite stockwork, and the amount of anhydrite veining decreases dra-
sulfide talus in a matrix of fine pyritic sand to recrystallized pyritematically (<5 vol%) below about 50 mbsf.

that has been cemented by colloform pyrite. In the upper part of the
mound, this ore type also commonly contains minor colloform
sphalerite, lining open cavities.

Mineralogy

Pyrite in the TAG mound exhibits a wide range of textures, owing
to extensive hydrothermal reworking, late-stage overgrowths, and re-
crystallization. The coarsest, euhedral pyrite occurs in the massive

Anhydrite-cemented pyrite breccias in the interior of the moundpyrite breccias and quartz-pyrite veins at the top of the stockwork
consist of angular to subrounded clasts or aggregates of pyrite aones. Grain sizes of2 mm or larger in the massive pyrite are com-
semi-massive anhydrite. Individual clasts are typically centimetermon and contrast sharply with the very fine-grained sulfides typical
sized, up to a maximum of about 10 cm (although this may reflect thef most active chimneys (e.g., grains of less than a few hundred mi-
size of clast recovered and not the actual size of breccia fragmentsdrometers [Bluth and Ohmoto 1988; Paradis et al., 1988]). The pyrite
the mound). The cementing material ranges from pure anhydrite tgpically exhibits a multi-stage crystallization history, with individu-
porous, sandy pyrite-anhydrite mixtures and may account for up to 24 crystals displaying complex growth-zoning. Euhedral pyrite often
vol% of the rock. Most of the pyrite is derived from pre-existing, contains inclusions or epitaxial growths of minor phases (quartz or
brecciated massive sulfides, and individual pyrite clasts are oftechalcopyrite) between the growth bands. Colloform textures are best
crosscut by later anhydrite veins. In the core of the mound, the brepreserved in pyrite that cements the breccias at the top of the deposit
ciated pyrite is often distinctly nodular in appearance and the clasty fills open cavities. Sphalerite occurs only in the uppermost part of
exhibit extensively recrystallized outer rims. Large veins of anhydritehe TAG deposit, filling open spaces and locally occupying late veins
that crosscut the pyrite-anhydrite breccias commonly have distinctivia the pyrite breccias. The sphalerite is generally Fe poor, in compar-
halos of pyrite, and as much as 50% of the pyrite in some parts of tligon to that of other seafloor deposits (e.g., Fig. 5) and is most likely
mound may have been precipitated during anhydrite veining. related to a phase of low-temperature venting at the surface of the

Pyrite-Anhydrite Breccias
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Figure 4. Fluid inclusions trapping temperatures in massive anhydrite from
the central Black Smoker Complex (A) and from the anhydrite zone in the
core of the TAG mound (B). Data are from Petersen et a. (Chap. 13, thisvol-
ume) and Herzig and Hannington (unpubl. data). A mean trapping tempera-

ture of close to 350°C (corrected for 370 bars pressure) is indicated for fl
inclusions in anhydrite throughout the mound, confirming that the entraine
seawater was heated uniformly to high temperatures in the upflow zone. M

number of analyses.

mound (e.g., Kremlin area: Tivey et a., 1995). Chalcopyriteismain-
ly intergrown with and locally replaces pyrite within the highest tem-
perature part of the upflow zone and occurs locally within the most
recent generation of quartz-pyrite and anhydrite veins. In some of the
larger veins, chalcopyrite was likely deposited by fluids that were
feeding high-temperature vents at the surface.

Bulk Composition and Metal Zoning

The bulk chemical analyses of the different ore types in the
mound are summarized in Table 2 and the zonation of selected metals
through the deposit is illustrated in Figure 6. The results of drilling
indicate that the high Cu and Zn concentrations in samples collected
at the surface of the mound are not representative of the bulk compo-
sition of the deposit. At the surface of the mound, high-temperature
assemblages (e.g., typical of the Black Smoker Complex) are gener-
aly enriched in Cu, Co, and Se, whereas lower temperature pyrite-
sphalerite assemblages (e.g., typical of the white smokers) are nota-
bly enriched in Zn, Cd, Au, Ag, As, and Sb (Hannington et al., 1991;
Rona et al., 1993a, 1993b; Tivey et a., 1995). Concentrations of
these metalsin the surface materials are nearly an order of magnitude
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Figure 5. Compositions of sphalerite in samples from the TAG mound and
from Cyprus-type massive sulfides in Oman and Cyprus. Data are from
(Hannington and Scott, 1989; Tivey et a., 1995; Constantinou, 1972; Ixer et
al., 1986). The bimodal distribution of sphalerite compositionsin the Cyprus
deposits may indicate the presence of both high- and low-temperature
sphalerite. N = number of analyses.

higher than in the underlying pyrite breccias. A few samples of
sphalerite-marcasite in the upper few meters of the mound resemble
white smoker chimneys and possess high concentrations of Au, Ag,
As, and Cd (Hannington et a., Chap. 2, thisvolume). The steep ther-
mal gradients and extensive hydrothermal reworking of sulfides
within the mound (i.e., zone refining) has resulted in the effective
separation of Zn from higher-temperature assemblages immediately
beneath the Black Smoker Complex and in the core of the deposit.
Bulk Cu/Cu+Zn ratios in the surface material are generally less than
0.5, but are close to 0.9 throughout the rest of the deposit (i.e., similar
to the deposits of Cyprus). The high grades of Cu and Zn in the sur-
face samples represent relatively late stages of mineralization, with
widespread overprinting of lower-temperature Zn-rich assemblages
by later Cu-rich sulfides and vice versa.

Despite the lower Cu and Zn contents, many of the pyrite breccias
within the mound exhibit trace-element geochemistry similar to that
of sulfides from the Black Smoker Complex, with elevated Co, Se,
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Table 2. Comparison of trace-element geochemistry of the TAG massive sulfides and selected ores from the Troodos and Semail ophiolites.

Samples
(N) Cu Fe Zn S SO, Ca0O Al,O4 Au Ag As Co Mo Ni Cd Sb Pb Source
TAG, Alvin samples
Pyrite-sphalerite 23 1.65 135 37.40 323 5.73 3.60 — 5600 450 80 16 1 36 44 1170 97 550 1
Massive pyrite 10 4.61 32.7 3.34 40.7 3.29 1.13 — 1430 37 99 258 11 94 29 70 9 480 1
Pyrite-chalcopyrite 17 12.32 21.8 0.52 275 1.09 13.02 — 560 17 37 336 177 99 30 15 5 89 1
TAG, Site 957
Red and gray chert 3 0.07 8.6 0.04 — 82.20 0.06 0.21 406 9 12 24 <5 15 15 <2 <1 39 2
Surface material (<5 mbsf) 6 6.09 21.9 1.61 329 37.80 0.71 0.27 1915 105 46 44 5 44 <10 59 7 266 2
Pyritic massive sulfides
Massive pyrite breccias 18 2.11 39.6 0.79 42.0 2.83 1.62 0.13 635 8 65 204 16 86 <10 21 3 86 2
Pyrite-anhydrite 6 3.37 30.2 0.03 44.6 2.72 9.47 0.1 163 1 39 198 21 64 <10 <1 <1 25
Pyrite-silica-anhydrite 8 4.70 32.1 0.15 47.1 3.68 3.67 0.18 245 3 46 180 10 83 <10 4 1 40 2
Stockwork
Pyrite-silica breccias 12 1.92 28.6 0.10 36.6 27.70 1.51 0.34 214 <1 33 285 17 61 <10 3 <1 6 2
Silicified wallrock breccia 9 1.20 28.8 0.01 37.2 25.80 2.75 0.3 84 <1 25 286 26 56 <10 <1 <1 18 2
Cyprus, Troodos ophiolite
Pyritic massive sulfides
Skouriotissa 8 2.78 45.4 0.02 — 3.78 0.23 0.66 500 5 74 359 296 62 20 — 3 <100 34
Mathiati 45 0.17 39.5 0.26 48.0 2.35 0.49 <0.20 800 4 160 54 20 35 33 29 11 97 3,5
Sha 1 1.90 29.4 1.20 36.7 25.00 0.04 0.3 1000 10 657 20 26 32 <10 27 20 94 3
Memi 2 <0.01 42.0 0.02 49.8 0.95 0.19 0.2 20 0.9 23 38 35 2 <10 <1 <1 2 3
Kambia 1 — 16.9 <0.01 — — — — 40 <5 70 40 <5 2 — — 3 — 3
Kinousa-Uncle Charles 1 0.18 42.5 0.02 51.5 0.98 0.03 0.22 300 2 105 5 5 8 <10 <1 17 19 3
Agrokipia 2 0.07 40.0 0.03 46.9 1.08 51 0.16 135 1 201 190 144 13 <10 1 3 30 3
Mavrovouni — 3.69 39.2 0.80 — 3.70 — 2.44 1050 7 170 410 330 10 — — — — 4
Stockwork
Agrokipia B 30 0.04 45.5 0.05 19.0 — — — 160 <5 694 133 7 5 36 14 —_ — 5,6,7
Oman, Semail ophiolite
Pyritic massive sulfides
Lasail 4 3.75 47.1 0.05 — 5.88 0.78 2.65 — 8 70 235 — 15 75 — — 25 8
Bayda 2 — 44.2 0.92 — — 0.26 2.43 — — 60 135 — 125 25 5 — 60 8
Aarja 3 5.82 26.8 0.05 — 36.40 0.59 1.56 — 13 280 80 — 10 45 185 — 145 8
Al Ajal 3 0.71 54.7 0.96 — 8.67 1.20 1.5 — 19 206 362 — — 42 — <5 223 9
Hayal-as-Safil 2 2.29 43.4 0.12 — 20.50 — 9 — 10 86 630 — — 40 — <5 60 9
Rakah 3 7.70 43.7 1.19 — 13.00 — 3 — 25 5100 256 — — 80 — 199 423 9
Stockwork
Bayda 4 2.65 325 0.29 — 24.10 — 1.52 — — 50 130 — 32 33 — — 61 8
Al Ajal 3 0.97 17.8 0.07 — 49.00 — 15 — <1 36 180 — — 117 — <5 10 9
Hayal-as-Safil 1 0.34 9.4 0.02 — 58.00 — 9.5 — <1 11 62 —_ —_ 149 — <5 8 9
Rakah 4 >1.5 21.7 0.29 — 41.25 — 10.25 — 2 245 130 — — 110 — 5 27 9

Note: Sources: 1 = Hannington et al. (1991), Tivey et al. (1995); 2 = Hannington et al. (this volume); 3 = this study; 4 = Kortan (1970); 5 = Constantinou and Govett (1973);

(1984), Ixer et al. (1986); 9 = Lescuyer et al. (1988).

6 = Herzig (1988), 7 = Hannington et a. (1990); 8 = Inxer et a.
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Figure 6. Schematic representation of metal zonation in the TAG mound-stockwork complex. Results of bulk chemical analyses from the different holes are pro-
jected onto the southeast-northwest section through the low-temperature white smokers and central Black Smoker Complex. Data are from Hannington et al.

(Chap. 2, thisvolume).

and Mo. In general, Co and Se exhibit a positive correlation with Cu
(e.g., Fig. 7), consistent with the enrichment of these elementsin the
highest-temperature sulfides of other seafloor deposits (e.g., Auclair
etd., 1987; Hannington et a ., 1991). Concentrates of pyrite and chal-
copyrite in the anhydrite veins at depth in the mound are notably en-
riched in Co (up to 1200 ppm) and to a lesser extent Se (up to 140
ppm), Ni (up to 500 ppm), and Mo (up to 200 ppm; Hannington et a.,
Chap. 2, thisvolume). Although these concentrations are substantial -
ly higher than for other trace elements, overall there is adepletion of
trace metalsin the interior of the mound, similar to that observed for
Cu and Zn. Low-temperature constituents such as Ag, Au, and Sb are
nearly quantitatively removed from the massive sulfides. The very
high concentrations of Ag and Au in the white smokers confirm that
these elements are continuously remobilized to the surface during
prograde hydrothermal events (Hannington et al., 1995b). Arsenic
concentrations are less affected, owing to the strong partitioning of
Asinto the pyrite structure.

Grade and Tonnage Calculations

One of the principal objectives of Leg 158 was to determine the
size of the TAG sulfide deposit. The volcanic substrate was intersect-

edinfour of thefiveareasdrilled, and the vertical extent of the stock-
work mineralization was established in two of the areas (Fig. 3).
Based on the core recovered (10%—-15%) and bulk chemical analyses
of 60 representative samples, an average grade and total tonnage for
the deposit was calculated using a simplified block model of the
mound (Fig. 8). A summary of theresultsisgivenin Table 3, and de-
tails of the calculations using the block model are given in Tables 4
and 5.

The total mass of the deposit is estimated to be 3.9 million t, with
the exposed sulfide mound accounting for about 70% of thetotal (2.7
million t) and the underlying stockwork zone accounting for the re-
mainder (1.2 million t). The deposit is estimated to contain about 2.3
million t of pyrite. The central Black Smoker Complex (about 40 m
in diameter and 40 min height) contains 16,750 m? of massive anhy-
drite or between 30,000 and 50,000 t. The anhydrite zone in the core
of themound is estimated to contain an additional 165,000t of anhy-
drite.

Average Cu grades in the massive sulfide section of the mound
average closeto 2.8 wt% (Table 5, but alarge rangein Cu concentra-
tionsis apparent in the samples analyzed. A bias toward sampling of
sulfide-rich sections of thedrill coreisindicated by a 30% discrepan-
cy between visual estimates of the pyrite content in the whole core
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Figure 7. Comparison of bulk Cu, Zn, Co, and Se contents in the ores from
the TAG mound and similar deposits in Cyprus and Oman. Data are from
Table 2 (solid circles = surface samples from the TAG mound; half-solid cir-
cles = breccias from the TAG mound-stockwork complex; squares = average
values for Cyprus deposits; triangles = average values for Oman deposits).

and the measured sulfur content in subsamples taken for shipboard
analyses (Tables 4 and 5). This is especialy apparent in the anhy-
drite-rich zone and quartz-rich stockwork. Sufficient sampling of the
core to establish a coherent grade distribution was not possible, but a
reasonabl e estimate for the deposit based on a 30% dilution would be
close to 2 wt%. Logging of the drill core indicates greater dilution in
the lower part of the mound-stockwork complex, and the bulk Cu
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grades are estimated to be 50% lower in the quartz-pyrite and quartz-
chlorite zones. Based on these observations, a conservative estimate
of the bulk Cu content of the deposit is between 30,000 and 60,000 t
of Cumetal (Table 3). The actua sulfide ores, following the removal
of anhydrite, would have bulk compositions close to those listed in
Table 5, with atotal sulfur content of about 42 wt% for the deposit
(i.e., closeto that of many Cyprus-type massive sulfides).

DEPOSITSIN ANCIENT OPHIOLITES

Asmany as 200 ophiolite sequences are preserved in the geologic
record world-wide (e.g., Nicolas, 1995), and these contain at least 50
major producing mines. The ophiolite settings are comparable to
modern oceanic spreading centers, athough there is some debate
about whether they represent mid-ocean ridges or suprasubductionin
extensional back-arc basins (Miyashiro 1973; Coleman, 1981; Pearce
et a., 1981; Hawkins et a., 1984; Cameron, 1985). Among the best-
exposed and least-deformed massive sulfides in ancient ophiolites
occur in Cyprus and Oman. These rocks mark the suture zone along
which the Tethys Ocean closed at the end of the Cretaceous. Most of
the massive sulfides are associated with large-scale fault systems,
which suggests that spreading-axis morphologies at the time of min-
eralization were controlled by tectonic extension rather than magma-
tism (e.g., similar to the Mid-Atlantic Ridge: Varga and Moores,
1985; Kappel and Franklin, 1989; Harper, 1985). A number of depos-
its, such asthosein Oman are thought to have formed on off-axis sea
mounts (Alabaster et a., 1980).

Troodos Ophiolite, Cyprus

The Troodos ophiolite comprises the Troodos plutonic complex,
athick sheeted intrusive complex, and the Troodos pillow lavas (Fig.
9). The volcanic rocks are capped by the sedimentary Perapedhi For-
mation, which contains abundant Fe-Mn oxide sediments and is over-
lain by Tertiary marlsand limestones. The massive sulfides arelocat-
ed throughout the basaltic section, from the sheeted dikesto the upper
pillow lavas. The largest deposits (both in Cyprus and Oman) occur
between major pillow sequences of dlightly different composition
(i.e., likely deposited during a hiatus between separate magmatic ep-
isodes: Constantinou, 1980; Alabaster et al., 1980).

The depositsin Cyprus are clustered in 5 mining districts: Limni,
Kalavasos-Mousoul os, Skouriotissa-Mavrovouni, Mitsero (Agrokip-
id), and Tamassos (Mathiati-Sha), each occupying an area of approx-
imately 10 x 10 km. The magjor districts correspond to the locations
of several fossil, axia graben structures (e.g., Constantinou, 1980;
Vargaand Moores, 1985). A typical mining lease (2 x 2 km) contains
at least 30 devel oped prospects and up to 20 million t of massive sul-
fides (e.g., Kalavasos-Mousoulos: Adamides, 1980).

Mining of copper from the near-surface exposures has persisted
since 4000 B.C. (Hadjistavrinou and Constantinou, 1982). Early min-
ing was exclusively for Cu and Au, although the deposits have been
exploited morerecently for S. The bulk of the ore was cupriferous py-
rite, but the average grades of ore mined were typically less than 2
wt% Cu and only rarely exceeded 4 wt% Cu (Table 1). Sphalerite-
rich ores, although present, were generally not mined. Zinc wasnot a
useful commodity during the early mining history of Cyprus, and this
material was|eft aswaste. Asaresult, historical records of mining of-
ten did not account for the Zn-rich ores, and Zn grades for many Cy-
prus-type massive sulfides are either understated or not reported at
al. Massive and semi-massive zones of sphalerite ore are well docu-
mented in more recently developed prospects at Sha and Kinousa
(Adamides, 1987), and this ore-type is common in the deposits cur-
rently being mined in Oman (e.g., Table 1).

The mineable depositsrangein size from 50,000 t up to 16 million
t (Table 1), but there are many smaller, undevel oped prospects. Most
of the past production of Cuwasfrom just afew of thelargest depos-
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Figure 8. Block model of the TAG mound-stockwork complex showing the location of blocks used to calculate the bulk tonnage of the deposit. The volumes
were calculated by rotating each block as a cylinder around the center of the deposit. Blocks 1, 2, and 4 were calculated as annular zones surrounding the

deposit.

Table 3. Dimensions of the TAG mound-stockwork complex: summary of the block model.

Volume Caculated

Dimension Blocks (m?3) Tonnage (t)
Total size of deposit Blocks 1-10 1,031,300 3,885,600
Exposed mound of massive sulfides* Blocks 1-6 701,163 2,695,000
Subseafloor stockwork mineralization Blocks 7-10 330,160 1,190,900
Total pyrite content Blocks 1-10 — 2,320,440
Total Cu 1-2% Cu in blocks 1-10 — 30,000-60,000
Anhydrite zone 50% anhydrite in blocks 5,6 109,950 329,860

Note: * = to a depth of 20-25 m.

its (Mavrovouni, Limni, Skouriotissa). Only about 50% were larger
than 1 million t, and fewer than 15% were larger than 10 million t.
Thisistypical of many base metal mining camps, in which thesingle
largest deposit may contain 60%—70% of the total metal reserves for
that district (e.g., the second largest deposit may contain only 10%—
20%: Sangster, 1980). However, the statistics are obviously biased
by the fact that recorded tonnages refer only to the deposits of suffi-
cient size and grade to be mined. In Cyprus, vast numbers of smaller
sulfide occurrences were not important enough to beincluded in pub-
lished reserves. These included more than 90 undevel oped prospects
with less than 100,000 t each, similar to those on the modern mid-
ocean ridges.

Comparison of Ophiolite-Hosted Depositsin Cyprus
and the TAG Mound-Stockwork Complex

Most of the orein the massive sulfide depositsin Cyprusis mined
from a zone of massive pyrite deposited as a central mound on the
pal eoseafl oor-seafl oor and from theimmediately adjacent stockwork
zone (Fig. 10). The deposits typically lie on an intensely altered and
brecciated substrate containing abundant sulfide veins and dissemi-
nated pyrite. The quartz-pyrite stockworks occur beneath the highest-
grade portions of the deposits, and a significant proportion of the re-
coverable base metals usualy occurs as stockwork mineralization
and replacement ores beneath the seafl oor. Some of thelargest depos-
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Table 4. Block model of the TAG sulfide deposit.

Pyrite Volume > Tonnes Pyrite

Block # Dimensions Rock type Density  (vol%) (md) t) )
1 40 x 35 Massive pyrite 4 80 87,970 351,860 281,500
2 60 x 15 Semi-massive pyrite 4 60 226,200 904,780 542,870
3 70 x 10 Massive pyrite 4 80 38,480 153,940 123,150
4 45 % 25 Massive pyrite 4 80 238,570 954,260 763,410
5 20 x 30 Anhydrite zone 3 <50 9,420 28,270 14,140
6 80 x 20 Anhydrite zone 3 <50 100,530 301,590 150,800
7 90 x 15 Pyrite-silica 3.75 50 95,430 357,850 178,930
8 85x 15 Silicified wallrock 3.75 40 85,120 319,190 127,680
9 80 x 20 Silicified wallrock 35 30 100,530 351,860 105,560
10 50 x 25 Quartz-chlorite 35 20 49,090 161,990 32,400

1,031,340 3,885590 2,320,440

Note: Density is based on shipboard estimates (Humphris, Herzig, Miller, et al., 1996); pyrite (vol%) lists visua estimates of pyrite content in drill core.

Table 5. Aver age bulk composition of samplesin the block model of the TAG mound-stockwork complex.

Cu Zn Pb Ag Au S Volume
Block # (Wt%) (Wt%) (ppm) (ppm) (ppb) CaSO, (sulfide) N t)

1 1.39 133 116 14.4 590 025 402 7 351,860
2 1.80 0.63 83 8.0 890 019 449 1 904,780
3 4.37 0.02 22 2.7 240 231 39.1 3 153,940
4 4.90 0.55 98 411 790 866 446 5 954,260
5 2.80 0.03 27 14 200 18.3 415 5 28,270
6 2.80 0.03 27 14 200 (183) (415 5 301,590
7 2.20 0.04 19 15 180 563 417 10 357,850
8 1.25 0.01 19 0.7 80 939 348 3 319,190
9 3.20 0.09 42 3.0 300 146 387 4 351,860
10 1.92 0.02 15 0.8 70 049 429 2 161,990

Weighted avgs.  2.83 0.42 65 14 534 6.10 421

Notes: Data are from Hannington et al. (Chap. 2, this volume); averages are based on N samples weighted according to the estimated bulk tonnage of each block. The locations of the
different blocks are shown in Figure 8; volumes are calculated for cylindrical blocks rotated around the center of the deposit.

Morphou Bay S Approximate size of
. TAG Hydrothermal Field

Amelikou

Mavrovouni
Skouriotissa

Kokkinoyia
Agrokipia

Mathiati

Mousoulos
Kalavasos
Mavridhia
Petra
Platies

Upper and Lower Pillow Lavas

m]]]m Basal Group
I:] Diabase

«.+.«.1 Gabbro, granophyre and

——< ultrabasic rocks 0 10km

Limassol

Figure 9. Location of sulfide deposits in the Troodos ophiolite complex of Cyprus. More than 90 sulfide occurrences are known in the Basal Group and in the
Upper and Lower Pillow Lavas, surrounding the intrusive complex at the core of the ophiolite. The principal mining districts and large deposits are highlighted
(after Bear, 1963; Constantinou, 1980). For comparison, the approximate size of the TAG hydrothermal field (5 km X 5 km) is also shown.
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its consisted only of stockwork ore, with little or no massive sulfide
developed (e.g., Limni, Pitharokhoma, Agrokipia B: Bear, 1963;
Herzig, 1988; Richardset al., 1989). The high-grade stockwork zones
areusually pipe-like bodies (i.e., much deeper than they arewide), re-
sulting in a distinctive funnel-shaped cross section for the mineral-
ized zones. Large, diffuse zones of quartz-pyrite veining and dissem-
inated mineralization usually envelope the pipe-like stockwork. At
Skouriotissa, the stockwork mineralized zone was aso traceable up
to 700 m into the footwall. Such stockwork zones can generally be
shown to occupy synvolcanic faults, which accounts for their consid-
erable vertical extent (e.g., Adamides, 1980).

Most of the Cyprus-type massive sulfides consist of asingle, dis-
crete lens, although some include vertically-stacked ore bodies (e.g.,
Aarja, in Oman: Gibson and Koski, 1995). The deposits are usually
described as low-relief mounds, having arelatively flat hangingwall
contact with the overlying sediments or pillow lavas. They common-
ly have a distinctive asymmetric shape which is attributed to their
original depositional setting (i.e., deposition adjacent to a synvolca
nic fault or graben wall, within small sub basins). Many of the depos-
its are also truncated by late movements along the faults and may
have developed their present geometry late in their history. The mas-
sive sulfide lenses are often thickest along one flank and thin out-
ward, away from the fault. Erosion or gradual flattening of the ore
lenses on back-tilted, listric faults likely also occurred at the active
margins of the grabens, and dissection and eventual degradation of
the deposits by faulting may have been common, as in the Mir zone
in TAG field. In contrast to the active TAG mound, many of the de-
positsin Cyprus have el ongate shapes, reflecting the strong fault con-
trol on the hydrothermal upflow. The Mathiati deposit (about the
same size as TAG) is a little more than 50 m wide but 250 m long
(Lydon and Galley, 1986), and the main ore bodies at Skouriotissa
may have had an origina strike length of up to 1 km (Bear, 1963).
The present mapping of the TAG hydrothermal field indicates that
some areas of sulfide mineralization may have similar strike lengths
(e.g., up to 600 m of semicontinuous sulfide outcrop in the Mir zone
and Alvin zone: Rona et al., 19933, 1993Db).

Ore Types

Cyprus-type deposits are characterized by a vertical zonation of
ore types, including massive pyrite breccias, pyrite-silica breccias, a
quartz-pyrite stockwork, and quartz-chlorite zones similar to that ob-
served at TAG. Constantinou (1972) and Constantinou and Govett
(1972) identified four main ore types that were subdivided largely on
the basis of sulfur content. These included an ocherous horizon and
sandy pyrite units at thetop of the massive sulfides, azone of massive
pyritic ores containing 30—40 wt% S (Zone A), a pyrite-silica zone
containing 20-30 wt% S and up to 20 wt% SiO, (Zone B), and the
underlying quartz-pyrite stockwork (Zone C). The distribution of the
different ore zonesiswell represented by the Mathiati deposit, which
closely resembles the TAG mound-stockwork complex (e.g., Fig.
11).

The upper parts of the massive sulfide lenses consist mainly of
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spheroidal in appearance. They vary greatly in size, and the coarsest
breccia fragments resemble the large talus blocks that occur on the
flanks of the TAG mound (e.g., Lydon 1984b). Finer-grained, sandy
pyrite locally is the dominant ore type (e.g., Kalavasos: Constanti-
nou, 1972). The sandy pyrite is often weakly consolidated and gener-
ally has a high porosity; at Kalavasos this ore type is about 40% less
dense than the underlying massive pyrite.

The massive pyrite ores (Zone A) consist of fine- to coarse-
grained, granoblastic pyrite, often with abundant vuggy cavities lined
by idiomorphic pyrite and quartz (Searle, 1972; Constantinou, 1972;
Adamides, 1980; Lydon, 1984b). A thick section of these hard, “com-
pact ores” typically occurs immediately below the conglomeratic ore
and sandy pyrite. The compact ore consists of coarse, granular pyrite
breccias or blocky ore with abundant interstitial pyrite. These ores
closely resemble the carapace of pyrite-cemented breccias at the top
and margins of the TAG mound. The massive pyrite is locally cut by
late veins of colloform-banded pyrite and is increasingly brecciated
upward. The pyrite blocks are largest at the base of the massive sul-
fide lens, and the sandy pyrite matrix is gradually replaced by quartz
and pyrite cement. In some cases, fossilized worm tubes have been
recognized in the pyritic breccias (Haymon et al., 1984; Oudin et al.,
1985; Lescuyer et al., 1988), and fragments of chimney structures are
also observed (Oudin and Constantinou, 1984). However, progres-
sive brecciation of the massive sulfides and continuous hydrothermal
recrystallization means that these primary features are only rarely
preserved in the massive sulfide lenses.

The massive sulfide lenses are typically underlain by a meters-
thick, basal zone of quartz-pyrite breccias, referred to as the pyrite-
silica zone (Zone B). Although this zone marks the top of the quartz-
pyrite stockwork, it is usually distinguished by the absence of obvi-
ous basalt fragments. Corroded fragments of pyrite in the breccias
have a distinctive nodular appearance and typically are surrounded
and partially replaced by quartz. The silica cement consists of vari-
able amounts of quartz, chalcedony and red jasper, all of which are
demonstrably later than the pyrite (Constantinou, 1972). The com-
mon presence of red jasper in the pyrite-silica ores suggests that this
zone represents the top of the pillow sequence in which the basalt
substrate has been completely replaced by quartz and pyrite. As in the
footwall breccias at TAG, the intense silicification in the pyrite-silica
zone has largely destroyed any primary igneous textures in the lavas.
Stockwork or replacement ore (Zone C) occurs immediately below
the pyrite-silica zone and comprises mainly quartz-pyrite veins with
minor chalcopyrite in intensely altered and mineralized lavas. The
stockwork mineralization consists of anastomosing networks of sub-
vertical quartz-pyrite veinlets and veins up to 12 cm in width, in a
predominantly quartz-chlorite matrix. Most veins exhibit crustiform
banding that records multiple crack-seal events, similar to that ob-
served at TAG. The veining increases in intensity, immediately be-
low the massive sulfides, so that the underlying pillow lavas appear
brecciated in situ (basal “pseudobreccias”). The sulfide veins become
wider and more numerous towards the top of the stockwork zone and
locally coalesce, leaving behind relict clasts of altered basalt in the
core of the massive sulfides. Small lenses of massive sulfide are also

“conglomeratic ore,” which comprises clasts and larger blocks oEommonly found in the lower part of the stockwork zones (e.g.,
massive pyrite, up to 1 m across, in a matrix of friable, sandy pyritéAgrokipia B), possibly representing lateral replacement within per-
Except for the absence of anhydrite, these ores are identical to the pyeable zones such as interflow breccias, hyaloclastite, or sediments.
rite breccias in the uppermost drill core from the TAG mound. ByChalcopyrite veining occurs mainly in the lower, quartz-rich part of
analogy with TAG, the sandy pyrite may represent detrital materiathe stockwork zones. At Limni, chalcopyrite veins up to 15 cm in
“weathered out” of massive anhydrite that is no longer preserved ithickness were observed (Hutchinson and Searle, 1970; Searle,
the deposits. The conglomeratic ore usually covers the top of the mak972), but these are exceptional.

sive sulfide lenses to a thickness of up to 5 m. In some deposits, con-

glomeratic ore constitutes the bulk of the ore mined (e.g., MathiatMineralogy

Lydon, 1984b) and in others it may be not present (e.g., Agrokipia:

Constantinou and Govett, 1973). The clasts of pyrite in the conglom- The mineralogy of cupriferous pyrite deposits in Cyprus is sim-
eratic ore are angular to subangular and are frequently nodular ple. Pyrite accounts for >90% of the sulfides in nearly all cases. Con-
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Figure 10. Generalized cross sections through typical
Cyprus-type massive sulfide deposits showing the dis-
tribution of ore different ore types and styles of miner-
alization. A. Typica settings of stockwork-type and
massive sulfide oresin Cyprus, showing fault control
of hydrothermal upflow and associated alteration. B.
Composite schematic section showing vertical distribu-
tion of ore typesin Cyprus massive sulfides. C. Sum-
mary of textural and mineralogical characteristics of
different ore zonesin Cyprus-type massive sulfides.
(Sources: Searle, 1972; Constantinou, 1972; Adamides,
1980).
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Figure 11. Example of the distribution of ore types and ateration in the North Mathiatis orebody (composite sketch of the open pit and 330 m level from Con-
stantinou, 1980; Hadjistavrinou and Constantinou, 1980; Lydon and Galley, 1986). The host rocks are tilted 35°, expéwsingfdreeote lens and underly-
ing stockwork zone. The distribution of ore types, size of the underlying stockwork, and nature of mineralization areengealytadthe TAG mound-
stockwork complex. Two parallel normal faults strongly control the distribution of mineralization and alteration.

stantinou (1972) recognized several types of pyrite in the deposits
that closely parallel the textural varieties observed in the TAG
mound. Pyrite | consists of massive, coarse-grained, euhedral pyrite
and accountsfor most of the massive ores. Pyrite Il comprisesmainly
semi-consolidated, granular aggregates of pyrite, usualy in a sandy
pyrite matrix. Pyrite 111 is colloform massive pyrite that mainly ce-
ments the earlier breccia ores. A consistent paragenesis among the
different types of pyrite was recognized, in which the compact ores
are products of the early brecciation of massive pyrite and later ce-
mentation by colloform pyrite. The compact ores are commonly ex-
tensively recrystallized, and the coarsest grained, pyrite, locally oc-
curs aslarge, poikilitic euhedra up to a centimeter across. This pyrite
is overgrown by multiple generations of later euhedral pyrite and
commonly contains minor interstitial chalcopyrite. Chalcopyrite lo-
caly fills open spacesin the conglomeratic ores, but is most abundant
in quartz-pyrite veins that crosscut the earlier pyrite breccias.
Although sphalerite is rare in the Cyprus deposits, some exhibit
local concentrations of sphalerite at the tops of the massive sulfide
lenses. Where it occurs, the sphalerite generally coincides with local
enrichments in chalcopyrite, filling open spaces among the upper-
most pyrite breccias (Constantinou, 1972; Constantinou and Govett,
1973). This sphalerite was likely deposited from late-stage, hydro-
thermal fluids or was remobilized from the underlying massive sul-
fides during successive hydrothermal events. Low-Fe sphalerite is
rarein most of the Cyprus deposits (Fig. 5), although the datamay re-
flect a strong sampling bias toward the massive pyritic ores. At

Mathiati, late-stage, Fe-poor sphalerite is present in some open cavi-
ties, together with chalcedonic silica. Similar, low-Fe sphalerite is
present in the upper parts of the deposits in Oman (e.g., Ixer et al.,
1986). Pseudomorphs of sphalerite after wurtzite have been recog-
nized in massive pyritic ores from both the Cyprus and Oman depos-
its (Ixer et al., 1984).

Asin the TAG mound, pyrrhotite is absent in most Cyprus-type
deposits, although minor inclusions of pyrrhotite in pyrite and
pseudomorphs of pyrite after pyrrhotite have been noted in some cas-
es (Constantinou, 1972; Ixer et a., 1984, 1986). Individua deposits
possess trace amounts of other minerals, such as marcasite, cubanite,
bornite, idaite, bravoite, carollite, and mackinawite. Ghost-textures
of metastable phases such as isocubanite also have been reported
(Oudin and Constantinou, 1984; Ixer et a., 1984). Sphalerite-rich
ores at the tops of some deposits contained minor inclusions of gale-
na, but these were rare (e.g., Agrokipia B, Mousoul os, Mathiati, and
Kokkinoyia: Constantinou and Govett, 1972; Constantinou, 1980;
Searle, 1972)

Bulk Composition and Metal Zoning

The bulk compositions of the Cyprus deposits are strikingly sim-
ilar to that of the TAG mound (Tables 1 and 2). Concentrations of Cu
in the massive sulfides range from 0.2 to 7.7 wt%, and average close
to 2 wt%, whereas Zn concentrations are generally lessthan 0.1 wt%.
Where analyzed, the sulfides are notably poor in Pb (<0.01 to 0.04
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wt%). The base metal contents of these deposits are generaly low,
owing to the dilution by large volumes of pyrite. Drilling intersec-
tions through the Mousoul os and K okkinoyia deposits exhibit strong
vertical metal zonation, similar to that at TAG (Fig. 12). Cu and Zn
are both concentrated in the uppermost part of the massive sulfide
lenses, although Constantinou and Govett (1972) pointed out that the
Cu grades are erratic and usually do not form a continuous zone
across the top of the deposits (e.g., Kalavasos and Limni: Searle,
1972). The pyritic sulfides generally have low trace-element con-
tents, although they locally show zoning in Co, Se, Mo, and As. Co-
baltian pyrite is present in some deposits, and Co is normally en-
riched in pyrite and chal copyrite within the stockwork zone (Fig. 12).
Bulk cobalt concentrations locally reach 3500 ppm, but are typically
<100 ppm (Constantinou, 1980). Similar co-enrichments in Co, Ni,
and Mo are also evident in the sulfides at TAG. Although discrete
Co-minerals were not identified, a recently documented occurrence
of Co-pentlandite in another sulfide deposit on the Mid-Atlantic
Ridge (Mozgova et a., 1996) suggests that similar minerals may be
present in trace amounts at TAG.

Precious metal concentrations in the Cyprus deposits range from
0.1 ppm Auto 2 ppm Au and <5 ppm Ag up to 70 ppm Ag. Severa
deposits yielded more than 1,000 kg Au (e.g., Kalavasos, Mavrovou-
ni: Bear, 1963; Herzig et al., 1991). The historical production of gold
from these deposits (mainly from oxidized zones at surface) has led
to the common impression that a strong Cu-Au association is charac-
teristic of ophiolite-hosted massive sulfides (e.g., Hutchinson, 1965,
1973). However, studies of the gold distribution at TAG indicate a
strong Zn-Au association in the uppermost sulfides (Hannington et
a., 1995h). This may indicate that important concentrations of gold
in the Cyprus deposits were overlooked in the Zn-rich ores that were
left unmined. A number of Zn-rich massive sulfides with high gold
contents are known in the ophiolites of Newfoundland (e.g., Betts
Cove and Tilt Cove: Hurley and Crocket, 1985; Tuach et a., 1988;
Santaguida and Hannington, 1995) as well as in the Josephine ophi-
olite (Turner Albright: Kuhns and Baitis, 1987). In general, the very
low Ag/Auratiosat TAG and Cyprus are characteristic of cupriferous
pyrite deposits and reflect a combination of the source rock compo-
sition (low Ag/Au ratios in MORB) and the effects of hydrothermal
reworking (e.g., Hannington et al., 1995b).

Sulfur | sotopes

Sulfur isotope compositions of the TAG sulfides and representa-
tive samples from the deposits in Cyprus are compared in Table 6.
The average 6*S values for both TAG and the Cyprus sulfides are
higher than that in many high-temperature black smoker chimneys

Deposits of the Semail Ophiolite, Oman

More than 150 massive sulfide prospects have been discovered
along the 500-km strike length of the Semail ophiolite in northern
Oman (Coleman et al., 1979; Lescuyer et al., 1988). Most are clus-
tered in groups about 250 km apart (Fig. 13). Of 25 major pros-
pects, 3 have been mined (Bayda, Lasail, Aarja: Table 1). As in Cy-
prus, the producing mines ranged in size from 1 to 8 million t, but
with many smaller sulfide occurrences in each camp. The Geotimes
Unit, a sequence of basaltic pillow lavas up to 1.5 km thick, hosts the
main massive sulfide deposits, as well as abundant Fe- and Mn-rich
sediments (Fleet and Robertson, 1980). The morphology, ore types,
mineralogy, and geochemistry of the deposits have many similarities
to the cupriferous pyrite deposits of Cyprus (e.g., Ixer et al., 1984;
Lescuyer et al., 1988; Batchelor, 1992). However, several of the de-
posits (e.g., Rakah, Al Aajal) exhibit mineralogical and geochemical
characteristics more similar to massive sulfides currently forming in
immature back-arc rifts (e.g., Herzig and Hannington, 1995).

As in Cyprus deposits, the deposits of the Semail ophiolite occupy
distinct graben-like structures and exhibit a strong structural control
on mineralization, subparallel to the regional sheeted dike swarm
(i.e., the spreading axis). At Bayda, the massive sulfides appear to be
confined to a narrow 70-m-wide graben or fissure. The basal breccia
beneath the deposit is a mixture of sulfide and volcanic fragments in
a quartz-rich matrix and is interpreted to be altered and mineralized
talus from the nearby graben wall (Koski et al., 1990). The large La-
sail deposit (8 million t) is also an elongate body with a length of 500
m, a width of 300 m, and a thickness of 60 m (Collinson, 1986). Al-
though the thickest part of the deposit is distinctly mound-shaped, the
sulfides thin out along the margins into Fe- and Si-rich hydrothermal
sediments (Koski and Haymon, 1988). At Lasail and Aarja, the clas-
sic “conglomeratic ores,” typical of Cyprus-type deposits, are poorly
developed or absent, and the massive sulfides exhibit strong layering
and banding throughout the main lenses (R. Koski, unpubl. data; Ixer
etal., 1984, 1986). At Al Aajal, the mineralization consists of sulfide-
hematite layers deposited on top of chloritized basalts. This may re-
flect deposition of sulfides within a brine pool or by subseafloor re-
placement, rather than as a mound-stockwork complex (Lescuyer et
al., 1988). Gossans are well developed in the deposits of Oman, but
many have formed since their uplift and exposure.

The deposits in Oman are also characterized by highly variable
bulk compositions, and locally possess distinctive polymetallic ores
(e.g., Tables 1, 2). The deposits at Bayda and Lasail have high Cu,
Co, Se, Ni, and Mo, similar to the massive sulfides of Cyprus and in
the TAG mound (Ixer et al., 1986). At Bayda, the chalcopyrite locally
contains traces of molybdenite and carrollite (Ixer et al., 1984). In
contrast, the ores at Aarja contain high Zn, Pb, Ag, and Au (Coleman

(eg. <2%o at 21°N: Zierenberg et al., 1984; Woodruff and Shankset al., 1979; Ixer et al., 1984). This deposit more closely resembles
1988) and more closely resemble that of the large massive pyrite dgre zn-rich massive sulfides found at Turner Albright in the Jose-
posits at Galapagos (e.g., 5%8o; Skirrow and Coleman, 1982). phine ophiolite (Kuhns and Baitis, 1987; Zierenberg et al., 1988). At

The heavy5*S signature most likely reflects the long-term evolution Rakah and Hayl-as-Safil, the massive sulfide lenses contain sili-
of the mound in comparison to smaller, high-temperature Blackeous, sinter-like zones and the ores locally include abundant arseno-
Smoker Complexes. Numerous authors have demonstrated that grite, tennantite, and enargite (Lescuyer et al., 1988). The differenc-
duction of seawater sulfate during high-temperature mixing is thes between these Zn-rich deposits and the cupriferous pyrite deposits
principal cause of increasinS values in seafloor hydrothermal of Cyprus may reflect only a lower temperature of formation, but the
systems (Shanks and Seyfried, 1987; Woodruff and Shanks, 198&),lfides at Rakah and Hayl-as-Safil have metallogenic signatures that

However, at TAG, incremental reaction of high-temperature, endsyggest a possible closer relationship to subduction-related processes
member fluids with pre-existing anhydrite in the mound is a morgqe g., Calvez and Lescuyer, 1991).

likely near-surface process that could result in large positive shifts in
6*S of the deposited sulfides (e.g., Janecky and Shanks, 1988;
Shanks et al., 1995). Head$¢S compositions of the Cyprus massive
sulfides imply that similar processes operated in these deposits, al-
though anhydrite is no longer present in the ores. Detailed discussion
of isotopic variations in the TAG mound are presented elsewhere in Numerous models for the development of Cyprus-type, mound-
this volume. stockwork complexes have been proposed based on observations

DEVELOPMENT OF THE MOUND-STOCKWORK
COMPLEX IN CYPRUS-TYPE DEPOSITS
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Figure 12. Drill section of the Mousoulos and Kokkinoyia deposits, Cyprus, showing the distribution of Cu, Zn, Co, and Ni through the massive sulfide lenses

and underlying stockwork zones. Data are from Constantinou (1972).

from active seafloor vents and preserved deposits in the geologic
record (e.g., Lydon, 1984a, 1984b; Hekinian and Fouquet, 1985;
Hannington et al., 1995a). Mound-like sulfide deposits are construct-
ed from a combination of accumulating sulfide talus at the seafloor
and by mineralization beneath the seafloor during phases of high-
temperature upflow. The abundant sulfide debris is derived mainly
from the collapse of large sulfide chimneys and by degradation of the
growing mound along active fault scarps. Drilling of the TAG mound
indicates that the interiors of many of the deposits are likely com-
posed of acomplex assemblage of sulfide brecciasthat have accumu-
lated during various stages of deposit growth. Asthetalusisincorpo-
rated in the mound it becomes cemented by the precipitation of other
sulfides and may be extensively reworked by later hydrothermal flu-
ids. However, to alarge extent, the extensive brecciation of the sul-
fides at TAG is caused by processes that are internal to the mound-

stockwork complex, rather than by erosion and mass-wasting at the
surface. Anhydrite precipitation and dissolution is considered to be of
fundamental importance in the development of the breccia ores at
TAG, and this observation suggests important modifications to cur-
rent models for the genesis of similar ore types in Cyprus-type mas-
sive sulfides. An empirical model for the growth of the TAG mound
based on drilling during Leg 158 isillustrated in Figure 14.

Growth of Hydrothermal Mounds

Theinterna structure of the TAG mound consists of an outer car-
apace of variably silicified and framework-supported pyrite breccias
that overlie a central core of dominantly anhydrite-supported brec-
cias within the high-temperature upflow zone. The anhydrite zone
sits above a vertically extensive quartz-pyrite stockwork. The high-
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Table 6. Comparison of 3*S values from TAG and Cyprus. Development of Subseafloor Stockworks

Sample Deposit 3¥s Source Much of the altered substrate at TAG has been replaced by quartz
and pyrite, and the most intense silicification and replacement ex-

MH-1 Sha +1.9 1

MH-3,4  Memi +3.9t0 +5.4 1 tends 10 to 20 m below the adjacent seafloor (e.g., Fig. 3). Although

M, Kinousa T 1 intact basalt clasts are most abundant below 40 mbsf, the first clasts
- grokipiaA  +3.7 1 . L

MH-11  AgrokipiaB  +5.6 1 were encountered at a depth of only 22 mbsf (i.e., within the mound).

MH-13 UncleCharles +8.2 1 i i i

Mh20  Mares ‘380455 13 Vertical displacements of the stockwork (e.g., by a series of small

TAG 410 +8.2 5 step faults) could account for the presence of these less-altered basalt

fragments higher up in the mound; however, the abundance of wall-
Note: Sources: 1 = this study; 2 = Lydon (19844, 1984b); 3 = Herzig et . (Chap. 4, this rock fragments in the pyrite-silica zone implies that much of the min-
volume). eralization was emplaced within a pillow mound or talus pile of in
situ pillow breccia.

As in Cyprus, the underlying quartz-rich stockwork consists of
temperature hydrothermal fluids reach the seafloor through a net- two main parts: an upper zone of quartz-cemented, pyrite-silica brec-
work of gquartz-pyrite-anhydrite veins that crosscut the pyrite-anhy- cias, and a lower zone of intense fracturing and quartz-pyrite veining.
drite breccias. The abundant anhydrite within the upflow zone is de- A complex history of quartz deposition is preserved, and multiple
posited by the progressive heating of seawater that is drawn into the generations of open-space filling and crustiform-banded quartz is
mound beneath the central Black Smoker Complex. During periods clearly visible at the hand-specimen scale and in thin section. Early,
of high-temperature upflow, infilling of the pyrite breccias with an- chalcedonic quartz is typically overprinted and partially replaced by
hydrite effectively “inflates” the mound, and the breccias remain suplater, coarse-grained, euhedral quartz at much higher temperatures
ported as long as high-temperature upflow is maintained. Howeve(Petersen et al., this volume). Progressive development of the upflow
because the high-temperature upflow is episodic over the life of theone beneath the deposit involves mainly the replacement of basalt
deposit, the breccias in the central portion of the mound periodicalltalus and the penetration of the quartz-pyrite stockwork downwards
collapse as a result of the dissolution of the anhydrite cement. Duririgto the underlying pillow breccias. Crackle-brecciation and apparent
periods of inactivity, the penetration of cold seawater into the depositydrofracturing is common at the centimeter scale, with many veins
promotes the dissolution rather than precipitation of anhydrite, owingontaining fragments of altered wallrock (possible evidence of local
to the declining temperatures in the core of the mound. The compldiuid over-pressuring within the stockwork). The large volume in-
assemblage of breccia ores that composes the bulk of the deposit ceease associated with quartz veining in the lower part of the stock-
flects the repeated fragmentation, cementation, and hydrothermal reork is partly accommodated by the wholesale dissolution of basalt
crystallization of the earlier sulfides. Pyrite breccias that are now direccias. However, adequate fracture permeability within the silici-
the base of the mound were originally formed near the seafloor dufied stockwork must have been maintained during each high-temper-
ing an earlier stage in the growth of the deposit and have since beature pulse to ensure that the upflow zone did not become choked
overgrown and extensively recrystallized by later hydrothermalvith anhydrite. This may indicate that the high-temperature venting
events. The apparent stratigraphy within the mound, from frameis focused by fissures undergoing active extension or simply that sea-
work-supported breccias, through pyrite-anhydrite breccias, tevater cannot entirely penetrate the highest-temperature portion of the
quartz-cemented breccias, reflects the progressive infilling and retpflow zone (i.e., the entrained seawater is heated and stripped of its
placement of the breccias, first by anhydrite and then by quartasulfate prior to reaching the highest-temperature conduits).

Large collapse features at the surface of the mound may be manifes- The development of the present anhydrite zone at the top of the
tations of anhydrite dissolution as the high-temperature upflow zonquartz-pyrite stockwork appears to postdate silicification. Anhydrite
migrated across the deposit or periodically ceased to exist altogetherining associated with the current phase of high-temperature upflow
Renewed episodes of high-temperature upflow are apparently f@arosscuts the quartz-pyrite stockwork and is related to only the most
cused through the collapsed breccias, resulting in the repeated oveecent hydrothermal event. In contrast, the silicification of the breccia
growth and cementation of the fragmental sulfides. The cherty carares at the base of the mound is cumulative and has progressed
pace is periodically breached during the collapse of the underlyinthrough many successive hydrothermal pulses. The quartz moves up
anhydrite-rich breccias, allowing fresh seawater to be drawn into thiarough the mound-stockwork complex with time and eventually dis-
mound during renewed periods of high-temperature upflow. Arplaces the anhydrite matrix in the overlying breccias.
anomalous zone of low heat flow measured over the western part of Although the stockwork zone at TAG was not comprehensively
the mound has been interpreted to reflect local recharge below tleilled, the available profiles indicate that it is comparable in size and
presently active central Black Smoker Complex (Becker and Vorshape to the most intensely mineralized zones beneath the Cyprus de-
Herzen, 1996). Seawater also apparently penetrates the upflow zopesits. In the Cyprus deposits, the depth to the bottom of the quartz-
through the permeable footwall basalt. This is indicated by the presulfide stockwork is usually at least twice the width of the seafloor
ence of anhydrite veins at considerable depths within the silicifiednound. As in the TAG deposit, the quartz veins are texturally com-
stockwork zone (down to 50 mbsf). At these depths, it seems likelplex and preserve a record of multiple episodes of brecciation and
that seawater can penetrate the subseafloor only by renewed crackirnigh-temperature upflow. Banded chalcedonic quartz is most abun-
induced by on-going tectonic activity. This is supported by the extendant in the upper part of the stockwork, whereas coarse-grained, eu-
sive crack-seal veining that is readily apparent in the core recoverdgtdral quartz is most common at depth. Overprinting of the lower-
from the stockwork zone. The cherty carapace at the top of the moumeimperature, chalcedony by later euhedral quartz is usually evident
also helps to focus the high-temperature discharge. The silicificatiofConstantinou, 1972; Constantinou, 1980).
is a likely consequence of the hydrothermal fluids cooling in the up- The remnants of pyritic, interpillow cherts are common in the
permost part of the mound; the cherty silica migrates upward with thetockwork zones of Cyprus-type massive sulfides and are evidence
growth of the deposit so that the deposit is nearly always capped liyat high-temperature fluids occupied the same upflow zones as ear-
a silicified zone. The distinctive terraces on the mound may refledter lower-temperature vents. At Mathiati, chert fragments in the
the accumulation of sulfides above these intact portions of an earliquartz-pyrite stockwork are still recognizable, and jasper veins up to
mound complex. several centimeters wide are cut by later quartz-pyrite-chlorite veins
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(Lydon, 1984b; Lydon and Galley, 1986). At Lasail and Bayda, the
early stockwork also contained abundant quartz-jasper veins, as well
as magnetite-quartz and quartz-hematite (Collinson, 1986). Theveins
fill interpillow spaces in the basalt below the deposits and appear to
have been feeder zonesfor low-temperature chert depositsforming at
the seafloor. This early silicification may have contributed to the
sealing of the uppermost pillow lavas and thereby promoted the fo-
cusing of high-temperature upflow and the development of the
quartz-pyrite stockwork.

Distribution of Alteration

Alteration associated with the TAG mound-stockwork complex is
confined to adiscrete pipe-like zone beneath the massive sulfide lens.
The main ateration minerals are quartz, chlorite, illite, and kaolinite.
Pyrite, which occurs as a replacement of Fe-bearing igneous phases,
is commonly associated with the intense clay ateration in the central
portion of the stockwork. Chloritized pillow-rim breccias occur lo-
cally closer to the seafloor. Beyond the chloritized halo of the stock-
work, the basalts are locally hematized. Much of the chlorite alter-
ation adjacent to the stockwork zone is likely a consequence of the
entrainment of seawater into the hydrothermal upflow rather than the
direct interaction of high-temperature fluids with fresh basalt (cf.
Embley et a., 1988; Janecky and Shanks, 1988). An apparent high-
permeability zone at the base of the quartz-rich stockwork isaso in-
dicated by the loss of drilling fluids at about 80-90 mbsf (Humphris,
Herzig, Miller, et al., 1996). Thiszone contains an abundance of buff-
colored basalt fragments and may indicate the presence of an aquifer
zone in interflow breccias or hyaloclastite. Details of the alteration
mineralogy and chemistry of the basalts are presented elsewhere in
this volume.

A magnetic low coincident with the TAG alteration pipeisinter-
preted to be the product of crustal demagnetization associated with
hydrothermal upflow immediately beneath the deposit (Tivey et d.,
1993). These effects are superimposed on a broader zone of demag-
netization encompassing the whole TAG field (i.e., alarge sea-sur-
face magnetic anomaly over an area of 2 km x 8 km: Wooldridge et
al., 1992). Because the magnetic character of the rocksis permanent-
ly changed by hydrothermal alteration on alarge scale, these effects
are commonly preserved in the rock record, and similar magnetic

anomalies have been documented in altered rocks from the Agrokipia
B deposit (e.g., Johnson et al., 1982; Johnson and Pariso, 1987). The
geometry of crustal demagnetization (a narrow, focused zone at the
seafloor and broader zones at depth) is consistent with that of discrete
ateration pipes superimposed on pervasive alteration at depth below
the deposits (e.g., Schiffman et a., 1987).

Thedistribution of alteration in typical Cyprus-type depositsisil-
lustrated by the North Mathiati pipe (Fig. 11). Thedifferent alteration
zones at Mathiati are similar to those of other Cyprus deposits, al-
though the mineralogy and chemistry of the alteration may vary in
detail between the deposits (e.g., Richards et al., 1989). At the mar-
gins of the deposit, the contact between the ore zone and the country
rocksisabrupt, often with only weak alteration of the basalts adjacent
tothe massive sulfides. The quartz-pyrite stockwork is surrounded by
a 10-50 m wide margina zone, consisting of moderately silicified
and chloritized basalts with locally preserved primary textures, simi-
lar to the chloritized basalt brecciasat TAG. A much wider peripheral
zone of weak clay alteration extends up to 100 m beyond the alter-
ation pipe. In the core of the pipe, subvertical zones of intense chlo-
rite-pyrite ateration occur 50-100 m below the paleoseafloor. The
chlorite ateration in the core of the pipeisnotably Fe-richin compar-
ison to alteration at the margins of the pipe (Lydon and Galley, 1986).
Reddish to purple lavas (hematized) found outside the alteration pipe
were interpreted by Lydon (1984a) to represent the effects of oxi-
dized meteoric groundwaters in barren lavas surrounding the depos-
its. However, similar hematitic staining is evident in the section at
TAG, suggesting that this alteration may also be a seafloor phenom-
enon.

In contrast to Mathiati, the ateration at Skouriotissa expands
downward from a pipe-like body at about 100 mbsf into a laterally
extensive quartz-chlorite-pyrite zone about 200-300 m below the
paleoseafloor. The deeper alteration zone is at least 2-3 times wider
than the deposit and contains a substantial volume of disseminated
pyrite as impregnations within the intensely altered lavas (Kortan,
1970). This pyrite initialy replaces primary igneous phases and lo-
cally completely overprints the altered basalt. Much of the pyrite ap-
pears to have formed early in the history of the deposit, prior to the
highest-temperature upflow, and is localy replaced by later chal-
copyrite. Epidote first appears below the deposit at a depth of about
250 m, and at 300—400 m the dlteration zone is at least a kilometer
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Figure 14. Model for the development of a Cyprus-type mound-stockwork complex based on observations at TAG. A. Growth of a large mound-like sulfide
deposit occurs by a combination of accumulating sulfide talus and mineralization and replacement within the mound during a phase of high-temperature hydro-
thermal venting. Pre-existing sulfide breccias undergo extensive recrystallization and partial replacement by quartz at the top of the stockwork. Entrainment of
seawater induces multiple stages of vein-filling and cementation of breccias by anhydrite in the interior of the mound. B. Collapse of anhydrite-supported brec-
cias in the central portion of the mound occurs during intervals of inactivity, leading to the formation of new breccias. C. Focusing of renewed hydrothermal
activity through collapse features and development of new fluid pathways through earlier breccias (present state of the TAG mound/stockwork complex).
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wide. Discontinuous zones of chlorite-pyrite and epidote-chlorite a- fluids. However, such deposits may form as the mound moves farther
teration also occur at depths of greater than 1 km beneath many of the off-axis and the hydrothermal upflow gradually cools. Any earlier
other deposits, and this alteration is commonly rooted in the underly- deposits of Mn oxides would have been destroyed by the most recent
ing sheeted dikes or intrusive complexes (i.e., metal-depleted root episodes of high-temperature hydrothermal activity. Manganese con-
zones: Schiffman and Smith, 1988; Nehlig and Juteau, 1988a,b; centrations in the drill core are at or below detection limits in nearly
Koski et a., 1990; Nehlig et al., 1994). The characteristics of this all of the samples analyzed (Hannington et al., Chap. 2, this volume).
deep footwall alteration in ophiolites and at the modern seafloor have
been discussed extensively in the literature (e.g., Richardson et al., Development of Gossans
1987; Stakes and O’Neil, 1982; Stakes and Taylor, 1992; Haymon et
al., 1989; Harper et al., 1988; Gillis and Robinson, 1988). Similar al- A characteristic feature of the TAG mound is the extensive sea-
teration was expected at TAG, but drilling during Leg 158 did noffloor oxidation of sulfide debris on the surface of the deposit
penetrate deeply enough to intersect the bottom of the upflow zonéThompson et al., 1988; Hannington et al., 1988; Hannington et al.,
Discontinuous epidote alteration at depth could be indicated by thE990a, 1990b; Herzig et al., 1991). Similar ocherous Fe-oxide depos-
broad zone of demagnetization encompassing the hydrothermal fields have been reported from 13°N at the East Pacific Rise (Fouquet et
al., 1988, 1993) and at Green Seamount (Alt et al., 1987; Alt, 1988a,
Metalliferous Sedimentsand Red Cherts 1988b). However, drilling indicates that the oxidized portion of the
mound is less than a few meters thick. The gossans are developed

Ferruginous cherts or red jaspers are well known in the pillow semainly above the cherty units, and massive pyrite breccias were en-
guences of the Troodos ophiolite, and especially in close proximitgountered at relatively shallow depths beneath the oxidized ores (<5
to the massive sulfide deposits. The abundance of red chert in pillombsf). So far, seafloor oxidation appears to have been limited to the
lavas well away from the massive sulfides, suggests that they may b&posed sulfides above the more compact ores, and the penetration of
products of low-temperature hydrothermal activity associated wittseawater into the underlying massive sulfides does not appear to have
the initial eruption of pillow lavas. Many of the jaspers contain abunproduced a deep weathering profile.
dant radiolarians and appear to have been contemporaneous with nor-Many of the sulfide deposits of Cyprus are capped by similar gos-
mal pelagic sedimentation. Richards and Boyle (1986) have clearlyans, that are buried by Cretaceous pillow lavas or sediments (e.g.,
demonstrated that the interpillow jaspers originated mainly as fineSkouriotissa, North Mathiatis, Mousoulos: Robertson, 1976; Robert-
grained, Fe-oxide muds and were later silicified by low-temperaturson and Boyle, 1983). The Fe-rich deposits are collectively referred
hydrothermal venting during the accumulation of the volcanic pile oto as ochers, but they may range in composition from fine-grained Fe-
within the high-temperature upflow zones associated with later minexide sediments (goethite and limonite), to hematitic or magnetite-
eralized stockworks. The idea that the red cherts formed by diffuseearing sediments, and jarosite-rich deposits. The ochers are widely
venting through pre-existing Fe-oxide sediments contrasts with thecognized as products of submarine weathering (e.g., Constantinou
common interpretation of this material as a primary chemical precipand Govett, 1973), although similar Fe-oxide gossans also have
itate or fall-out from a hydrothermal plume. The jaspers are locallformed as a result of present-day weathering of the deposits on land
interbedded with detrital sulfides and can form an apron, several tei¢sf. Lydon, 1984a). The ochers are up to several meters thick and nor-
of meters wide, surrounding the massive sulfide deposits, similar tmally do not extend beyond the limits of the ore bodies. The gossans
the bright red Fe-oxide muds surrounding the TAG mound. Lydorsometimes rest on altered and mineralized pillow lavas adjacent to
(1984b) noted that the conglomeratic ores at Mathiati locally gradéhe deposits, and these may represent weathered sulfide debris eroded
upward into jasper conglomerate at the top of the deposit, suggestifrgm the adjacent sulfide mounds. Bedded ochers, which locally con-
that red jaspers were forming on or within the mound. At Aarja andain graded units of detrital sulfides and jarosite, together with amor-
Lasail, the massive sulfide lenses are interlayered with hematitic amhous Fe oxides, are considered to be the closest analogs of the gos-
magnetite-bearing cherts at the flanks of the deposits (Koski et akans presently forming on the TAG mound (Herzig et al., 1991).
1990). Koski and Haymon (1988) suggested that these sediments The gossanous caps on many of the Cyprus deposits were exten-
may be hydrothermal precipitates from a dense brine, however, thejely mined for precious metals. Oxidized zones in some of the de-
locally bear a strong resemblance to the detrital Fe-oxide sedimerg®sits in Oman are also currently being developed for gold (e.g., Ra-
at TAG. In places there is clear evidence that later sulfides have rkah: Table 1). Although much of this gold is related to near-surface
placed the metalliferous sediments. supergene processes, Hannington et al. (1988) and Herzig et al.

Red cherts recovered in drill core close to the basalt-sulfide cor1991) noted that seafloor weathering on the Cretaceous ocean floor
tact at TAG suggest that similar low-temperature, diffuse flow ocimay have been responsible for much of the gold enrichment in the
curred at the periphery of the early mound-stockwork complex. Fragsyprus ochers. The substantial amount of secondary gold in the gos-
ments of red chert in the stockwork zone indicate that exhalative mirsan at the surface of the TAG mound (up to 20 ppm Au), together
eralization was likely widespread at the seafloor early in the historyith abundant secondary Cu sulfides, native Cu, atacamite and
of the TAG field (possibly when this section of basalts was mucharosite, provided the first evidence for the supergene enrichment of
closer to the ridge axis). gold and copper at the seafloor.

The massive sulfides at Cyprus are commonly overlain by dark In Cyprus, weathering of sulfides also has caused intense alter-
brown to black manganiferous sediments known as umbers. The uration at the contact with the underlying basalt. Distinctive red clays
bers may be laterally extensive away from the deposits, and some @& common at the top of the pillow sequence in proximity to the mas-
not obviously related to sulfide mineralization (e.g., Robertson andive sulfides in Cyprus, and they constitute mappable units in some
Boyle, 1983). They form mainly as chemical precipitates at low-teméeposits (e.g., Limni: Adamides, 1987; Hadjistavrinou and Constan-
perature seeps, usually as Fe-Mn oxide crusts or mounds, similar iaou, 1982). The alteration has been ascribed to leaching by near-
those found in th&lir andAlvin zones. Thdir zone is presently be- surface groundwaters (e.g., Lydon, 1984a), although similar red clays
ing buried by the modern equivalent of umbers, and black cherty devere found in drill core immediately beneath the massive sulfides at
posits have formed from the late-stage silicification of the Mn-oxidehe eastern edge of the TAG mound. This observation suggests that
crusts (e.g., Rona et al., 1993a). Similar manganiferous oxides are uhe acid alteration in the Cyprus deposits may have occurred at the
likely to form at the surface of the TAG mound, as they are moraeafloor where the overlying sulfides were exposed to oxidizing sea-
closely associated with sustained fluxes of much lower-temperaturgater. Acid leaching caused by the oxidation of disseminated pyrite
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has also caused intense bleaching of the basaltsin the pillow lavas at
Cyprus and, locally, the complete conversion of the rock to residual
quartz and kaolinite (Constantinou, 1972). The abundant leached la-
vas in the vicinity of the Cyprus massive sulfides led Constantinou
(1976) to conclude that the conglomeratic ores in the deposits might
also be products of the leaching of pyrite by acidic groundwaters (see
below).

The silicified carapace in the upper part of the TAG mound may
inhibit the deep weathering of the deposit, and the gossans them-
selves may also act as an effective chemical buffer between the mas-
sive sulfides and the surrounding seawater (Hannington et al., 1990a;
Hannington, 1993). These observations suggest that the preservation
potential of massive sulfides on the seafloor, within the likely time
framefor burial, is high and this may account for the very large num-
ber of small, well-preserved massive sulfide lenses in the pillow lava
sequences of ancient ophiolites. Dissection of intact sulfide mounds
by active faults as aresult of ongoing extension (e.g., Mir mound) or
tectonic dismemberment during obduction of an ophiolite may be
more important considerations for the preservation of seafloor sul-
fides than the long-term effects of seafloor oxidation (cf. Hall et al.,
1989).

SUMMARY AND CONCLUSIONS

The TAG mound and stockwork complex is among the largest of
the known seafloor sulfide deposits. The estimated total contained
metal in the deposit, ~30,000 to 60,000 t of Cu, is comparable to that
of the largest massive sulfide depositsin Cyprus (i.e., among the top
30%: Fig. 15). Grade-tonnage models for Cyprus-type deposits also
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suggest that deposits much larger than TAG (e.g., the 15 million t
Mavrovouni deposit) may be forming on the modern seafloor in sim-

ilar environments (Cox and Singer, 1986). Such deposits have either

not been yet been found or are known but not yet adequately delin-

eated (e.g., Southern Explorer Ridge, 86°W Galapagos Rift, 13°N
East Pacific Rise: see Hannington et al., 1995a). The presence of up
to four TAG-sized mounds in thdir andAlvin zones, suggests that
the entire TAG Field (% 5 km) could contain at least 20 million t of
massive sulfide, which would be comparable to a large mining lease
in Cyprus. The size of the TAG deposit, in comparison to other mid-
ocean ridge massive sulfides, may be related to the slow-spreading
rate of the ridge and the position of the deposit well off-axis (i.e.,
where it is not subject to the extensive fissuring that occurs along the
axis of the rift valley). The apparently long-lived boundary faults at
this location, which have controlled the location of off-axis dike in-
jections and small pillow volcanoes, may also have helped to stabi-
lize hydrothermal upflow.

The processes of mineralization operating at TAG are clearly sim-
ilar to those of ancient ophiolite-hosted deposits, but it may be impor-
tant not to lose sight of the fact that few, if any, ophiolite-hosted mas-
sive sulfides formed at true mid-ocean ridges. Although there are
close comparisons with the cupriferous pyrite deposits in Cyprus, im-
portant differences in the morphology, style of mineralization, and
bulk composition among deposits in other ophiolites (e.g., Oman, Jo-
sephine) caution against the general application of a TAG-Cyprus
model to all ophiolite-hosted massive sulfides. On the other hand,
many of the observations concerning the development of the mound-
stockwork complex may have applicability to other massive sulfide-
forming environments that exhibit similar ore textures (e.g., Kuroko-
type massive sulfides).



Growth Rate of the Deposits

The estimated size and age of the TAG mound permit an assess-
ment of therate of growth of the deposit. A partial chronology of hy-
drothermal, volcanic, and tectonic events in the TAG hydrothermal
field indicates a complex evolutionary history lasting more than 100
k.y. (Lalou et a., 1995). The oldest sulfides recovered from the de-
posit have ages of between 40 and 56 ka, based on U/Th decay series,
and there is evidence for intermittent periods of high-temperature ac-
tivity over the past 25 k.y. (Lalou et al., 1990, 1993). Although the
present mound may be as old as 50 ka, it has likely been active for
only about 10% of this time, and long periods of inactivity account
for the abundance of oxidized talus on the surface of the mound. If
we assume a cumulative output of high-temperature fluids lasting
about 5 k.y., the average growth rate of the deposit would be 500 to
1,000 t/yr. This estimate is consistent with cal culations based on the
fluid fluxes from black smoker vents and the heat output of other pro-
ductive hydrothermal fields (e.g., Converse et a., 1984; Cann et d.,
1986). The central Black Smoker Complex aloneis estimated to con-
tain about 30,000 to 50,000 t of massive pyrite, chalcopyrite and an-
hydrite and, at arate of 500 to 1,000 t/yr, this edifice may have grown
within the last 50 yr.

Role of Anhydritein Deposit Growth

The abundance of anhydrite at TAG is aproduct of the enormous
hydrothermal flux centered on the Black Smoker Complex. Heating
of seawater that is drawn into the mound has produced a 15-20 m
thick zone of massive anhydrite immediately beneath the Black
Smoker Complex. At the surface, the upflow zone is capped by a
massive anhydrite cone that supports the black smoker chimneys.
The presence of alarge volume of anhydrite both in the core of the
deposit and as massive veinsin the underlying stockwork raises ques-
tions about the ability of the system to sustain high-temperature up-
flow near the surface, given the requirement for entrainment of cold
seawater below the seafloor to form this anhydrite.

The mound contains an estimated 165,000 t of massive anhydrite,
which has been deposited over the last few thousand years of high-
temperature upflow. This mass of anhydrite requires the equivalent
of at least 4 x 10%° kg of seawater to account for all the CaSO, depos-
ited. By comparison, the mass of hydrothermal fluid feeding the
Black Smoker Complex ison the order of 10° kg every year (e.g., as-
suming that the Black Smoker Complex operates at about 100 kg/s).
Despite the large amount of anhydrite deposited, the volume of sea-
water entrained below the Black Smoker Complex is small compared
to the total mass flux of hydrothermal fluids. The fact that the black
smoker fluids have not been cooled significantly prior to venting sug-
gests that relatively little mixing with seawater has occurred in the
anhydrite zone and that most of the anhydrite is precipitated simply
by conductive heating of the entrained seawater at the margins of
high-temperature feeder veins. In contrast, mixing may be important
beneath the white smokers, and depletions of Cain the white smoker
vent fluids indicate that about 14% seawater is incorporated in the
lower-temperature upflow (Tivey et al., 1995).

Although the black smoker fluids have not been affected by mix-
ing in the high-temperature zone, reaction with pre-existing anhydrite
may have a small but measurable impact on the chemistry of the vent
fluids. Isotopic effects related to the reduction of SO, are evident in
the bulk &S of the sulfides, and oxidation of the fluids may account
for high fS,-fO, mineral assemblagesin the black smokers (e.g., Ja-
necky and Shanks, 1988; Tivey et al., 1995).

Anhydriteisnot well preserved in fossil deposits, owingtoitsret-
rograde solubility. Gypsum is present locally in many Cyprus-type
deposits, athough it is thought to have formed mainly by recent oxi-
dation of sulfides by meteoric groundwaters (Lydon, 1984a). Semi-
massive gypsum and anhydrite does occur beneath some of the Kuro-
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ko deposits in Japan (e.g., Sato, 1974; Shikazono et al., 1983; Kuro-
da, 1983). Pyrite-anhydrite ores (known as “sekko”) locally underlie
the massive sulfides, and several deposits contained between 100,000
and 1,000,000 t of gypsum ore (e.g., Matsumine-Shakanai area). The
observations at TAG show that heating of a small amount of en-
trained seawater to high temperatures within the upflow zone could
easily account for this amount of anhydrite. The sekko ore is com-
monly <10 m thick but is underlain by a zone of nodular anhydrite
that cements deposits of tuff breccia in the footwall of the massive
sulfides. Fluid inclusions in the anhydrite homogenize at tempera-
tures up to 340°C, confirming that the anhydrite-rich zones formed
mainly at high-temperatures (Shikazono et al., 1983). Distinctive,
“powdery” yellow ore also occurs at the top of the quartz-rich stock-
works and below a zone of compact massive sulfide ore. This ore is
porous and weakly consolidated and may have originated through the
dissolution of anhydrite cement in a manner similar to the sandy py-
rite at TAG. In the Hanaoka deposits, large anhydrite veins in the
footwall of the massive sulfides may also have developed at the mar-
gins of high-temperature fluid conduits similar to those at TAG. Sim-
ilar occurrences of semi-massive anhydrite are known in other Phan-
erozoic massive sulfide deposits (e.g., Steefel, 1987), but it is not im-
mediately apparent why the anhydrite-rich ores have been preserved
in some deposits but not in others. In the Kuroko deposits, the mas-
sive sulfides are overlain by extensive baritic caps, cherty exhalites,
and mudstones that may have contributed to the preservation of the
anhydrite.

The importance of anhydrite at TAG substantiates a model for the
formation of seafloor sulfide deposits originally outlined in Goldfarb
et al. (1983) and Campbell et al. (1984). They postulated the exist-
ence of an anhydrite cap above the high-temperature vents that traps
the hydrothermal fluids and allows for the accumulation of metals at
the seafloor. By analogy with black smoker chimneys, they predicted
that breccia ores would form when the anhydrite cap collapses under
its own weight. They also recognized that anhydrite is not a common
constituent of most fossil sulfide deposits and argued that the anhy-
drite cap was dissolved as fluids convecting through the sulfide de-
posit cooled.

The Origin of Breccia Ores

Early interpretations of the origin of conglomeratic ores and relat-
ed breccias of the Cyprus deposits appealed to seafloor weathering
and acid leaching of the sulfides (Constantinou, 1976). Lydon
(1984b) suggested that the breccia ores were mainly accumulations
of sulfide debris produced by the erosion of steep-sided mounds or
adjacent to synvolcanic faults. Lydon and Galley (1986) also sug-
gested that some brecciation may have been caused by explosive hy-
drothermal eruptions. Observations at TAG confirm that much of the
sandy pyrite and conglomeratic sulfides on top of the deposits are
likely products of the collapse of sulfide edifices and mass wasting of
the mounds. Because the TAG mound has formed in an area of rela-
tively low relief, most of the sulfide talus has developed in situ, rather
than by transport as debris flows. The collapse of the anhydrite-
supported portion of the mound following major episodes of hydro-
thermal upflow also has caused extensive in situ brecciation of the
mound and this is interpreted to have been an important mechanism
for the formation of “breccia ores” in other seafloor sulfide deposits.
The frequent collapse anhydrite-supported breccias may also contrib-
ute to the observed flattening of the upper surfaces of many of the
mounds. Textures similar to those observed in the active TAG mound
are common in many ancient massive sulfides and may offer clues to
the former presence of an anhydrite-rich matrix that is no longer pre-
served.

Anhydrite is virtually absent in massive sulfide deposits that
formed in the middle to late Archean, such as those in the Canadian
Shield. Because of the generally reduced nature of the Precambrian
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oceans, little or no SO, was available to make anhydrite in these de-
posits. It is noteworthy that much of the fragmental orein deposits of
this age consists of sulfide clast-bearing debris flows, talus breccias,
or products of hydrothermal explosion, whereas the interiors of the
deposits typically consist of massive banded sulfides formed as co-
herent lenses at the seafl oor or asreplacements of permeable volcanic
units (e.g., Franklin et al., 1981). In the absence of an anhydrite-
supported vent complex, as at TAG, the development of extensive
collapse breccias within the mound seems unlikely. Anhydriteisalso
unlikely to have been an important mineral in alarge number of an-
cient massive sulfide deposits thought to have formed in reduced, an-
oxic basins. This may account for the absence of fragmental ores or
coarse, conglomeratic breccias in some of the ophiolite-hosted de-
posits of Oman.

Importance of Subseafloor Stockwork Mineralization

The largest of the deposits in Cyprus are mainly subseafloor
stockworks, locally occupying more than 15 million t of mineralized
rock (e.g., Limni). Where both massive sulfides and stockwork min-
eraization are present, the stockwork zones can account for 30%-—
40% of the total metal, despite lower grades than in the massive sul-
fides (e.g., Agrokipia A and B). These observations confirm that a
large proportion of the metal in modern hydrothermal systems never
reaches the seafloor, and the surface expression of a deposit may be
small in comparison to the total tonnage of mineralized rock. At
TAG, the stockwork zone accounts for about 30% of the mineraliza-
tion and contains an estimated 15%—-20% of the Cu metal.

Metal Zoning and Implicationsfor Zone Refining

Strong metal enrichment inthe TAG mound isrestricted to the up-
per 5 m of the deposit. Thisis similar to the strong co-enrichment of
Cu and Zn observed at the top of many Cyprus-type deposits (e.g.,
Kokkinoyia, Skouriotissa, Mathiati). The absence of sphaleritein the
interior of many Cyprus-type deposits suggests that they have been
extensively reworked in the same manner asthe TAG mound and that
Zn (and to alesser extent Cu) have been stripped from the underlying
massive sulfides and remobilized to the tops of the deposits. Thispro-

cess of Zone refining” was first proposed for seafloor deposits by
Goldfarb et al. (1983), Hekinian et al. (1985) and Hekinian and Fou-
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