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27. GEOCHEMICAL SECTION OF THE TAG HYDROTHERMAL MOUND!
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ABSTRACT

Drilling operations to 125 mbsf in the TAG mound have clarified the geochemical organization of the mound and stock-
work zone. Bulk chemical analyses show that base metal values are very low within the mound and underlying stockwork zone.
Low values may be explained by a combination of two processes. (1) During maturation, metals are leached from primary sul-
fides equivalent to those formed in chimneys at the surface. (2) Sulfide formed in situ as basalt replacements and veins are not
enriched in trace metals. Another possibility is that the base metal-rich zones, particularly the copper-rich zone, were not
drilled. The Zn-rich zone probably occurs only in the surface chimneys. A Cu-rich zone may be present as a vertical zone below
the Black Smoker Complex but was not drilled. TAG has a geochemical and mineralogical asymmetry that may be explained
by less active leaching and maturation processes on the western side of the mound. This part was probably formed as talus of
different types of material related to a north-south fault feeding the black smoker. Leaching is more efficient on ttstdeastern
and all metals are removed from the surface sulfide at TAG-1. At TAG-2, metals are only concentrated within the first 10 m.
Thus, the source of Zn in the white smoker fluid has not been identified. The abundance of quartz within the mound indicates a
high temperature of formation under stable physico-chemical conditions. Trace metals associated with Zn are Cd, Zn, Ag, Sb,
and Pb. Principal component analyses (PCA) studies show that these metals occur within sphalerite or within low-temperature
pyrite associated with sphalerite. Cobalt and Se are not always specifically correlated with Cu, but they occur preiferentially
high-temperature pyrite formed under stable conditions. In relation to these different observations we consider that the mound
growth is caused by three different processes. (1) At the surface the sulfides formed within the chimneys are progressively bur
ied and recrystallized, contributing to the surface growth of the massive sulfide mound. This material can be relatiwly enrich
in Zn, which is later leached through a zone refining process. (2) In the deepest part the basalt is progressivelynsilicified a
replaced by a pyrite/quartz assemblage contributing to the internal growth and stockwork formation. These samples correspond
to high-temperature pyrite and were never enriched in Zn and associated trace metals. Thus, most of the mound is depleted in
trace metals. (3) The third process is the anhydrite veining that also contributes to the internal growth. Most of the anhydrit
should be dissolved when the activity ceases. However, veins are often associated with a chalcopyrite selvage that contributes
to the inner mound growth.

INTRODUCTION TAG GEOLOGICAL SETTING
AND PREVIOUS STUDIES

Despite al the studies on oceanic hydrothermal systems, the
mechanisms of sulfide precipitation, maturation, zone refining, and
chemical zonation within a mound are very poorly documented.
Ocean Drilling Program (ODP) Leg 158 was designed to study the
subsurface nature of an active hydrothermal system on a slow-
spreading, sediment-free mid-ocean ridge. The site chosen for this
study was the active Trans-Atlantic Geotraverse (TAG) hydrother-

Regional Setting

The main characteristics of the TAG field have been summarized
recently (Rona et al., 1993b; Shipboard Scientific Party, 1996). The
o ; s Dy, TAG volcanic segment has the morphology of an hour glass (Purdy
mal mound (26°08! on the Mid-Atlantic Ridge; Rona et al., 1986). < . :

- . - - etal., 1990; Sempéré et al., 1990; Smith and Cann, 1992), narrowing
According to the preliminary drilling results the mound was estlmatand shallowing toward the center of the segment. At about 26°10

ed to be 4 million metric tons (Humphris et al., 1995), making it : .
equivalent in size to some ore d(eposirt)s on land, such a)s those ign ?E_prommately the middle of the TAG segment, the east wall forms a

s . oad indent that reduces the width of the valley floor from about 9
ﬁ[)uuséir?dmgg{,;?dlgt;;r&gp leotlgtles l(élsazgaster etal,, 1980; Constan 0 6 km. Here, through a series of steps formed by fault blocks (Tem-

. : : t al., 1979), the wall rises from the valley floor (near 4000 m
In this paper, we present chemical analyses for major and tra%e e . o
elements obtained on sulfide samples from 5 drilling sites at the TA epth) to a height of 2000 m. The TAG hydrothermal field is located

mound (Fig. 1). Statistical analyses are used to discuss the beha rthe eastern base of this indent and extends over an area of at least

of elements during the mineral formation and maturation of th X.5 km along thg eastern median valley wall. It consists of presently

mound and to compare the geochemistry of TAG with two other maactive low- and high-temperature zones, as well as a number of fossil
nactive deposits. The zone of low-temperature activity occurs be-

jor mature oceanic deposits in basaltic environments. Detailed mi ; :
. - . een 2400 and 3100 m depth on the east wall and includes massive,
Eraloglcall stuﬂles flor :lhe szi\mples presented here will be found ayered deposits of Mn-oxi%e (birnessite), Fe-oxide (amorphous)
nott et al. (Chap. 1, this volume). and Fe-silicate (nontronite) (Rona et al., 1984; Thompson et al.,
_ _ _ 1985). The presently active black smoker system occurs at the junc-
Pro;*gsggus;-g'@:?:q‘gg_“& ”SelgEé' S,\gtl;rﬁ DT>J(( c?fgaf'gﬁfffgrgr’ogﬁm)(Eds')' 1998. tion between the rift valley floor and the east wall at approximately
2IFREMER, Centre de Brest, B.P. 70, 29280 Plouzané, France. fouquet@ifrgfgrf 6°gi§5|ﬁgoﬁg\é\2n?é "’(‘: rwuite(r) fdg?t:;;’;taliggt ‘Eg'zg %?];n 'e?r;? "efé%a

3Institut de Géologie, Université Louis Pasteur, 1 rue Blessig, 67084 Stra§BgHFan
France. 1993b).
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Back smoker
complex

Figure 1. Detailed bathymetry of the active TAG mound.
The locations of drill holes A through P are shown (Ship-
board Scientific Party, 1996). Dashed lines = possible

faults. S meters @ Site 957 Holes Contour Interval =5 m
The TAG Mound have been described in several papers (Thompson et al., 1985, 1988,

Tivey et al., 1995). Several specific studies were made on the concen-
The TAG mound is circular and measures 200 m in diameter and tration of gold at the surface of the deposit (Hannington et al., 1995,
50 min height (Fig. 1). It exhibits two distinct platforms at water 1988; Herzig et al., 1991).

depths of about 3650 and 3644 m (Fig. 2), which may represent two Mass wasting of the edges of the mound results in steep outer
phases of active growth (Humphris et a., 1994). The mound is sur- slopes to the west, north, and east. Two sample types are exposed: (1)
rounded by an apron dominated by carbonate and metalliferous sul- pyrite-rich blocks with trace amounts of late-stage amorphous silica,
fide-oxide sediment and is composed of massive sulfides and anhy- quartz, and goethite and with outer oxidized layers that include ata-
drite. Distinct sampletypes are distributed from the central to the out- camite; and (2) deep red to orange-brown blocks of amorphous Fe-
er areas of the mound surface (Ronaet a., 1993a; Tivey et a., 1995). oxyhydroxide, goethite, hematite, amorphous silica, and quartz.

A cluster of chalcopyrite-anhydrite-rich black smoker chimneys Fluids exiting the Black Smoker Complex are extremely focused.

(Black Smoker Complex) emitting fluids of up to 363°C is locatedFluids emanating from the Kremlin area have undergone conductive
northwest of the mound’s center. This chimney cluster sits on top afooling and mixing with seawater, as evidenced by the presence of
a 10- to 15-m-high, 20- to 30-m-diameter cone, the surface of whicamorphous silica and by the chemistry of the fluids (Edmond et al.,
is covered by a 3- to 6-cm-thick, platelike layer of massive chalcopy1995). As the fluid cools and circulates within the mound, pyrite is
rite and marcasite, with interspersed corroded blocks of massive aprecipitated.

hydrite containing variable amounts of chalcopyrite and pyrite. The Geochronological studies suggest that the mound is ~40-50 ka
tops of both the upper and lower platforms of the mound are relativgLalou et al., 1990). Activity has been intermittent over the past 20
ly flat with irregular surfaces. Samples of amorphous Fe-oxyhydroxk.y., with a periodicity of 56 k.y. (Lalou et al., 1993). The present
ide and silica have been recovered from the west, south, and east riawgivity began about 50 yr ago after a hiatus of about 5 k.y. (Lalou et
of the mound. Bulbous, mixed Zn, Fe, and Cu-Fe sulfides with cavial., 1993).

ties filled by amorphous silica were recovered from the northern rim

and central portions of the mound (Tivey et al., 1995). A complex of Principal Drilling Results

white smokers venting fluids from 260° to 300°C is located in the

southeast quadrant of the mound approximately 70 m away from the This description summarizing the principal characteristics of each
Black Smoker Complex. These Kremlin-like spires are smadl (f) group of holes is taken from (Shipboard Scientific Party, 1996). Sev-
and are comprised predominantly of low-Fe sphalerite with minoenteen holes were drilled at five locations on the active TAG hydro-
amounts of chalcopyrite, pyrite, and amorphous silica. Fluids fronthermal mound (Figs. 1, 2). Six holes (of which four produced core)
the white smokers have a very low pH (3 at 23°C) and less Fe thawere drilled just to the east of the Black Smoker Complex (TAG-1
the black smoker fluids. In addition, they are depleted in Cu and emrea) on the upper terrace, and produced a section down to 125 mbsf
riched in Zn relative to the black smoker. The Cu content is respethrough the hydrothermal mound and into the upper part of the stock-
tively 135umol/Lin the black smoker and only®10l/Lin the white  work zone. Four holes were drilled in the Kremlin area (TAG-2 area)
smoker; Zn is 4¢imol/L in the black smoker and up to 4pmol/L  on the lower terrace; these holes resulted in maximum penetration of
in the white smoker (Edmond et al., 1995). The white smoker fluid§4.3 mbsf. A single hole was drilled at a second location (TAG-3
are thought to be derived from the more focused black smoker fluidsrea) on the lower terrace south of the Black Smoker Complex and
by a combination of conductive cooling and mixing with seawatemwest of the TAG-2 area, but only drill cuttings were retrieved down
and precipitation of sulfides within the mound (Edmond et al., 1995to 14.5 mbsf. Four holes were drilled on the upper terrace on the
Tivey et al., 1995). Mineralogy and chemistry of surface depositsvestern side of the mound (TAG-4) to recover a section through the
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Figure 2. Schematic lithologic stratigraphy of the TAG hydrothermal mound from rock recovered from TAG-1, TAG-2, and TAG-4 (Shipboard Scientific Party,
1996).

sulfides and into the stockwork zone in an area of low conductive have a round shape (see Knott et al., Chap. 1, this volume, for details
heat flow (Becker et al., 1993) and to determine the extent of the sul- on mineralogy and petrology). The TAG-5 area, however, contains
fides and stockwork in this area. Core was recovered down to 51.2 only vein-related, pyrite-anhydrite breccias. In the TAG-2 area, an-
mbsf. Finally, two holeswere drilled on the northern side of the upper hydrite is present only as thin veins and vug fillings; in the TAG-4

terrace (TAG-5 area) to determinethelateral heterogeneity of the sul- area, anhydrite is virtually absent. However, recovery at the TAG-2
fide mineralization and to delineste the northern extent of the under- and TAG-4 areas was so low that the possibility exists that anhydrite
lying stockwork zone. Coring here penetrated to 59.4 mbsf. was preferentially not recovered. With increasing depth, the amount

Figure 2 summarizes the stratigraphy of the mound (Shipboard of quartz-pyrite mineralization and quartz veining increases and rep-
Scientific Party, 1996). Breccias of various types dominate the sul- resents the top of the quartz-sulfide stockwork zone, which typically

fide mound and the upper part of the stockwork. Different rock includes pyrite-silica breccias overlying silicified basalt breccias.
types—massive pyrite breccia, pyrite-anhydrite breccia, and pyritéFhis zone was observed at all holes that penetrated >40 mbsf, sug-
silica-anhydrite breccia—are distinguished on the basis of relativgesting that the thickness of the mound is comparable to its relief on
mineral abundances. They display different degrees of brecciatiothe seafloor. A quartz-chlorite stockwork zone was sampled at depths
cementation and replacement of pre-existing sulfides. greater than 100 mbsf in Hole 957E (TAG-1).

The existence of a normal fault or series of fault steps beneath the A very hard layer containing red and gray chert was encountered
mound is suggested in part by about 15-20 m of displacement of bax the upper few meters of the cores recovered from the TAG-2,
salt basement on opposite sides of the mound and by the presencd Af5-3, and TAG-4 areas. This most likely results from the precipi-
several major lineaments to the north and east of the mound, althoutgtion of silica from hydrothermal fluids percolating through the
these have not been confirmed by observation. A series of scarpsound and forming a silica cap and may be analogous to the silica
aligned in a roughly north-south orientation may account for much ofaps overlying many volcanogenic massive sulfide deposits on land
the surface morphology of the mound. These scarps are roughly pgFranklin et al., 1981).
allel to the bathymetric lineaments observed off the flanks of the de-
posit (Kleinrock et al., 1996). TAG-1 Area (East Side of the Black Smoker Complex)

Four major zones can be distinguished. Clast-supported massive
pyrite and pyrite breccias with sulfide cement dominate the upper The upper few meters of the core contain fragments of massive
10-20 m of the mound at every location. This is followed by an angranular pyrite and chalcopyrite, which likely represent near-surface
hydrite-rich zone that comprises matrix-supported, pyrite-anhydriténydrothermal precipitates derived from sulfide crusts and chimney
breccias and pyrite-anhydrite-silica breccias in the TAG-1 area. Atalus. From the surface down to 15 mbsf, the core consists dominant-
the scale of the cores sulfide clasts are centimeter-sized and oftlrof porous to granular pyrite and pyrite breccias. Below 15 mbsf, an
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anhydrite-rich zone is present that consists of pyrite-anhydrite and
pyrite-silica-anhydrite breccias that extend down to 45 mbsf. Abun-
dant quartz-pyrite mineralization and quartz veining immediately be-
neath the anhydrite-rich zone represent the top of the stockwork zone,
suggesting that the thickness of the mound in this areais about 30 m.
Between about 45 and 100 mbsf, a quartz-rich zone is composed
mainly of pyrite-silica breccias, and of silicified basalt breccias at its
deepest part. Below about 100 mbsf, the quartz-rich zone gradesinto
a chloritic stockwork where chloritized and weakly mineralized ba-
sdt is the dominant lithology. Anhydrite veining is abundant
throughout the vertical extent of the section, but it is best developed
inthe pyrite-anhydrite and pyrite-silicabreccias (15-45 mbsf), where
veins up to 45 cm in width are present. These veins comprise com-
plex, multistagefracturefillings and cavity linings, someof whichin-
clude disseminated, fine-grained pyrite and chalcopyrite, and trace
amounts of hematite. The occurrence and size of veins decrease
downward and correlate with an increase in the amount of quartz.

TAG-2 Area (“Kremlin” White Smoker)

Hydrothermal precipitates recovered from the topmost section at
the TAG-2 Kremlin area include red-brown, sulfide-rich sand and
mud (most likely drill cuttings) with abundant chert clasts and afew
small pieces of sphalerite, pyrite, and chalcopyrite. A hard layer in
the top few meters of each hole at TAG-2 consists of mixed pyrite
and chert clasts in a dominantly cherty matrix. Clasts of similar red
and gray chert are dso common in the underlying massive, porous
pyrite to adepth of about 10 mbsf. Most of the massive sulfide mate-
rial recovered from the TAG-2 area occurs in the upper 20 m of the
section as massive porous pyrite and porous, nodular pyrite breccias
inasandy pyrite matrix. The breccias are dominantly matrix-support-
ed and contain only minor anhydrite cement. The TAG-2 area does
not contain as wide a variety of breccias as at the TAG-1 or TAG-4
sites, suggesting that the TAG-2 area has experienced a different his-
tory of brecciation, cementation, and veining than similar rocks
drilled in the other areas of the mound.

Between 20 and 30 mbsf, the massive pyrite breccias grade into
pyrite-silica breccias with anhydrite veining. Silicified basalt frag-
ments and hyaloclastite first occur at about 30 mbsf, and the basalt
fragments become increasingly abundant with depth. Deeper in the
section, the fragmentsin the pyrite-silica breccias become larger and
more angular and are interspersed with sections of brecciated and si-
licified basalt. At about 40 mbsf, the pyrite-silica breccias grade into
more massive, silicified basalt breccias, and chloritized basalt frag-
ments are present locally. These breccias appear to represent the up-
per part of the stockwork zone.

At the southeastern edge of the TAG-2 area, a section of chlori-
tized pillow-rim brecciawith a matrix of chlorite, quartz, and hema-
tite was recovered at the base of the massive sulfides, which overlies
partly altered basalt. Thisisinterpreted to be the uppermost basement
or aportion of abasaltic flow. The presence of chloritized pillow-rim
breccia at the contact between relatively fresh basalt and the base of
the massive sulfides indicates less pervasive hydrotherma flow
along the margins of the mound than at its central part.

TAG-3 Area (South Side of the Black Smoker Complex)
Fine- to medium-grained drill cuttings consisting of silt- and
sand-sized grainsand fragments of massive pyrite, red and gray chert,

partialy silicified Fe-oxides, and trace amounts of chal copyrite were
recovered.

TAG-4 Area (West Side of the Black Smoker Complex)

Core recovered from four holes in the TAG-4 area indicates that
this part of the mound consists mainly of massive sulfide crusts and
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sulfide-cemented breccias. In addition, significantly higher amounts
of sphalerite, marcasite, and amorphous silica are present in these
samples than in samples drilled elsewhere on the mound. Anhydrite
isvirtually absent in the TAG-4 cores.

In this area, the upper 10 m of the mound consist of porous collo-
form pyrite + marcasitewith local red and gray chert, and minor chal-
copyrite, below which there is a 10-m-thick zone of massive pyrite
and massive pyrite breccia with minor sphalerite and a few atered
basalt clasts. Between 20 and 30 mbsf, massive pyrite grades down-
ward into pyrite-silica breccia with abundant silicified basalt frag-
mentsup to 10 cmin size. Silicified basalt breccias are the dominant
lithology between 30 and 42 mbsf, followed by an abrupt transition
into slightly to moderately altered basalt having chloritized halos
down to 51.2 mbsf.

The breccias consist of angular to subrounded clasts of variably
silicified and highly altered basalt enclosed in amatrix of pyrite-silica
breccia or porous massive pyrite. A few pieces of chloritized basalt
were recovered below the silicified basalt breccias. The silicified ba-
sdt and chloritized basalt breccias are underlain by slightly to mod-
erately altered basalts, which exhibit chloritized alteration halos and
contain veins of quartz, chlorite, and pyrite. Silicified basalt breccias
recovered from the TAG-4 area resemble those in the upper part of
the quartz-rich stockwork in the TAG-1 and TAG-2 areas, but they
are generaly less silicified and contain greater quantities of pyrite

Although abundant basatic clasts were recovered, the frame-
work-supported nature of the breccias, the absence of pervasive
quartz and anhydrite cement, and the presence of only dightly to
moderately underlying altered basdtic basement suggest that this
area is not part of the high-temperature stockwork. Instead, these
breccias appear to be part of atalus pile (Shipboard Scientific Party,
1996) adjacent to the main upflow zone that, measured from the ba-
salt basement, is at least 20 m thick and is capped by a 10- to 15-m-
thick carapace of massive pyrite.

TAG-5 Area (North Side of the Black Smoker Complex)

The overall hydrothermal stratigraphy of the north side of TAG-5
issimilar to that observed in the TAG-1 areato the east of the Black
Smoker Complex. The upper part of the section is comprised domi-
nantly of nodular pyrite- and pyrite-anhydrite breccias with minor
chalcopyrite, similar to those in the anhydrite-rich zone in the TAG-
1 area. The hard, cherty material encountered in the upper few meters
intheTAG-2, TAG-3, and TAG-4 areaswas not recovered at TAG-5.

Below 30 mbsf, massive, coarse-grained granular pyriteis associ-
ated with the pyrite-silica breccias and contains significant amounts
of silica. Remnant patches of chert, dark gray silica, and silicified al-
tered basalt material are commonly included with the massive pyrite,
suggesting that the rock formed by pyritization of a pre-existing py-
rite-silica or a silicified basalt breccia. These breccias contain clasts
of an earlier generation of pale-gray, fine-grained pyrite-silica brec-
cia, indicating that there have been at least two stages of brecciation.
Silicified basaltic breccias and basalt fragmentsin thelower 25 m are
similar to stockwork samplesfrom el sewhere beneath the mound, but
they contain greater amounts of pyritic cement.

MINERALOGICAL TYPES

Samples selected for this study are representative of the homoge-
neous part of the sulfide-rich core. No specific sampling was made on
the altered basalt. Mineralogical details of thin sections correspond-
ing to the chemica analyses are presented in Table 1. Knott et al.
Chap. 1, thisvolume), distinguish six facies or mineralogical types of
samples (mineral assemblages with similar textural and mineral ogi-
cal features: (1) Si-Fe oxyhydroxides, (2) porous Fe-(Zn, Cu) sul-
fides, (3) massive granular Fe-sulfide, (4) sulfide-anhydrite, (5) sul-



fide-quartz, (6) silicified/altered basalt. Most of these types are mul-
tistage breccias. We distinguish three major groups of samples. The
first group forms the massive mound that is less than 20 m thick.
Types1, 2, and 3 arein this group. These samples are massive, partly
recrystallized sulfides with no silica and low anhydrite. They corre-
spond closely to samples from the surface of the mound collected by
submersible. The second group is primarily made of types 5 and 6.
The third group covers the anhydrite zone and can be considered as
late anhydrite veining and impregnation in all the other types. These
veins are common between 20 and 50 m depth and often associated
with a chalcopyrite selvage. This sulfide precipitation within the
mound contributes to the internal inflation of the mound.

ANALYTICAL TECHNIQUES

Samples were selected as homogeneous representative parts of
the cores to focus our study on the chalcophile elements related to
sulfides. For this study, we have not sampled massive anhydrite from
thelargest veins. The Leg 158 sampleswere studied for bulk analyses
by X-ray fluorescencein IFREMER laboratoriesin Brest. First, sam-
ples were examined, cut into representative parts, and powdered.
Analyses were made in two steps.

First, major elements, such as Cu, Fe, Zn, S, Ca, Ba, were ana-
lyzed on glass disks made of 0.2 g samples added to 11.3 g of aflux
based on Li,B,0,-LiNO;-La,05-NaBr. The glass disk was made by
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values are in dark cherts, in porous massive pyrite, or in massive
granular pyrite.

Copper concentrations are higher than 1 wt% in 52% of the sam-
ples, 15% of the samples have concentrations higher than 5 wt%, and
only 1% have concentrations higher than 20 wt%. (Fig. 7). Copper is
mostly concentrated in two types of samples: (1) in the porous pyrite
breccia and porous massive pyrite at the surface (including one sam-
ple of massive granular chalcopyrite), and (2) related to anhydrite
veins. More rarely, the pyrite-silica breccias are enriched in Cu.
There is no specific downward enrichment in Cu. However, because
of the different types of occurrence, high values are scattered through
mound in different sample types.

Calcium occurs in anhydrite veins and associated impregnations
in the different types of breccia from the active part of the mound.
Calcium concentrations are higher than 1 wt% in 44% of the samples,
19% have concentration greater than 5 wt%, and only one sample has
a concentration greater than 20 wt%. However, we did not sample the
anhydrite veins. Highest values are between 20 and 40 mbsf where
the maximum number of veins were seen. Because of poor recovery,
anhydrite (and thus Ca concentration) may be underestimated deeper
in the mound. However, even if large veins were not sampled, the im-
portance of anhydrite veining can be seen through the anhydrite im-
pregnation in the nearby breccia and sulfides.

Silica concentration is higher than 1 wt% in 64% of the samples;
33% have concentrations greater than 10 wt% and 16% have concen-
trations greater than 30 wt%. Thus, an important proportion of the

progressively heating the mixture in an electric furnace to 1000°Gnound is silica, occurring as opal or chert at the surface and as quartz
with a step of 40 min between 400° and 500°C where oxidation ofvithin the mound. Except for the local occurrence of cherts near the
sulfides occurs. A problem in the fusion technique for sulfide analysurface, the first 20 m of the upper part of the mound is depleted in
sis is the loss of S during the fusion, the use of this kind of flux allowsiO,. There is no clear downward increasing trend for Si concentra-
S to be retained in the mixture. Detection limits for major elements iton.
0.1wt% for Pb, Zn, and Cu, 0.2 wt% for Ca, 0.3 wt% for S5 Because Al and Ti are considered to be the immobile elements
wt% for Fe, S. during hydrothermal alteration of oceanic basalt (Bideau et al.,
Minor and trace elements were analyzed using a different procd985), these two elements were measured to try to determine the im-
dure. Because of the great dilution of the samples in the glass disk (idrtance of the basaltic component in the silicic breccia. In our col-
86), which makes the detection of contents of less than 1 wt% diffilection, only one value is above the detection limit and thus does not
cult, trace element analyses were made on pellets. The pellets aéow the discussion of a basaltic origin of the silicic breccia.
composed of 6 g of sample powder thoroughly mixed with 0.6 g of
wax, as a binding agent. This preparation is compressed under 10
tons pressure. This method has the advantages of simplicity, rapidity,
and limited contamination. Because of the high concentration of ma-
jor elements, matrix effects are important and they are resolved, in The TAG-1 (Fig. 3) holes extend to 120 m deep and provide the
the case of this laboratory, by use of a Compton peak or by real cahirost complete section through the mound. Calcium concentration
culation of matrix effects (for Ni, Co, and Mn). Calibration was by has a relatively sharp increase at values close to 10 wt% at 20 m and
the standard addition method checking certified standard sampleben, if we do not consider the anhydrite vein samples, there is a reg-
Detection limits for trace elements are 50 ppm for Mn, 20 ppm for Plilar decrease towards 50 m, which is approximately the basement po-
and As, 10 ppm for Sn, Sr, Ag, Co, and Mo, 5 ppm for In and Ge, ansition (Fig. 3). This trend indicates a progressive decrease of anhy-
1 ppm for Se. drite impregnation and, therefore, a decrease in the quantity of down-
going seawater. The decrease in Ca value may also reflect a
progressive downward decrease of porosity, density, and size of
veins. The Ca maximum may indicate the mixing front between sea-
water and ascending end-member hydrothermal fluid. The lack of Ca
Analytical results are presented in Table 2. For each site all samear the basement position at 45 m can be considered as a barrier for
ples are listed according to increasing depth and results are illustratddwngoing seawater, probably resulting from a lower permeability in
in Figures 3—6. Some characteristics are common to all sites and wille deepest part of the mound. This low permeability can be ex-
be described first. This will be followed by description of specific plained in two ways. First, mineral precipitates can lower the porosity
chemical characteristics for each site. of the breccia; second, the replacement of basaltic rocks by the pyrite/
Base metal values are extremely low within the mound and stoclsilica assemblage gives a primary product with low permeability
work zone below the near-surface material. High Cu values sporadivhen compared to the mound. A possible explanation of the occur-
cally occur on the selvages of anhydrite veins within the anhydriterence of anhydrite only at depths greater than 20 m is the position of
rich zone. Base metals are enriched in the near-surface part of tthee 160°C isotherm, which is the limit for anhydrite saturation in sea-
mound. water (Blount and Dickson, 1969). Anhydrite blocks exposed on the
Zinc concentrations are higher than 1 wt% in only 14% of theseafloor are formed in the Black Smoker Complex where the 160°C
samples. Concentrations higher than 5 wt% occur in only 3% of thisotherm reaches the seafloor (see Fig. 15).
samples (Fig. 7). Except for two samples, most of the Zn is concen- Silica is not present in the surface massive pyrite. The amount of
trated within the first 10 m in the upper part of the mound. All highsilica starts to increase progressively at 15 m, with a sharp increase at

TAG-1
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Table 1. Mineralogical composition of analyzed samples.

Hole, core, section, Depth Amorphous
interval (cm) (mbsf) Piece Lithology Pyrite Marcasite Sphalerite Chalcopyrite Anhydrite Quartz silica Hematite Fe-oxides Clay Chlorite Other
TAG-1
158-957C-
4W-1, 10-15 1058 3 Nodular pyrite-anhydrite breccia D tr m M Dig
5N-1, 26-39 1525 5 Massive pyrite (clast?) D tr m r tr tr
7N-1, 17-22 1966 5 Nodular siliceous pyrite-anhydrite breccia M tr m M A tr
7N-1, 110-113 2060 8D  Nodular siliceous pyrite-anhydrite breccia D tr r M m
7N-2, 58-63 2132 1D  Siliceous pyrite-anhydrite breccia M tr r M A
7N-3, 42-46 2261 4A  Siliceous pyrite-anhydrite brecciawith M tr r M m tr
wallrock fragments
11N-1, 24-27 30.88 3A Pyrite-silica breccia D tr m M tr
11N-2, 7-10 3219 1B  Pyrite-silica-anhydrite breccia M tr r m M tr
11N-2, 12-14 3219 1C  Massive pyrite-anhydrite breccia (vein related) D tr A A r tr
11N-3, 42-45 3397 5B  Massive pyrite-chalcopyrite (vein related) D tr A M tr
11N-3, 54-57 3409 5C  Massive pyrite (vein related) D tr r A tr tr
11N-3, 123-126 3480 10B Pyrite-silicabreccia M tr r m D tr tr
12N-1, 46-49 3535 5C  Massive pyrite-anhydrite breccia D tr A A r tr Po-morph?
13N-1, 12-20 3731 4 Massive pyrite-anhydrite breccia D tr r A tr tr Galena?
13N-1, 13-20 3731 4 Massive pyrite D tr r m r tr tr tr
13N-1,109-112 3819 17B Pyrite-silicabreccia D tr r m M tr tr
13N-2, 41-43 38.89 3D Pyrite-silica breccia M tr tr r D tr tr
14N-1, 18-22 4025 2 Pyrite-silica breccia M tr r r D tr tr tr
14N-2, 44-47 4112 1C  Anhydritevein A tr r D tr
15N-1, 110-114 4294 11D Silicified wallrock breccia M tr tr m D tr r Rutile
15N-2, 3-6 4316 1A  Pyritesilicabreccia A tr tr r D tr tr
15N-4, 47-50 4610 4 Nodular pyrite-silica breccia M r D tr
16N-1,119-121  47.39 15 Massive pyrite D tr r r m
16N-2, 52-55 48.07 5A Silicified wallrock breccia D tr tr r A tr
158-957E-
2R-1, 23-28 3723 5 Pyrite-silica breccia M tr r r D tr
5R-1, 39-41 5899 8 Pyrite-silica breccia M tr tr tr D tr Rutile
6R-1, 4-6 6334 2 Massive pyrite D tr A A r
8R-1, 1-5 7280 1 Massive pyrite D tr r tr A tr tr
11R-1, 42-45 8752 9 Pyrite-silica breccia D tr r M tr
14R-1, 30-36 101.80 8 Pyrite-silica breccia M tr tr D tr r
17R-1, 12-15 116.15 2 Pyrite-silica breccia D tr tr r M tr tr Leucox
158-957F-
IN-1,7-9 105 2 Massive granular chalcopyrite tr D tr Chalc.
IN-1, 41-46 141 10A Pyrite-anhydrite breccia D tr A M tr tr
2N-1, 11-13 560 3 Massive granular pyrite D tr r tr tr
158-957G-
IN-1, 36-38 1232 7 Massive granular pyrite D tr r r tr
3N-1, 35-39 2135 4A  Siliceous pyrite-anhydrite breccia M tr tr M m tr
TAG-2
158-957A-
3X-1, 51-57 1050 11 Porous massive pyrite D r m r Cov
158-957B-
1R-2,13-19 113 2 Massive granular pyrite D tr r tr
158-957H-
IN-1, 60-70 930 13 Porous nodul ar pyrite breccia M tr A M
3N-1, 53-58 1823 12 Pyrite-anhydrite breccia D tr r A tr
5N-1, 5-7 2670 1 Massive granular pyrite D tr tr tr
5N-2, 80-84 28.17 3C  Pyrite-silicabreccia M tr tr r M tr
7N-1, 7-13 3576 2 Pyrite-silica breccia M tr r r M tr
8N-1, 97-107 4118 15 Pyrite-silica breccia M tr r r M r tr
9X-1, 15-18 4484 4 Massive pyrite-silica D tr r tr A tr Chalc
1w-1, 11-14 005 2 Dark gray chert A tr tr tr D tr Bo; Dig; Cov; Chac
TAG-4
158-9571-
IN-1, 6-11 906 2 Porous massive pyrite-marcasite D m r tr tr tr
IN-1, 64-67 9.60 10 Massive pyrite D r r r tr tr Bo; Cov
158-957K-

1X-1, 35-38 030 5 Massive pyrite D m r m tr Cov
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Table 1 (continued).

Hole, core, section,Depth

Amorphous

interval (cm)  (mbsf) Piece Lithology Pyrite Marcasite Sphalerite Chalcopyrite Anhydrite Quartsilica  Hematite Fe-oxides Clay  Chlorite Other
3X-1, 2-7 1450 1 Porous massive pyrite D r m tr A Chalc
158-957M-
1R-2, 30-33 085 7 Pyrite-silica breccia A tr tr r D tr tr Cov
2R-1, 15-20 9.44 4 Massive pyrite M M r r A tr tr
3R-1, 61-65 1490 15 Pyrite-silica breccia A tr r D tr
3R-1, 119-122 1549 28 Pyrite-silica breccia D r tr r M tr
4R-1, 41-46 19.70 10 Massive pyrite D r r A M tr
5R-1, 93-97 25.18 15 Pyrite-silica breccia M r tr r M tr Cov
7R-1, 8-12 3435 2 Massive granular pyrite D tr r tr m
8R-1, 8-12 38.38 2 Banded pyrite-marcasite D m r r A
TAG-5
158-9570-
2R-1, 4-7 793 2 Pyrite-anhydrite breccia D tr r M Po-morph
2R-1, 14-16 8.03 4 Massive pyrite-anhydrite D tr r A tr
4R-1, 24-27 16.13 6 Pyrite-anhydrite breccia D tr M tr
158-957P-
1R-1, 12-16 011 3 Pyrite-anhydrite breccia M tr r D Po-morph
3R-1, 7-9 1195 2 Massive granular pyrite D tr r m tr
5R-1, 3-5 2150 1 Massive pyrite-anhydrite D tr tr M tr Po-morph
6R-1, 24-27 26.72 5 Massive granular pyrite D tr A tr tr tr Chalc
8R-1, 23-26 3532 6 Massive granular pyrite D tr r r tr r tr Chalc
8R-1, 29-30 3537 7 Porous massive pyrite D tr r A r Po
11R-1, 3-6 50.10 1 Massive granular pyrite D tr r m
12R-2, 54-57 56.13 10 Massive granular pyrite D tr tr m tr
12R-4, 88-92 5796 11 Massive pyrite-silica D tr tr tr A tr
TAG-3
158-957Q-
1R, 1-3 5,59 cut. Red chert r D M Cov

Notes: D = dominant (> 50%), M = major (26%-50%), A = abundant (11%—25%), m = minor (6%-10%), r = rare (1%-5%), tr = trace (<1%). Hm = hematite, FeOx = Fe-oxyhyalyoxide, clay (undiff.), Bo = bornite, Dig = digenite, Cov
= covellite, Po-morph = pseudomorphs after pyrrhotite, Chalc = chalcedonic or cryptocrystalline quartz texture, Leucoxenéléuco
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Table 2. Chemical composition of sulfides, presented with increasing depth for each site. Ba, K, Mg, Ti, Mn, Ni, and Sb were all below the detection limit.

Hole, core, section, Depth Cu Fe Zn S SO, Ca AlLO; Pb Sn Mn Sr Ag As Co Se Cd Mo In Ge

interval (cm) (mbsf)  Piece  Type Description % W @ % % (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppM) (ppm)  (ppm)  (ppm)  (ppm)  (pPpm)

TAG-1

158-957F-

IN-1, 7-9 107 2 5d Massivegranular  31.85 303 <.1 35.8 28 <1 <4 35 <10 <50 <10 12 <20 120 8500 <10 189 <5 6
chalcopyrite

1N-1, 41-46 141 10A 6a Nodular pyrite 4.3 347 <1 46.1 <3 51 <4 32 <10 <50 520 <10 30 380 183 <10 83 <5 <5
breccia

2N-1, 11-13 561 3 5c Massive granular 044 450 <1 53.9 04 <1 <4 52 <10 <50 <10 <10 45 335 133 <10 74 <5 <5
pyrite

158-957C-

4W-1, 10-15 106 3 6a Porous nodular 5.7 316 <1 445 <3 71 <4 30 <10 <50 750 <10 27 355 17.0 <10 66 <5 <5
pyrite breccia

158-957G-

IN-1, 36-38 1236 7 5c Massive granular 146 449 013 524 07 <1 <4 98 <10 <50 <10 <10 75 292 80 <10 107 <5 <5
pyrite

158-957C-

5N-1, 26-39 1526 5 Ta Massive pyrite- 106 443 <1 533 18 022 <4 50 <10 <50 20 <10 55 430 179 <10 76 <5 <5
anhydrite breccia

7N-1, 17-22 1967 5 7c Nodular siliceous 22 3325 <1 45.6 43 665 <4 30 <10 <50 510 <10 30 240 6.8 <10 74 <5 <5
pyrite-anhydrite
breccia

7N-1, 110-113 206 8D 7c Nodular siliceous 087 262 <1 40.1 85 98 <4 20 <10 <50 620 <10 30 130 34 <10 42 <5 <5
pyrite-anhydrite
breccia

158-957G-

3N-1, 35-39 21.35 4A 7c Nodular siliceous 058 366 <1 47.6 24 51 <4 45 <10 <50 430 <10 40 470 127 <10 55 <5 <5
pyrite-anhydrite
breccia

158-957C-

7N-2, 58-63 2143 1D 7c Nodular siliceous 022 288 <1 44.0 16 105 <4 48 <10 <50 730 <10 30 155 42 <10 93 <5 <5
pyrite-anhydrite
breccia

7N-3, 42-46 2277 4A 7b Nodular pyrite- 144 305 <1 442 34 84 <4 40 <10 <50 470 <10 40 250 71 <10 93 <5 <5
anhydrite breccia

1IN-1, 24-27 3094 3A 9a Pyrite-silica 011 236 <1 308 398 298 <4 <20 <10 <50 170 <10 <20 195 74 <10 31 <5 <5
breccia

1IN-2, 7-10 3218 1B 8 Pyrite-silica- 238 281 <1 362 249 32 <4 25 <10 <50 195 <10 <20 245 128 <10 45 <5 <5
anhydrite breccia

1IN-2, 12-14 3223 1C 8 Pyrite-silica- 702 347 <1 44.7 62 34 <4 40 <10 <50 225 <10 <20 200 114 <10 81 <5 <5
anhydrite breccia

11N-3, 42-45 34.03 5B 8 Pyrite-silica- 281 39 <1 337 <3 200 <4 <20 <10 <50 1230 <10 <20 65 31 <10 38 <5 <5
anhydrite breccia

11IN-3, 54-57 34.15 5C 8 Pyrite-silica- 087 393 011 509 <3 383 <4 48 <10 <50 300 <10 45 195 57 <10 103 <5 <5
anhydrite breccia

1IN-3, 123-126 34.84 10B 9a Pyrite-silica 298 213 <1 305 307 60 0.8 30 <10 <50 400 <10 <20 240 124 <10 49 <5 <5
breccia

12N-1, 46-49 3566 5C Ta Massive pyrite- 518 391 <1 49.3 13 27 <4 30 <10 <50 197 <10 303 101 43 <10 75 <5 <5
anhydrite breccia

158-957E-

2R-1, 23-28 3723 5 9 Nodular pyrite- <1l 299 <1 364 326 09 <4 23 <10 <50 50 <10 <20 330 19.2 <10 59 <5 <5
silicabreccia

158-957C-

13N-1, 12-20 3732 4 7a Massive pyrite- 036 351 <1 436 133 29 <4 30 <10 <50 165 <10 30 345 138 <10 97 <5 <5
anhydrite breccia

13N-1, 13-20 3733 4 7a Massive pyrite- 252 406 <1 50.9 17 25 <4 30 <10 <50 170 <10 40 250 91 <10 93 <5 <5
anhydrite breccia

13N-1, 109-112 3829 17B 9a Pyrite-silica 065 333 <1 434 133 40 <4 30 <10 <50 245 <10 30 290 11.0 <10 73 <5 <5
breccia

13N-2, 41-43 3899 3D 9a Pyrite-silica <1l 384 <1 47.8 82 218 <4 95 <10 <50 140 <10 50 300 100 <10 102 <5 <5

breccia
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Table 2 (continued).

Hole, core, section, Depth Cu Fe Zn S Sio, Ca Al,0; Pb Sn Mn Sr Ag As Co Se Cd Mo In Ge

interval (cm) ~ (mbsf)  Piece  Type Description (%) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppPm)

14N-1, 18-22 4038 2 9a Pyrite-silica 247 428 <1 52.4 05 13 <4 40 <10 <50 90 <10 <20 245 156 <10 101 <5 <5
breccia

14N-2, 44-47 4139 1C 11 Anhydrite vein 1168 182 <1 349 <3 145 <4 <20 <10 <50 920 <10 <20 80 106 <10 24 <5 <5

15N-1, 110-114 43.3 11D 10a Silicified wallrock  <.1 308 <1 389 236 25 0.4 30 <10 <50 150 <10 30 210 80 <10 79 <5 <5
breccia

15N-2, 3-6 4343 1A 10a Silicified wallrock  <.1 413 <1 49.0 55 125 <4 <20 <10 <50 75 <10 <20 1010 436 <10 106 <5 <5
breccia

15N-4, 47-50 4687 4 9 Nodular pyrite- <1 270 <1 317 408 <1 <4 <20 <10 <50 <10 <10 <20 315 133 <10 29 <5 <5
silicabreccia

16N-1, 119-121 4739 15 7 Pyrite-anhydrite 6.00 366 <1 454 93 17 <4 35 <10 <50 95 <10 22 335 229 <10 60 <5 <5
breccia

16N-2, 52-55 48.14 b5A 10a Silicified wallrock  0.23 42 <1 413 228 06 <4 35 <10 <50 37 <10 35 250 138 <10 58 <5 <5
breccia

158-957E-

5R-1, 39-41 5899 8 9a Pyrite-silica 017 238 <1 282 488 <1 <4 <20 <10 <50 <10 <10 <20 330 165 <10 32 <5 <5
breccia

6R-1, 4-6 6334 2 10a Silicifiedwallrock 587 412 <1 49.3 47 <1 <4 57 <10 <50 <10 <10 35 140 146 <10 75 <5 <5
breccia

8R-1, 1-5 7281 1 5¢c Massive granular 274 426 <1 51.1 45 <1 0.4 30 <10 <50 <10 <10 40 220 211 <10 80 <5 <5
pyrite

11R-1, 42-45 8752 9 9a Pyrite-silica 052 303 <1 359 341 <1 <4 75 <10 <50 <10 <10 25 265 143 <10 85 <5 <5
breccia

14R-1, 30-36 101.8 8 10b Chloritized basalt 016 348 <1 415 245 <1 0.4 35 <10 <50 <10 <10 35 1020 482 <10 5 <5 <5
breccia

17R-1, 12-15 116.22 2 10b Chloritized basalt <1 365 <1 43.0 166 077 <4 65 <10 <50 65 <10 740 <10 93 <5 <5
breccia

TAG-2

158-957N-

1w-1, 11-14 01l 2 3 Dark gray chert 078 110 181 13.8 730 <1 <4 90 <10 <50 <10 17 <20 20 <1 45 17 <5 <5

158-957B-

1R-1, 48-53 0.48 Drill cuttings 11.00 294 248 333 172 0.78 0.45 47 46 <50 65 193 68 65 6.4 92 54 17 <5

158-957B-

1R-2, 13-19 116 2 5b Porous massive <1 43 <1 485 18 <1 <4 40 <10 <50 <10 <10 <20 305 240 <10 63 <5 9
sphalerite

158-957H-

1N-1, 60-70 93 13 6a Porous nodular 127 364 <1 45.7 05 25 <4 53 <10 <50 225 <10 53 220 20.7 <10 49 <5 <5
pyrite breccia

158-957A-

3X-1, 51-57 1051 11 5a Porous massive 0.6 339 154 8.0 25 <2 <4 360 <10 65 <10 56 85 8 <1 200 93 5 48
pyrite

158-957H-

3N-1, 53-58 1823 12 6a Porous nodular 108 359 <1 48.1 <4 56 <4 25 <10 <50 450 <10 38 285 127 <10 50 <5 <5
pyrite breccia

5N-1, 5-7 2675 1 5¢c Massive granular <1 48 <1 53.2 05 <1 <4 <20 <10 <50 <10 <10 25 685 313 <10 52 <5 <5
pyrite

5N-2, 80-84 284 3C 10a Silicified wallrock ~ <.1 375 <1 44.7 154 09 <4 37 <10 <50 95 <10 <20 315 165 <10 66 <5 <5
breccia

7N-1, 7-13 3577 2 9% Nodular pyrite- 012 314 <1 369 315 <1 <4 23 <10 <50 <10 <10 20 310 157 <10 39 <5 <5
silicabreccia

8N-1, 97-107 4117 15 9a Pyrite-silica 111 341 <1 39.2 243 <1 <4 40 <10 <50 <10 <10 27 535 244 <10 63 <5 <5
breccia

9X-1, 15-18 485 4 6b Massive pyrite 172 375 <1 45.0 144 09 <4 50 <10 <50 68 <10 20 240 219 <10 55 <5 <5
breccia

TAG-3

158-957Q-

1R-CC, 1-13 5.68 — Drill cuttings 0.63 5.7 0.12 2.0 88.7 0.13 <4 28 <10 <50 <10 <10 <20 <10 <1 <10 6 <5

<5
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Table 2 (continued).

Hole, core, section, Depth Cu Fe Zn S SiO, Ca AlI,0; Pb Sn Mn Sr Ag As Co Se Cd Mo In Ge

interval cm)  (mbsf) Piece  Type  Descripon (%) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (Ppm) (pPM) (ppm) (PpM) (PPM) (Ppm)

TAG-4

158-957K -

1X-1, 35-38 035 5 5a Porous massive 534 422 131 514 <3 <1 <4 200 <10 <50 <10 32 95 130 <1 32 218 <5 6
pyrite

158-957M-

1R-2, 30-33 084 7 9a Pyrite-silica 198 241 <1 285 450 <1 0.6 25 <10 <50 <10 <10 <20 270 108 <10 26 <5 <5
breccia

158-9571-

IN-1, 6-11 9.06 2 5a Porous massive 012 429 384 529 <3 <1 <4 185 <10 <50 <10 27 80 60 11 68 162 <5 15
pyrite

158-957M-

2R-1,15-20 945 4 5a Porous massive <1l 435 198 524 <3 <1 <4 200 <10 <50 <10 18 80 20 2.0 32 90 <5 9
pyrite

158-9571-

IN-1, 64-67 964 10 5a Porous massive 341 433 105 524 07 <1 <4 230 <10 <50 <10 63 78 280 85 23 97 <5 10
pyrite

158-957K -

3X-1, 2-7 1452 1 5 Massive pyrite <1l 387 528 496 63 <1 <4 260 <10 <50 <10 22 260 125 43 120 86 <5 12

158-957M-

3R-1, 61-65 1491 15 9a Pyrite-silica 226 218 <1 259 504 <1 <4 20 <10 <50 <10 <10 22 275 80 <10 42 <5 <5
breccia

3R-1, 119-122 1549 28 9a Pyrite-silica 236 319 031 358 292 <1 <4 58 <10 <50 <10 <10 29 235 55 12 99 <5 <5
breccia

4R-1, 41-46 19.71 10 5a Porous massive 263 403 114 482 88 <1 <4 118 <10 <50 <10 22 72 175 2.9 22 88 <5 7
pyrite

5R-1, 93-97 2523 15 9a Pyrite-silica 19 269 <1 321 405 <1 0.4 35 <10 <50 <10 <10 25 255 86 <10 36 <5 <5
breccia

7R-1, 8-12 3438 2 5c Massive granular <1l 453 013 539 05 <1 <4 170 <10 <50 <10 <10 40 840 32.7 10 151 <5 <5
pyrite

8R-1,8-12 3838 2 5c Massive granular 058 412 545 11 20 <1 <4 137 <10 <50 <10 23 80 95 33 125 95 <5 15
pyrite

TAG5

158-957P-

1R-1, 12-16 012 3 Ta Pyrite-anhydrite 441 243 <1 40.2 <4 123 <4 <20 <10 <50 860 <10 23 140 13.6 <10 54 <5 <5
breccia

158-9570-

2R-1,4-7 794 2 b Nodular pyrite- 311 339 <1 46.4 <3 682 <4 39 <10 <50 650 <10 28 25 238 <10 78 <5 <5
anhydrite breccia

2R-1, 114-16 804 4 b Nodular pyrite- 341 352 <1 46.6 06 57 <4 35 <10 <50 625 <10 20 200 16.7 <10 75 <5 <5
anhydrite breccia

158-957P-

3R-1,7-9 1197 2 5c Massive granular 154 419 016 511 <3 195 <4 92 <10 <50 155 <10 50 250 198 <10 120 <5 <5
pyrite

13W-1, 37-42 15.37 — Drill cuttings 8.3 404 0.19 48.8 22 031 <4 50 <10 <50 33 12 73 315 33.3 12 92 <5

158-9570-

4R-1, 24-27 16.14 6 7a Nodular pyrite- 341 374 <1 48.4 06 4.4 <4 50 <10 <50 250 <10 50 285 32.0 <10 86 5
anhydrite breccia

158-957P-

5R-1, 3-5 2153 1 5¢c Massive granular <.1 384 <1 50.5 05 456 <4 <20 <10 <50 350 <10 30 1000 375 <10 51 <5
pyrite

6R-1, 24-27 26.74 5 5c Massive granular 3.83 443 <1 52.5 <3 <1 <4 30 <10 <50 <10 <10 60 175 326 <10 120 <5
pyrite

8R-1, 23-26 3533 6 5c Massive granular 0.41 448 <1 53.7 13 <1 <4 70 <10 50 <10 <10 38 1270 60.4 <10 103 <5

pyrite

<5

<5

<5
<5

<5
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Table 2 (continued).

Hole, core, section, Depth Cu Fe Zn S SO, Ca AlLO; Pb Sn Mn Sr Ag As Co Se Cd Mo In Ge
interval (cm) (mbsf)  Piece  Type Description ¥ ) (W @ (% (% (%) (pem) (ppm) (ppm)  (ppm) (ppm)  (ppm) (ppm) (ppm) (ppm)  (ppm)  (ppm)  (ppm)
11R-1,3-6 5013 1 5¢ Massvegranular 281 419 <1 518 05 16 <4 30 <10 <50 250 <10 47 1245 410 <10 102 <5 <5
12R-2, 54-57 56.18 10 5¢ M gg'\t/?s granular 028 450 <1 537 10 028 06 40 <10 <50 40 <10 59 885 422 <10 123 <5 <5
12R-4, 88-92 5801 11 5¢ M %I\tfe granular <1 416 <1 488 79 <1 <4 80 <10 <50 <10 <10 63 355 142 <10 101 <5 <5
pyrite

Notes: All samples: Ba< 0.2%, K,0 < 0.06%, MgO < 0.4%, TiO, = < 0.1%; MnO < 0.03%, Ni < 20 ppm, Sb < 15 ppm. All samples were analyzed by XRF at IFREMER.
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Concentration %
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Figure 3. Chemical section of TAG-1.
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Figure 4. Chemical section of TAG-2.

about 30 m which is 10 m deeper than the Ca increase. Between 60
and 80 m, Si concentrationsarerelatively low. At greater depth, silica
is variable depending on the amount of basalt fragments present in
the sample. Aswith Ca, Si shows the first 20 m of the TAG deposits
to be different from lower zones.

Zinc is highly depleted in the entire section of TAG-1: only two
of the 37 samples have values just above 0.1 wt%. In the upper 20 m
that were probably formed as an accumulation of broken chimneys,
we expected some Zn concentration in the samples. The absence of
Zn in the central part of the mound and close to the black smoker
complex may indicate the remobilization of Zn.

374

The highest Cu concentrations are from a piece of massive chal-
copyrite from the top of the deposit. This piece can be considered as
afragment of ablack smoker. Except for thispiece, Cu concentration
isrelatively low with local increases related to anhydrite veining in
the anhydrite zone. The important point is the absence of high values
and the absence of adownward Cu increase asgenerally seeninfossil
deposits. In fact, the copper content is relatively low and homoge-
neous within the entire section. This may be explained by relatively
stable physico-chemical conditions within the mound. The relation
between Cu and Ca indicate that Cu is incorporated into the mound
aong the anhydrite veins and contributes to the internal inflation.
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Figure 5. Chemical section of TAG-4.
Theentire sectionin TAG-1isextremely depleted in trace metals. There is some concentration of Cd, Pb, Ag, Ge, and As in relation

In particular, trace metals such as Cd, Pb, Ag, and Aswhich are char- to local surficial (<10 m) Zn enrichment. The only indium value
acteristic of low-temperature depositsare al at concentrations below above the detection limit is from Cu-Zn drill cuttings from the sur-
or close to the detection limits (Table 2). Cobalt is relatively high, face.
particularly in the deepest part of the section. Selenium is only con-
centrated in ablack smoker chalcopyrite from the top of the section; TAG-4
this sample also has the highest Mo concentration.
Silica is high in one sample taken from near the surface that con-
TAG-2 tains basalt fragments and red chert fragments. At 15 m there is a
sharp increase in Si. The last 15 m of the section is massive pyrite de-
TAG-2 (Fig. 4) is 40 m deep and alows the discussion of the lat- pleted in silica. The presence of red cherts may attest, as for TAG-2,
era vertical zonation of the mound. Except for two samples, Cais to the occurrence of a lateral silica cap at this site. A dual origin for
low, indicating either aless active part where anhydriteis not forming silica can be proposed: chemical precipitation near surface and more
at present, or a cooler (<160°C) but active part of the mound were adeep-seated replacive silicification of basalt. Calcium is below the
hydrite cannot precipitate. Silica is concentrated at two levels. In thdetection limit for all samples. The absence of anhydrite (Table 2) in-
upper part, silica is concentrated in grey cherts. This, together witlicates that there is no mixing front in this part of the mound during
the occurrence of a hard layer in this environment, may attest to thiee present episode of activity. This also accounts for a cooler part of
presence of a silica cap at the outer part of the mound. The second tite mound where the 160°C isotherm, necessary for the precipitation
currence of silica is deeper in the mound with a sharp increase froof anhydrite by heated seawater, is not reached. This is in good agree-
0to 15 wt% at about 27 m; the Si concentration then stabilizes at highent with the negative heat flow and seawater inflow at this part of
concentrations. Zinc is concentrated in the first 10 m, with values ughe mound (Becker and Von Herzen, 1996). Zinc is relatively concen-
to 15 wt%. High values are found in the gray cherts, in the drill cutirated in the massive pyrite and massive granular pyrite throughout
tings from the surfaces, or in porous massive pyrite. Below 10 m, athe section and especially in the top 15 m; the pyrite silica breccias,
values are below the detection limit. Thus, the important point here isowever, are depleted in Zn. This, together with the preservation of
the concentration of Zn in the first 10 m of the mound. Copper alsprimary mineralogical assemblages (such as collomorphic textures
has the two highest values (up to 12.70 wt%) within the first 10 m ofvith pyrite and marcasite), indicates that the maturation is lower here
the mound. Other values are lower than 2 wt% and, as for TAG-1han in other parts of the mound. Copper has relatively high values
there is no downward increase in copper concentration. (up to 5.3 wt%) both in the pyrite silica breccia and in the massive
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Figure 6. Chemical section of TAG-5.

granular pyrite in the whole section. As chalcopyrite is generally a tion, samples from this site could be of primary origin and do not cor-
late high-temperature mineral filling open spaces of the primary po- respond to recrystallization of porous marcasite rich sulfide as for
rous pyrite, not all the samples display this late Cu-rich episode. TAG-4. In addition, the occurrence of pyrrhotite here is unique

Again, here there is no downward increase in the copper concentra- among the drilled samples and may indicate primary high-tempera-
tion. ture assemblages.

Compared to other sites, TAG-4 (Fig. 5) isenriched in Cd, Pb, Ag, As it was the case for TAG-1, Cd, Pb, Ag, As, and Ge concentra-
Ge, and As throughout the entire section. Thisis correlated to the Zn tions are extremely low and close to the detection limit. Co is en-
enrichment and the massive pyrite. High Co concentrations occur in riched in massive pyrite from the deepest part of the section; Se is
the deep portion of the section. Compared to all other sections, Seis also significantly enriched when compared to other sections, how-
particularly low in TAG-4 (<10 ppm). Mo locally has the highest ever these high values up to 60 ppm are very low compared to the
concentrations measured in our sample collection. high values from the surface black smoker of TAG-1 (850 ppm).

TAG-S STATISTICAL ANALYSESON BULK CHEMISTRY

Calcium decreases progressively from 12.3 wt% at the surface to
0O wt% at 25 m. Thisis different from TAG-1 where Cais not abun- In order to better understand the behavior of elements and partic-
dant at the surface. The occurrence of anhydrite at the surface indi- ularly trace elements we have calculated correlation (R) coefficient
cates that, as with the black smoker, the mixing front hereis close to and made principal component analyses to see the affinity between
the surface; in addition, the near surface temperature was close to the different elements and discuss the parameters that control the be-
160°C. One major point at TAG-5 is that we did not observe the dedpavior of these elements. Calculations were made for each hole.
anhydrite veins. This is consistent with observation of well-preserved
primary textures in sulfide that indicates relatively low temperature.M ethod: Correlation and Principal Component Analysis
This is also consistent with heat flow values indicating that the TAG- (PCA)
5 area is close to the place where evidence of downgoing seawater in
the mound was demonstrated (Becker et al., 1996). Silica is very low The model of R calculation used in this study is the Pearson model
except in the last sample at 58 m depth. There is no sample with abyeyer, 1968), which calculates the correlation for all the pairs of el-

dant silica; most samples are massive pyrite or nodular pyrite-anhgment columns. For two variablesndy, the following formula is
drite breccia. Copper is relatively high in all samples, and, as was thged:

case for all other holes, there is no evidence for a downwards increase
in copper. Zinc is extremely low, and only two values are close to the T(X=x)(y—¥
detection limit (0.1 wt%). According to the mineralogical composi- (n-1)s;s,
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Figure 7. Relative enrichment of Zn, Ca, Cu, and Si within the drilled part of the TAG mound. Note that Zn is at concentrations higher than 5 wt% in only 3% of

the samples.

where Xand s, ¥ and s, are, respectively, the sample mean and
standard deviation for the variables x and y. In this case, the variables
are the concentrations of each chemical elements for analyzed sam-
ples(e.g., x=Co, y = Fe).

PCA is a data reduction technique used to identify a small set of
variables, known as the factors (or principal components), that ac-
count for alarge proportion of the total variance in the original vari-
ables. In our case, theoriginal variables are the chemica composition
of the geologica samples. Calculation is based on correl ation matrix,
the factors are used to highlight the differencesin behavior of partic-
ular groups of elements under different conditions. The output con-
sists of the proportion of the total variance explained by each factor,
and the relative contribution of each chemical concentration to each
principal component. These results are represented on graphs, which
arethe best way to illustrate similarities and differences expressed by
the calculations. Each principal component is represented by an axis
and, most often, the first 3 or 4 axes can explain more than 80% of
thetotal variance. Elements close to the center of the two-dimension-
al plot (i.e., inertia center) cannot be discussed because they have a
minimum contribution to both axes. Only elements close to the ex-
tremity of the axes are meaningful and used for the discussion. The
difference in behavior of particular groups of elements can be ex-
plained by a good knowledge of the geological samples. For TAG-2,
-3, and -4 the population used for our statistical calculation is rela
tively low; thus, each sample has a higher importance in the calcula-
tion and one specific sample can have a strong weight in the calcula-
tion.

Results

The PCA diagram for TAG-1 (Fig. 8) shows four groups of ele-
ments. The first group (Co-Se) characterizes high-temperature pre-
cipitates (Fouquet et a., 1988). The second group comprises Sr and
Ca, related to anhydrite. The Cu position close to this group indicates

a relation between high copper content and the anhydrite veining.
Thisis consistent with macroscopic and microscopic observationsin-
dicating that chalcopyrite is enriched at the selvage of the anhydrite
veins or disseminated as a late mineral near these veins. The lack of
correlation between Co-Se and Cu is not usual and may indicate that
Co and Se are preferentialy in pyrite rather than in the chalcopyrite
related to the veins. Thethird group isFe, Mo, S, As, and Sh. Asand
Pb are characteristic of low-temperature precipitates and are general-
ly correlated with zinc in oceanic deposits (Fouquet et al., 1993b).
The association of Mo with this group is unusual, but, in the absence
of Zn, these elements occur in pyrite. The high Mo-Fe coefficient (R
Mo-Fe = 0.76). may just indicate a consistent association of pyrite
with trace of molybdenite inclusions. The implication is probably a
homogeneous source of fluids. The association of Fe and S with As
and Pb also indicates that these elements are concentrated in pyrite.
SiO, is clearly independent of all other elements.

According to the knowledge we have of the samples, the follow-
ing explanation can be proposed for the major contribution on the dif-
ferent axes. Axis 1 discriminates metallic sulfides on one side and
sulfates and silica on the other side. The association of Cu and Sr-Ca
isaresult of the specific relationship between chal copyrite and anhy-
drite, and it indicates that this axis is aso illustrative of anhydrite
veining and thus mixing between hydrothermal fluid and seawater.
Axis 2 can beregarded asthe depth axis and illustrates the downward
increasein Co, Se, and Si. Axis 3 can be regarded as the temperature
axis with an opposition between high-temperature Co, Se, Cu, and
Sr-Ca and low-temperature As-Pb. The intermediate position of Fe-
Mo-Saong axis 3 is probably explained by the different temperature
of formation of the pyrite. The SO, position is more difficult to ex-
plain, probably because two origins are possible for Si: chemical pre-
cipitation from the fluid and basalt replacement.

TAG-2 (Fig. 9) has the same association of elements as TAG-1.
Because of the small number of samples, theresultsare more difficult
tointerpret. Seisassociated with Co, Caisassociated with Sr, and As
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Figure 8. Principal component analyses diagrams and correlation matrix (R
values) for TAG-1. Seetext for explanation.

isassociated with Pb. Again, here SiO, isindependent of the other el -
ements clusters. Along axis 1 is a strong opposition between Fe, Se,
Co, and SIO,. Axis 2 represents the depth contribution and illustrates
the downwards Se, Co, and Si enrichment. Thisaxis can also logical-
ly represent a downward increase in temperature. Several elements
such as Cu, Ca, Sr closeto the inertia center cannot be discussed pre-
cisely. A difference with TAG-1isthe position of Mo closeto Ca-Sr.
This is aso seen in the lower correlation between Mo and Fe (R =
0.586). Cu and Ca-Sr along axis 3 illustrate veining/mixing.

In TAG-4, three groups are well defined along axes 1 and 2 (Fig.
10). Zn, Cd, and As are a typical association in Zn-rich samples
formed at medium to low temperature. S, Fe, Mo, Ag, and Pb areaso
related to this group. The major difference with TAG-1 and -2 isthe
preferential association of Aswith Zn rather than Fe. Thiscan be seen
in the correlation coefficient, which is higher in TAG-1 (R As-Fe=
0.63) than in TAG-4 (R As-Fe = 0.4). The Pb-As correlation coeffi-
cient is the same, but these elements are at a higher concentration in
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Figure 9. Principal component analyses diagrams and correlation matrix (R
values) for TAG-2. Seetext for explanation.

TAG-4. This showsthat, when Zn is present, Asis preferentialy as-
sociated with sphalerite rather than with pyrite. However, Cuis very
close to the inertia center and thus cannot be discussed. SiO, isinde-
pendent of the other elements. Asmost of the silicaoccurs as primary
quartz this may indicate that silicais also characteristic of high tem-
perature; thus, axis 1 could be related to the temperature. According
to the solubility of quartz in Fournier (1983), the hydrothermal solu-
tion isin equilibrium with quartz, which can thus precipitate easily
when the temperature decreases. Axis 1 may aso illustrate the Co,
Se, and SiO, enrichment with depth. If part of the quartz corresponds
to recrystallized low-temperature amorphoussilica, axis 2 can also be
related to temperature.

In TAG-5 (Fig. 11) on axes 1 and 2, As and Pb are again associ-
ated in the absence of sphalerite. Se and Co are correlated as for all
other sites. Cu is intermediate between the sulfidic elements and the
sulfate (Ca, Sr), asit was for all anhydrite-rich sites. This can bein-
terpreted as Cu being a late element incorporated into the samples
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Figure 10. Principal component analyses diagrams and correlation matrix (R
values) for TAG-4. Seetext for explanation.

during subsurface precipitation of chalcopyrite related to anhydrite.
SiO, isnot very abundant and is closer to Asand Pb than it wasin all
other sites. Asusual, Mo isrelated to Feand S. Axis 1 can be related
to high-temperature sulfide/sulfate and veining/mixing within the
mound. Axis 2 is probably the temperature axis. Axes 1 and 3 show
for the first time a separation between Co and Se. Cu is independent
and Caand Sr are as usual well correlated. SiO, is associated with Pb
and Co.

COMPARISON WITH OTHER OCEANIC SITES

In order to understand the chemical behavior of el ementsat TAG,
we can compare our results with data from other oceanic sitesin ba-
saltic environments. The problem isthat generally we only have sur-
face samples from al other oceanic sites. At Snakepit, we have sam-
ples from the upper part of the stockwork, which indicate the classic
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Figure 11. Principal component analyses diagrams and correlation matrix (R
values) for TAG-5. See text for explanation.

Cu enrichment and Zn depl etion downwards. Ancther point isthe de-

pletion of Zn (and related trace elements) in the massive part of most

mature mounds related to basalt. We present here a comparison of

PCA diagrams for two major mounds similar in size to the TAG
mound. One, the Snakepit mound, is on the Mid-Atlantic Ridge and

the second one lies on a seamount near the East Pacific Rise at 13°N.
In addition we compare these results with data from young immature
chimneys from the axial graben at 13°N on the East Pacific Rise.
Samples on this sites were collected by submersibles on the mounds
and along fault scarps in the mounds.

Snakepit

We have processed two groups of samples, one consisting of
young chimneys and diffusers; the second of old mature massive sul-
fides from the surface and the core of the mound. Details of the geo-
logical setting, mineralogy, and chemistry of this deposit can be
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found in Fouquet et a. (1993b). The massive sulfide group is compa-
rable with the upper part of the TAG mound.

Young Chimneys and Diffusers

In these young, immature samples, three groups of elements are
distinguished along axis 1, which represents the temperature contri-
bution. Thefirst group istypical of low- to medium- temperature dif-
fusers. Zn, Sh, Cd, Au, and Pb are at the core of this group. Ag and
As are close to this group (Fig. 12). The second group shows good
correlation between Cu and Se (R = 0.95), Co is near this group but
the Co-Se correlation isnot high (R = 0.52). The opposition between
S and Feis unusual, but can be explained by the rapid oxidation of
pyrrhotitein the diffuserswhere pyrrhotite is the dominant Fe-miner-
a. In most inactive samples, pyrrhotite is oxidized into a mixture of
lepidocrocite and native sulfur. Asthe stoichiometry of the mineral is
destroyed, the correl ation between Fe and Sisno longer present. The
intermediate position of Si, occurring as late opal, can be explained
by late pervasive precipitation of opal within pre-existing low- or
high-temperature sulfide assemblages. We have often observed opa
related to alate temperature fluid diffusing through the chimneys.

Mature Massive Sulfide

Again, here axis 1 represents the temperature contribution. The
low-temperature group is Cd, Zn, Ag, Sh, Au, and Pb. Asisindepen-
dent of the group. The high-temperature group comprises Cu, Se, and
Co, the correlation between Se and Co is much higher (R = 0.95) here
than it was in the chimney group. In massive sulfide a good correla
tion is achieved between Cu and Se (R = 0.72) and Cu and Co (R =
0.69). Along axis 1, Si is closer to the low-temperature group than to
the high-temperature one, which indicates preferential location of the
late opd at the upper low-temperature part of the mound. Along axis
1, Feisin the high-temperature group, which may indicate dominant
primary high-temperature pyrite. The intermediate position of Asis
different from that observed in the chimneys. A possible explanation
isthe occurrence of As as specific minerals such asjordanite and ten-
nantite in chimneys and as substitution for Fein pyrite from the mas-
sive sulfides.

East Pacific Rise 13°N

At this site, alarge deposit is located on a seamount close to the
ridge axis. (Fouquet et al., 1996). Two groups of deposits are distin-
guished. The axial deposits correspond to very recent or active Cu-
Zn-rich chimneys. Off-axial deposits are from mature mounds and
are primarily made of Zn-poor massive sulfides. Geological setting
and chemica analyses of sulfides from this field are presented in
Fouquet et a. (1988, 1996). For this work we have separately pro-
cessed the axial and off-axial group of samples to discuss the behav-
ior of trace elementsin young, immature deposits with respect to the
older mature mounds.

Axial Immature Chimneys From the Axial Graben

Axis 1 represents the temperature contribution (Fig. 13). The as-
sociation of Caand Sr with Cu and Se is compatible with the obser-
vation of both chalcopyrite and anhydrite in the high-temperature
black smoker chimneys. Lead and Ag are close to Zn-Cd in the low-
temperature group. The occurrence of Pb closeto SiO, (R =0.99) is
remarkable and well explained by the systematic occurrence of gale-
na at the edge of dendritic sphalerite embedded in silica at the outer-
most and lower temperature part of the chimneys. The occurrence of
jordanite and tennantite in the same environment accountsfor Ag and
Asbeing closeto this group. The location of Sand Feinthe low tem-
perature group may be explained by the preferential sampling at the
outer part of large spires. These samples are thus from the low-
temperature part of the chimneys and very often dominated by low-
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Figure 12. Principal component analyses diagrams for Snakepit chimneys
and massive sulfides.

temperature Fe-sulfides such as melnikovite, marcasite, and dendritic
assemblages of a fine mixture of pyrite and marcasite. In the high-
temperature group, Cu and Se arewell correlated (R = 0.80), but there

is no correlation between these two elements and Co. The intermedi-

ate position of Co between Cu and Fe may indicate a Co concentra-

tion both in chalcopyrite and in pyrite, and most probably in high-
temperature pyrite. The preferential location of Se in high-tempera-

ture black smokers has been observed at 13°N on the East Pacific
Rise (Auclair et al., 1987)

Thus, for young, immature chimneys, the correlation between el-
ements is well explained by the structure of chimneys and detailed
mineralogical observations. Most of the minerals observed in the
chimneys are growing relatively rapidly under unstable physico-
chemical conditions. In a chimney wall, the temperature gradient is
very sharp and can drop from 350°C to a few degrees in a few centi-
meters. Thus, chimneys allow the study of the behavior of elements
during a single stage under non-equilibrated physico-chemical condi-
tions.

Off-Axis Mature Deposits

Off-axis deposits are Fe-rich massive sulfides. Deposits used for
our calculation include mature samples from the top of the graben
wall and the off-axial seamount (Fig. 13). These samples are up to 2
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late silicification can affect any pre-existing sample of low-, medi-
um-, or high-temperature, thus explaining the independence of silica
relative to other elements. Compared to the chimneys, Feis closer to
the high temperature group. This can be explained by the more sys-
tematic occurrence of idiomorphic pyrite (i.e., high temperature)
rather than the lower temperature, poorly crystallized, marcasite-py-
rite assemblage observed in the chimneys. In mature sulfides, the cor-
relation is better established for some elements than in the chimneys.
Thisbetter correlation isrelated to maturation and refining processes.

DISCUSSION

In thispart, we discuss the geochemical processes occurring with-
in the mound for each element or group of elements and the behavior
of elementsin primary precipitates and during maturation processes.
We also compare the TAG results with those from Snakepit and the
East Pacific Rise 13°N because at both sites is a large mound of mas-
sive sulfides and samples were analyzed in our lab using the same
techniques. Minor elements associated with major minerals (pyrite,
chalcopyrite, and sphalerite) can be divided into three groups accord-
ing to the most likely occurrence of these elements; as discussed in
detail by Huston (Huston et al., 1995). As pyrite is by far the most
common sulfide mineral, most of the above discussion, derived from
bulk analyses, depends on trace-element behavior with respect to py-
rite. In the first group are elements occurring mainly as mineral inclu-
sions (Cu, Zn, Pb, Ba, Bi, Ag, and Sb) In the second group are ele-
ments that occur as non stoichiometric substitutions in the lattice (As,
Tl, and Mo). In the third group are elements that occur as stoichio-
metric substitution for Fe (Co and Ni) or S (Se, Te). In the following
section we will discuss successively elements related to the gangue
minerals (Si, Ca) then elements related to major sulfide minerals (Cu,
Fe, Zn), and finally trace elements.

Silica

Opal is dominant at the outer part of chimneys or as a late, gener-
ally minor phase cementing open spaces of older mineralogical as-
semblages. Quartz is enriched in the deepest parts of the mound,
where part of the silica is derived from the basalt and was mobilized
during the alteration process. The large amount of quartz at the center

Figure 13. Principal component analyses diagrams for EPR 13°N axial angf the mound and the relative scarcity of opal at the surface can be

off-axial deposits.

ka(Lalouetal., 1985). The samplesare generally Zn poor, except one
sample collected at the very top of a 70-m-high large mound. This
sampl e corresponds to the last episode of activity. We may thus ex-
pect this sample to show enrichment of some elements because of
zone refining within the mound. However, this sampleis not particu-
larly enriched in trace elements when compared to the axial Zn-rich
chimney. Three explanations are possible: (1) thereis no zone refin-
ing right now within the mound; (2) thereiszonerefining, but the off-
axial deposits were never enriched in Zn and related elements; (3)
thereis zone refining, but most of the leached elements are dispersed
in the ocean and few of them are deposited at the surface because of
rapid venting and subsequent mixing in the open ocean.

Again, here axis 1 represents the temperature axis. Se and Cu are
well correlated in the high-temperature part. Ag, Cd, and Zn, and, to
alesser extent, Pb are associated in the low-temperature group. Ar-
senic is at an intermediate position along the temperature axis. This
is different from axial samples, and may be explained by the prefer-
ential occurrence of As being substituted for Fe in pyrite rather than
occurring in specific As minerals, as was the case in chimneys. Co-
balt iscloseto Asand is probably located in high-temperature pyrite.
Silicaisnot correlated with any of the chal cophile elements. This po-
sition probably relates to the general occurrence of opal asalate min-
eral infilling the open spaces of the massive sulfides. This pervasive

explained by the silica solubility (Fig. 14) in Fournier (1983). Ac-
cording to this diagram the end-member hydrothermal fluid at TAG
is close to the saturation for quartz (Edmond et al., 1995). Recent re-
sults for shallow vents also show a systematic equilibrium with
quartz, indicating that silica tends to equilibrate in the fluid at near
seabed pressure conditions.

The absence of quartz at the surface is because of the combination
of kinetic effects and a preferential cooling of the end-member fluid
by mixing with seawater. To oversaturate the fluid with respect to
amorphous silica, the fluid has to be in part conductively cooled. As
chimneys are direct and rapid pathways for the end-member fluid,
there is generally a minimum of conductive cooling, and, thus, ac-
cording to the silica solubility curves (Fig. 14), no possibility to pre-
cipitate amorphous silica. Silica chimneys are observed in some hy-
drothermal sites. The formation of these chimneys generally implies
that the fluid is conductively cooled before venting on the seafloor
(Herzig et al., 1988; Tivey and Delaney, 1986). In several cases, the
precipitation of silica in this type of chimney is enhanced by filamen-
tous bacterial activity (Juniper and Fouquet, 1988). During the evo-
lution of the mound, the conductive cooling and restricted mixing of
the end-member fluid probably forced the silica precipitation within
the mound at approximately 20 m. Amorphous silica can precipitate
in the open spaces of the porous sulfides and seal the system creating
an impermeable cap rock at the surface of the system. This is gener-
ally achieved at a low temperature. Once the fluid is trapped under

381



Y. FOUQUET, K. HENRY, R. KNOTT, P. CAMBON

this impermeable lid, conductive cooling is enhanced and mixing basalt. We thus consider that a large proportion of the quartz found at
with ambient seawater is restricted, making the precipitation of opal depth in the TAG mound is an in situ residue of basalt alteration.
more efficient. Such asystem is not common in oceanic deposits and PCA analyses, conducted on different types of TAG sulfides,
was not observed at Snakepit or at the East Pacific Rise 13°N. Tldemonstrate that silica is independent of other elements. This is com-
very hard layer containing red and gray chert encountered in the upatible with both late pervasive cementation of preexisting mineral
per few meters of the cores recovered from the TAG-2, TAG-3, andssociations by silica and is also compatible with basalt alteration.
TAG-4 areas was probably formed by such a process. Microscopic
observation shows that opal is now being recrystallized into quartz. Calcium and Strontium
This layer may be analogous to the silica caps overlying many volca-
nogenic massive sulfides on land (Franklin et al., 1981). However, Calcium and strontium are strongly correlated. Anhydrite occurs
the Si content of white smoker fluids at TAG is just slightly lower either as thick veins or as breccia matrix cementing sulfide clasts of
(19.1 mmol/L) than for black smoker fluids (20.75 mmol/L) (Ed- various types. The Black Smoker Complex itself is composed pre-
mond et al., 1995). This is not compatible with massive formation olominantly of massive anhydrite. Because of its retrograde solubility
opal. A possible explanation is that saturation is achieved very closa high seafloor pressures and temperatures below 160°C (Blount and
to the surface of the mound and that the fluid is just starting to prédickson, 1969), anhydrite is unstable and dissolves when exposed to
cipitate amorphous silica. This can explain the formation of a surfiseawater. The abundance of anhydrite within the mound indicates ei-
cial silica cap (Fig. 15). The absence of abundant silica within théher that ambient fluid temperatures are above the solubility limit of
massive sulfides probably indicates that cooling by mixing is domianhydrite, or that the anhydrite is isolated from continued exposure
nant over conductive cooling. to circulating fluids of <160°C. The high-velocity discharge of hot
The abundance of quartz in the lower half of the mound is relateffuid forces a major flow of seawater from the edges of the mound
to the saturation of the end-member fluid with respect to quartz. Adnto the subsurface of the active Black Smoker Complex. Heating of
cording to the solubility of quartz and the concentration of silica inthis seawater to temperatures above 160°C and/or mixing with high-
the end-member fluid this implies a minimum of mixing with seawa-temperature fluid (>360°C) may account for the abundance of anhy-
ter and a slight conductive cooling. Thus, quartz must form at a tentkite beneath the central Black Smoker Complex. We can speculate
perature close to the end-member fluid temperature (350°C). Théat the anhydrite-rich Black Smoker Complex is directly related to
systematic occurrence of quartz implies that a large part of the mourtde anhydrite-rich zone of TAG-1. Two mechanisms have to be con-
is at high-temperature. This internal high temperature, possibly ersidered: mixing and heating. Conductive heating of seawater above
hanced by the near surface impermeable silica cap, agrees with sy$0°C will precipitate anhydrite within the mound; as this is a seawa-
tematic high temperature fluid inclusions measured in TAG quartter-dominated process, we would not expect to have associated sul-
(Petersen et al., Chap. 13, this volume). Thus, stable and uniforfides. Mixing between seawater and end-member fluid will precipi-
physico-chemical conditions may explain the mineralogical andate anhydrite (Tivey et al., 1995) and high-temperature sulfides
geochemical homogeneity of the sulfide minerals. As black smokgichalcopyrite).
fluids are close to saturation in quartz, they cannot dissolve and trans- PCA diagrams show that Ca and Sr are generally independent of
port over a long distance the silica derived from their reaction wittother elements at TAG. This probably indicates that veins occur with-
in different types of preexisting material. In TAG-1 (Fig. 8) the loca-
tion of Cu close to Ca indicates that an important part of the Cu is

added to the inner mound as late chalcopyrite reoccurring at the an-
20 — — 1200 hydrite vein selvedges. At 13°N the association of Ca-Sr and Cu-Se
Jag and along axis 1 characterizes the high-temperature association while
(350 bar) their opposition along axis 2 indicates the difference between reduc-
ing (formation of sulfides) and oxidizing (formation of sulfates) con-
ditions.
Lucky
15 Amorphous silica saturation Strike — 900 .
. by conductive cooling~ (170 bar) ,é\ Zinc
N s
- S Sphalerite is enriched at the surface of the deposits and particular-
g Amorphous silica saturation 8 ly in the young immature (nonreqrystall[zed porous anq generally
E10 _%tEO;?;;ggve cooling Menez | %) poorly crystalline assemblages with typical primary chimney tex-
< gvgebgr) 600 tures) deposits from TAG-4. This is demonstrated, for example, at
Q Amorohous sii 13°N on the East Pacific Rise where axial-immature deposits are en-
o 150 bay o Quartz riched in Zn when compared to the mature Zn-poor off-axial depos-
(00ban Quartz its. The same was observed in young chimneys from the Snakepit
(150 bar) area when compared to the massive sulfides from the mound. Surface
S = — 300 samples collected from TAG also indicate a Zn-rich upper part, par-
ﬁ”JXL”rEC?Si'éﬁO ticularly in the Kremlin area. As the mound grows, collapsed Zn-rich
chimneys are incorporated into the mound and contribute to a Zn en-
richment. No Zn-rich zones are seen in the deep drill core at TAG,
which implies a zone refining process occurring in the brecciated Zn-
0 l l | l | | rich material from the surface. Computed models indicate that reac-
0 100 200 300 400 tion of high-temperature solutions with massive sulfide may signifi-
Temperature ( °C) cantly remobilize Zn within the massive sulfide deposit. Dissolution
of anhydrite was demonstrated to be possible (Janecky and Shanks,
Figure 14. Solubility curve for amorphous silicaand quartz (Fournier, 1983), 1988). Several observations of chimneys also show a systematic re-
with silica concentrations from hydrothermal sites at different depths. Si con- placement of sphalerite by chalcopyrite at high temperature (Fouquet
centrations in the fluids from Lucky Strike, Menez Gwenn, and TAG are et al., 1988). At TAG, a particularly convincing argument is the sig-
from J.L. Charlou (pers. comm, 1995). nificant Zn enrichment in the acid white smoker fluid (4000l/L)
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Figure 15. Schematic mineralogical and chemical zonation of the TAG mound. We believe that a Ca-Cu-rich zone exists under the Black Smoker Complex and

is laterally connected to anhydrite veins drilled at TAG-1. The morphological, mineralogical, and geochemical asymmetry of the mound may be explained by
ridge-parallel faults related to the rift valley wall system. Mineralogical and geochemical investigations suggest that cool seawater enters the mound at the west-
ern side (solid arrows) and near the top of the mound. The possible existence of a cherty impermeable layer may restrict mixing at the outer part of the mound.
The limit of anhydrite occurrence (dashed line) is considered to define the limit of the 160° C isotherm within the moundh&Papyrite, F? = Possible
fault.

compared to the black smoker fluid (46 Umol/L; Edmond et al., composition of massive sulfide before maturation and leaching of
1995). Low pH because of extensive precipitation of pyrite within th&ZnS. The end-member results of the leaching process are the mature
mound causes large-scale mobilization of Zn and its precipitation &n-poor massive sulfides at TAG-1. At TAG-2, the Zn-rich zone is
the surface or its expulsion with vent fluid. The high Zn content ofwithin the first 15 m. Thus, the zone of primary Zn enrichment is not
the fluid means that much of the Zn is lost in the seawater colummwery thick, and zone-refining processes for Zn can only be considered
This process contributes to the large-scale compositional zonatidior the first 15 m of the mound. It is difficult to believe that the white
observed in Cyprus-type ore bodies (Franklin et al., 1981; Colemasmoker fluid can become enriched 10 times in Zn relative to black
et al., 1976). However, as the surface samples at TAG-1 are alreasiynoker parental fluid over such a short distance because, close to the
mature and depleted in Zn, it seems that this process is relatively ragurface, the fluids are mixed and thus diluted rapidly. The only pos-
id and efficient at least at the center of the mound. At TAG-4, mossible way to increase the Zn content of the white smoker fluid would
Zn-rich samples are within the first 15 m, but one high value in thée to trap the fluid for a time. The existence of a superficial chert lid
deepest part indicates that the leaching process was incomplete in thiay be a good barrier for the fluid. However, a trapped fluid would
section. This Zn-rich deep sample has a mineralogy (marcasite/pgeol conductively to precipitate pervasive amorphous silica, but this
rite) and textures (banded) typical of immature samples from the suis not observed. Deeper in the system we may speculate that part of
face. The major difference is the size of marcasite and pyrite and latiee Zn was leached during maturation; however, the presence of
chalcopyrite. The immature porous pyrite-marcasite assemblaggiartz and evidence for direct basalt replacement by quartz and pyrite
from the top of TAG-4 can be considered as representative of thia the quartz-rich part of the mound implies that this assemblage was
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formed in situ. Thus, the part of the deposit in contact with the high-
temperature end-member fluid was never enriched in Zn, and, there-
fore, was not affected by the refining process. According to the drill-
ing results, the source of Zn in the white smoker fluid is not
identified.

Arsenic, Lead, Cadmium, and Silver

These elements are the low-temperature group generally associat-
ed with, but not always directly correlated to, Zn. Lead and Cu occur
commonly as mineral inclusions of galena and chalcopyrite in
sphalerite. Lattice substitution in sphalerite includes Fe, Cd, Cu, Ag,
and possibly Mo and As. Sphaleriteis very sensitiveto dissolution by
acid fluids, and elements trapped in the sphalerite | attice will be par-

perature pyrite. The same result is obtained for massive sulfide at
Snakepit. To summarize, we propose that As is preferentially incor-
porated into the lattice of low-temperature pyrite formed together
with sphalerite and then lost by leaching processes during the mound
maturation and recrystallization of the pyrite or marcasite.

At Snakepit, Pb has a relatively good correlation with As as in
TAG-1, 2 and 4 (R = 0.72). We know that at Snakepit and at 13°N,
Pb occurs generally as tiny grains of galena or jordanite associated
with sphalerite at the outer and cooler part of chimneys. The low Pb
values in the mature, Zn-poor TAG samples imply that galena was
probably leached during maturation processes. In the residual pyrite,
Pb keeps its initial correlation to As.

Molybdenum

ticularly mobile during this process. Thisraisesthe question of apos-
sible concentration of these elements during maturation. At 13°N Mo is highly correlated with Fe in sulfides from TAG-1, 4, and 5
there is no significant difference in trace elements between young infR = 0.75, 0.73 and 0.80). In TAG-2 the Fe-Mo correlation is lower.
mature Zn chimneys at the axis and a Zn chimney growing at the tofhe lack of correlation between Cu and Zn and Mo indicates that Mo
of the mound. The latter may be related to fluids that have leached Zitcurs preferentially in pyrite. As there is no clear vertical variation,
and associated elements from deeper in the system. Thus, somewna may speculate that Mo is independent of depth, temperature, and
these elements may be enriched in the fluid and dispersed in the saés0 maturation processes. At Snakepit, Mo is not correlated to Fe in
water during venting without creating significant surface enrichmentthe massive sulfides and in the chimneys. The Mo behavior therefore
In this case, the refining process seems not to be efficient to conceis-not particularly easy to discuss.
trate As, Pb, and Ag in the late chimneys at the top of the mound.
At TAG-4 the strong correlation between Zn, Cd, and As indi-
cates that As probably occurs within the sphalerite lattice rather than
in the pyrite. However, Zn was analyzed as a major element (detec- Copper is concentrated at the surface of the deposit in TAG-1 and
tion limit 1000 ppm) and Pb, As and Ag as minor elements. The raén near-surface drill cuttings of TAG-2. This attests a contribution of
lation between these elements and Zn cannot be discussed in dethihck smoker chimneys to the growth of the mound. The second type
The absence of correlation between Zn and Pb-Ag may indicate that Cu-enrichment is in the selvages of anhydrite veins within the
these latter elements are preferentially located in the pyrite. Since tih@ound. PCA analyses at TAG reveal a close relationship between Cu
Pb-As correlation coefficient is the same for TAG-1, -2, and -4, weand Ca-Sr, indicating that most of the copper is vein related. Miner-
conclude that there is a simultaneous increase or decrease of As adgical observations show that chalcopyrite does not occur only as
Pb both in sphalerite and pyrite. The dissolution of sphalerite willein selvage, but also as a late mineral infilling the voids between
mobilize the As and lower the As concentration in the remaining minether minerals. Thus, part of the copper is added to preexisting sul-
eralization as observed in the Zn-poor mature samples. According fales by the fluid circulating through the veins but is not important
Huston (Huston et al., 1995) Pb and Ag occur preferentially as mirenough to show up in the analyses because few veins were used for
eral inclusions in the pyrite and will be removed from the pyrite dur-our study. This type of vein occurs principally in TAG-1. The occur-
ing recrystallization. This can be inferred from TAG-1 and TAG-4rence of chalcopyrite indicates that the veins were formed at temper-
where “high” Pb and Ag values in immature samples (TAG-4) aretures higher than 300°C. Thus, at the central part of the mound, fluid
lowered during maturation (Table 1). circulating in the veins is dominated by hydrothermal fluid rather
Some elements associated with Zn may be preferentially trappetlan by seawater. In this case, the formation of anhydrite is caused by
in pyrite forming together with sphalerite. In this case there will be anixing rather than by simple conductive cooling of the fluid above
good correlation with Zn in the immature samples and, when sphalet60°C. However, according to the difference in copper content be-
ite dissolves, these elements may stay in the pyrite giving a poor cdween the white smoker fluids (@nol/L) and black smoker fluids
relation in mature samples. Enrichment of these elements (Pb, Ag,20-1504mol/L) (Edmond et al., 1995), we may expect the precip-
Cd, Ag) could be an indicator about whether or not the sulfide minitation of a large amount of chalcopyrite within the mound. Such a Cu
erals under consideration were formed at low temperature at the suieh zone was not drilled. Either the zone does not exist, or it occurs
face or were formed at high temperature within the mound. For exas a vertical network of veins centered beneath the undrilled Black
ample, As is enriched in surface samples at TAG-1 and its concentr@moker Complex. The observed Cu selvages at the borders of anhy-
tion then decreases and stabilizes at about 30 ppm in the silicic palite veins may correspond to the lateral fringe of this zone. At
of the mound. The As enrichment within the sulfide part is better esSnakepit where the Cu concentration of the black smoker fluid (10—
tablished at TAG-4 and TAG-2. The good correlation between A47umol/L; Edmond et al., 1995), is lower than at TAG, a copper-rich
and Zn in TAG-4 (R = 0.74) indicates a preferential association of Agzone was identified in the massive sulfide part and the stockwork
with low- to medium-temperature minerals. Detailed studies at 13°done where massive isocubanite forms thick veins. In addition, ODP
showed that As (Auclair, 1988) was located in the pyrite lattice andrilling at Snakepit indicated that the first 7 m of the deposits was ex-
that it often occurred at the low-temperature selvage of pyrite whileremely enriched in Cu (Honnorez et al., 1990).,
Se and Co occurred in the high-temperature core (Auclair et al., The low Cu contents of the sulfides in the drill core at TAG imply
1987). Without sphalerite, the relative independence of Fe and Abat there has been little or no high-temperature venting through the
also indicates that As is preferentially concentrated in a specific typlus pile at the edge of the mound.
of pyrite. Huston et al. (1995) indicate that colloform pyrite grains re-
lated to rapid precipitation may incorporate much As. At 13°N there
is no Zn-As correlation in chimneys, which can be explained by the
occurrence of jordanite at the outer part of chimneys. In the 13°N These are the only two trace elements showing a relative down-
massive sulfides, As plots intermediate on PCA diagram between Reard increase within the mound. The presence of Se and Co typically
and Zn group (Fig. 13) indicating a preferential location in low tem-ndicates high temperatures and end-member fluids. These two ele-

Copper

Cobalt and Selenium
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ments thus may reflect a temperature increase within the mound.
PCA analyses show that Co and Se are generally associated with the
copper-rich high-temperature sulfides. In all four sites, Co and Se
have agood correlation but are not associated with Cu, which proba
bly indicates that they do not occur in chalcopyrite, but in pyrite. Co
isatypical element that has a stoi chiometric substitution of Fein py-
rite. In surface samples collected by submersible, Se has a clear cor-
relation with Ca and Sr, indicating that it tends to be concentrated
preferentialy in chimneys, probably in chalcopyrite in equilibrium
with the end-member black smoker fluid. This agrees with the high
Se concentration in the chalcopyrite from ablack smoker fragment at
the top of the mound (TAG-1). Similarly, at Snakepit, Se is highly
correlated to Cu in the chimney group, but the correlation isalso high
in the massive sulfide mound group. At Snakepit, massive sulfides
from the core of the mound are extremely enriched in Cu when com-
pared to samples from TAG. Selenium is principally enriched in
isocubanite from the stockwork zone. In PCA plots of chimneys and

GEOCHEMICAL SECTION OF TAG HYDROTHERMAL MOUND

(TAG-4) appears to be part of a talus pile rather than be from a stock-
work zone (Shipboard Scientific Party, 1996). These features suggest
the existence of a normal fault or series of fault steps beneath the
mound (Figs. 2, 15). This is compatible with the ridge-parallel de-
pression at the eastern side of the Black Smoker Complex (Kleinrock
etal., 1996) and with the 15-20 m of displacement of basalt basement
on opposite sides of the mound. The asymmetry is also noted in
geochemical and mineralogical studies. The immature nature and the
Zn-rich composition of the entire TAG-4 section, compared to the
maturity and the virtual absence of Zn deeper than 10 m in the eastern
holes, indicate a clear geochemical asymmetry of the mound. The
Black Smoker Complex is fed by a ridge-parallel fault that controls
the thermal, morphological, and geochemical asymmetry of the
mound. The anhydrite-rich zone is probably connected to the Black
Smoker Complex. These results are summarized in the interpretative
section presented in Figure 15.

TAG-4 is less affected by leaching of trace elements and is less

mounds at Snakepit, Co is close to the Cu-Se group. At 13°N, theature than the other holes. TAG-1 is completely depleted in trace
high Cu-Se correlation is also present both in the axial chimneys amdetals, and TAG-2 is depleted in base metals deeper than 10 m. This
the off-axial massive sulfides. In both cases, Co is not correlated tadicates that refining processes only occur in the first 10 m in the
the Cu-Se group. Thus, it seems that there is no specific rule for ®astern mound. In addition, trace elements occurring in sphalerite are
and Co concentrations during maturation of mounds. More specifipreferentially leached during maturation processes. Elements mobi-
cally, their behavior may depend on the amount of high-temperatuleed by refining are probably more concentrated in the Zn chimneys
chalcopyrite in equilibrium with the end-member fluid. at the surface of the mound, these samples were not collected by drill-

Selenium is only highly concentrated (850 ppm) in a fragment ofng. The only enriched samples are probably the Zn chimneys from
black smoker from the top of the TAG mound. This is close to thehe surface indicating that the potentially enriched zone has virtually
high Se values (up to 1000 ppm) from black smoker vents at 13°N amo thickness. Data obtained at 13°N on the East Pacific Rise indicate
the East Pacific Rise (Auclair et al., 1987). At Snakepit, high Se valtthat Zn chimneys from the top of a mound are not specifically en-
ues are also seen in the black smoker chimneys (up to 366 ppm) atched in trace metals when compared with young chimneys growing
in the isocubanite from the stockwork zone (up to 527 ppm; Fouquelirectly on basalt. Thus, the fluid enriched in trace metals by a leach-
etal., 1993b). High Se values are characteristic of chalcopyrite groving process may only precipitate a minor part of these elements, most
ing in contact with the unmixed end-member fluid. of which are dispersed into the seawater column.

At TAG, Cois enriched in massive pyrite. At 13°N, Cois also en- In relation to these different observations, we consider that the
riched in massive pyrite from the off-axial mound. This might be beimound growth is due to three different processes: (1) At the surface,
cause of preferential substitution of Co during reworking of sulfidesthe sulfides formed within the chimneys are progressively buried and
However, we consider that the temperature of formation of pyrite antecrystallized, contributing to the surface growth of the massive sul-
the kinetics of pyrite growth are key factors in explaining this variafide mound. This material can be relatively enriched in Cu and Zn,
tion. We consider that Co is preferentially incorporated into highwhich is later leached through a zone-refining process. (2) In the
temperature, idiomorphic pyrite, growing under stable conditions atleepest part, the basalt is progressively silicified and replaced by a
the core of the mound, rather than in lower temperature pyrite relatgmyrite/quartz assemblage contributing to the internal growth and
to chimneys. This would lead to the observed Co depletion in surfacgockwork formation. These samples correspond to high-temperature
samples from TAG. Cobalt and Se occur as stoichiometric substityyrite and were never enriched in Zn and associated trace metals.
tions in idiomorphic pyrite stable under high temperature. These elfhus, most of the mound is depleted in trace metals and cannot be
ements are not very sensitive to later dissolution and refining prosonsidered as a source for the high Zn of the white smoker fluids. The
cesses. third process is the anhydrite veining that also contributes to the in-

The apparent Se enrichment in TAG-5 sulfides and the associgernal growth. Most of the anhydrite should be dissolved when the ac-
tion with trace pyrrhotite probably indicate a higher formation tem-ivity ceases. However veins are often associated with a chalcopyrite
perature. Because no chalcopyrite generation was found to be eselvage that contributes to the inner mound growth.
riched in Se, it is likely that drilling did not intersect (or did not re- No Cu-rich zone was identified during drilling. The extremely
cover) samples from the feeders for the present black smoker. high value of Cu in the end-member fluid from TAG when compared

Most ore from ancient deposits is mined from a zone of massivi® Snakepit suggests that a vertical Cu-rich zone exists under the
pyrite and chalcopyrite at the central part of the mound and within thBlack Smoker Complex. Cu enrichment on vein selvages drilled at
stockwork. Several deposits contain several million tonnes of cupriffAG-1 could be considered as the external expression of the fringes
erous stockwork. Similar stockwork-like mineralization is exposedof this zone.
by recent faulting in the Galapagos Rift (Embley et al., 1988), in the
Lau Basin (Fouquet et al., 1993a) and at the Snakepit (Fouquet et al,
1993a) deposit. Localized small stockworks are exposed along the
south East Pacific Rise (Renard et al., 1985). However, in compari-
son to stockwork deposits on land, these exposures are small and rep-This paper has benefited from the careful reviews of B. Nesbitt,
resent the uppermost part of the systems. R. Binns, P. Herzig, and the ODP editorial comments.
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