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ABSTRACT

Axial Seamount is a large shield volcano on the central
Juan de Fuca Ridge, northeastern Pacific Ocean. A 21~
km2 summit caldera is host to low-temperature (<35°C)
hydrothermal vents and large, chimney-like spires near its
northern wall. Hydrothermal activity is closely associated
with recently active eruptive fissures. An intact spire (160
kg) recovered from the caldera is comprised of amorphous
silica, sphalerite, marcasite, barite, wurtzite, chalcopyrite,
and galena, with trace amounts of pyrite, jordanite, Pb-
As-Sb-Ag sulfosalts, tetrahedrite-tennantite, native sul-
fur, and Fe and Mn oxides. The bulk chemical compo-
sition of the spire is: 28.5% SiO,, 22.7% Zn, 8.7% Ba,
5.8% Fe, 0.43% Cu, 0.35% Pb, and 18.6% S, with 570
ppm As, 350 ppm Sb, 186 ppm Ag, 4.9 ppm Au, 522 ppm
Cd, 1470 ppm Sr, and 600 ppm Mn. Au is conspicuously
high at concentrations up to 6.7 ppm. Mineral paragene-
sis in the spire is related to changes in temperature, the
degree of seawater mixing, and pH-¢S,-¢0, conditions
during its growth. Constraints on the temperature of for-
mation were determined from amorphous silica solubility
in sampled vent fluids (<235°C), fluid inclusions in wurt-
zite (up to 250°C), and published equilibrium §'80 values
for barite-water (185°C). The §%S values for BaSO,
(+16.1 to +21.2 %), FeS, (+1.1 to +3.9 %), and ZnS
(+4.2to + 5.7%,) indicate isotopic disequilibrium among
these phases and suggest local reduction of sulfate from
seawater at the site of deposition. The complex multistage
history of the spire reflects growth at temperatures of
< 300°C during mixing between higher temperature fluids
and seawater. This process is itnportant for the accumula-
tion of sulfides at many seafloor vent sites and in their
ancient analogs on land.

Keywords: seafloor polymetallic sulfides, Axial Seamount,
Juan de Fuca Ridge, mineralogy, chemical composition,
mineral chemistry, fluid inclusions, sulfur isotopes.

SOMMAIRE

Le guyot de Axial est un puissant édifice volcanique en
bouclier situé dans la partie centrale de la dorsale de Juan
de Fuca, dans le nord-est de I’océan Pacifique. Une caldé-
ra de 21 km?2 & son sommet est le site d’évents hydrother-
maux de basse température (<35°C) et d’édifices en for-
me de cheminée prés de la paroi nord. L’activité
hydrothermale est localisée le long de fissures éruptives ré-
cemment actives. Une cheminée intacte (160 kg), décou-
verte dans la caldéra, contient: silice amorphe, sphalérite,
marcasite, baryte, wurtzite, chalcopyrite et galéne, avec tra-
ces de pyrite, jordanite, sulfosels de Pb-As-Sb-Ag,
tétraédrite-tennantite, soufre natif, ¢t oxydes de Fe et de
Mn. La cheminée a la composition chimique globale sui-
vante (%, en poids): SiO, 28.5, Zn 22.7, Ba 8.7, Fe 5.8,

Cu 0.43, Pb 0.35, et S 18.6, et contient les éléments traces
(teneurs en ppm): As 570, Sb 350, Ag 186, Au 4.9, Cd 522,
Sr 1470, et Mn 600. La teneur en or est anormalement éle-
vée, puisqu’elle atteint un maximum de 6.7 ppm. La sé-
quence de cristallisation dépend de la température, du de-
gré de mélange avec ’eau de mer, et des conditions de pH,
de aS, et de 20, pendant la croissance de I'édifice. La tem-
pérature de formation a été déterminée & partir de la solu-
bilité de la silice amorphe dans les fluides des évents
(<235°C), des inclusions fluides dans la wurtzite (Jusqu’a
250°C), et des valeurs publiées du partage de 8130 entre
baryte et phase aqueuse (185°C). Les valeurs de 8348 pour
la baryte (entre +16.1 et +21.2%,), FeS, (entre + 1.1et
+3.9%,), et ZnS (entre +4.2 et +5.7%,) témoignent d’un
déséquilibre isotopique parmi ces phases, qui serait di a
une réduction locale de sulfate dans ’eau de mer au site
de déposition. L’évolution polyphasée complexe de la che-
minée résulte de sa croissance a des températures inférieu-
res & 300°C au cours du mélange entre fluides de tempéra-
ture plus élevée et ’eau de mer. C’est un processus
important pour ’accumulation des sulfures, aussi bien au
site des évents actuels sur les fonds marins que sur terre,
dans leurs analogues anciens.

(Traduit par la Rédaction)

Mots-clés: sulfures polymétalliques marins, guyot de Axial,
dorsale de Juan de Fuca, minéralogie, composition chi-
mique, chimie des minéraux, inclusions fluides, isoto-
pes de soufre.

INTRODUCTION

In 1983, hydrothermal vent fields and a small sul-
fide deposit were discovered in the caldera of Axial
Seamount on the central Juan de Fuca Ridge (Fig.
1: 45°57'N, 130°02' W) using the Canadian deep-
diving submersible, PISCES IV (CASM II 1985,
Scott 1985). A small sulfide deposit discovered in the
northwest corner of the caldera (Fig. 2) consists of
three large chimney-like structures, standing 4-10 m
in height, and a number of smaller structures cap-
ping a buried sulfide mound of unknown size.
Although hydrothermal activity in the area is only
weak at present, this study provides evidence for the
former existence of high-temperature vents.

According to recent models for the accumulation
of massive sulfides on the seafloor, large deposits
are grown from small, high-temperature (>300°C)
vents or black smokers through sustained hydrother-
mal activity (e.g., Hékinian ef al. 1985, Hékinian &
Fouquet 1985, Tivey & Delaney 1986). Vent fields
like those at 21°N on the East Pacific Rise (Haymon
& Kastner 1981, Goldfarb ef al. 1983) are charac-
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Fic. 1. Location of seafloor polymetallic sulfide deposits
in the northeastern Pacific.
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F16. 2. SEABEAM bathymetry of the Axial Seamount cal-
dera (from CASM II 1985). Vent fields (stars) occur
within the study area and at the southern end of the
caldera (Malahoff ef a/. 1984, ASHES Expedition 1986).
The 1500 m and 1600 m isobaths are labelled; the con-
tour interval is 20 m.
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terized by a predominance of small (<5 m in height)
active chimneys with relatively few large mounds and
are referred to as ‘“‘immature’’. In contrast,
“mature’’ deposits like those at Southern Explorer
Ridge (Scott et al. 1984, 1985, CASM III 1985) are
characterized by abundant broad-based structures
known as spires, which coalesce to form large sul-
fide mounds tens of meters in diameter. Individual
spires grow as a result of sustained mineral precipi-
tation at a single vent and can reach heights of more
than 10 m. Collectively, the sulfide mounds grown
from these spires form deposits of several million
tonnes (e.g., Scott ef al. 1988, Rona et al. 1986).

Black smokers alone cannot account for the effi-
cient accumulation of sulfides at hydrothermal vents.
More than 90% of the metals from a typical black
smoker are lost to diffuse hydrothermal plumes as
buoyant solutions escape to the water column (Con-
verse ef al. 1984, Edmond et al. 1982). Therefore,
the growth of large sulfide spires is an important
means of trapping hydrothermal fluids and may be
critical for the local accumulation of hydrothermal
precipitates. Although fragments of sulfide chimneys
have been identified in ancient deposits (Scott 1981,
Oudin & Constantinou 1984), few intact spires are
preserved because of their tendency to become incor-
porated in hydrothermally reworked mounds. Con-
sequently, little is known about this aspect of the for-
mation of massive sulfide deposits. To investigate
the growth of large sulfide-bearing structures, we
have examined a 160-kg, intact spire recovered from
Axial Seamount during CASM II (1985).

The sampled spire formed at relatively low tem-
peratures (<300°C) and is mineralogically and
geochemically distinct from the small, high-
temperature chimneys studied by Goldfarb et al.
(1983) and Haymon (1983). Similar structures may
have been responsible for the accumulation of low-
temperature (< 300°C) sulfides and sulfates on top
of many ancient massive sulfide deposits. We brief-
ly compare the physical and chemical conditions of
mineralization at Axial Seamount with those of other
deposits on the seafloor to show that the hydrother-
mal fluids responsible for the growth of large spires
at Axial Seamount may have been derived from high-
temperature solutions (up to 350°C) by a combina-
tion of conductive cooling and mixing with local sea-
water.

GEOLOGY AND HYDROTHERMAL ACTIVITY IN
THE CALDERA OF AXIAL SEAMOUNT

Axial seamount is a large shield volcano, 50 km
by 70 km at its base (2600 m deep), with a 3 km by
7 km summit caldera (minimum depth of 1490 m).
Active spreading along the axis of the central Juan
de Fuca Ridge intersects the caldera obliquely and
is expressed by abundant north-south-trending fis-
sures in its northern wall. The caldera is a vertical-
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walled structure with a nearly flat floor (<5 m of
relief), bounded by fault offsets that are 60 to 80 m
in height. The southern wall of the caldera is
breached and covered by sheet flows (Fig. 2).

An eruptive fissure in the floor of the caldera
extends southward from the northwest wall for 300
m (Fig. 3). The fissure consists of seven overlapping
collapse-structures cut by a central cleft (CASM II
1985). Sheet flows, pock-marked by drained and col-
lapsed lava ponds, cover most of the caldera floor;
fresh pillow and lobate lavas occur along the fissure.
Drain-back features in the fissure (i.e., collapsed lava
and draped lava on the fissure walls) indicate that
it is the source of recent lava flows. This suggestion
is substantiated by the sparse cover of pelagic sedi-
ment (<5-10% by area) near the eruptive fissure
compared to the thick cover of sediment outside the
caldera walls.

Three hydrothermally active areas have been
located within the caldera of Axial Seamount
(Fig. 2). The first, at the northern end of the cal-
dera, includes a number of warm-water vents
occupying three of the collapsed structures in the
eruptive fissure. The vents occur at open fractures
in basalt on the bottom of the fissure or along its
walls. Several vents are inhabited by pogonophoran
tube worms in mound-like colonies up to 2 m in
diameter (Fig. 4a; CASM II 1985). Hydrothermal
fluids emanating from the fractures are less than
35°C (ambient seawater 1.5 to 2°C). A partly buried
sulfide deposit occurs 40-50 m to the east, along a
narrow, north-south-trending fracture zone about
30 m in length (Fig. 3). This fracture zone is inter-
preted to be an older eruptive fissure covered by
recent sheet flows. A second hydrothermal site, at
the southern end of the caldera (Fig. 2), consists of
vents at temperatures up to 330°C, sulfide edifices,
and Fe oxide deposits (Malahoff ef al. 1984, ASHES
Expedition 1986). A third, low-temperature
(<300°C) vent site was discovered by the ASHES
Expedition (1986) near the eastern wall of the cal-
dera.

Hydrothermal fluids at Axial Seamount are
focused along the faults bounding the caldera and
at the intersection of these faults with the spreading
center of the Juan de Fuca Ridge. Similar volcano-
tectonic settings have focused the flow of fluids in
ancient massive sulfide-forming environments (e.g.,
Cathles 1983, Ohmoto & Takahashi 1983). Fractures
and eruptive fissures around the margins and within
calderas have been recognized as a control on the
localization of the Kuroko deposits in Japan (Ohm-
oto 1978, Scott 1978, 1980). The eruptive fissures
that characterize post-caldera volcanism and active
spreading of the ridge crest at Axial Seamount pro-
vide channelways for hydrothermal solutions. Fre-
quent eruptions of lava in the caldera create the
necessary contrasts in permeability required to focus
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Fic. 3. Simplified geologic map of the study area show-
ing the outline of the caldera wall, eruptive fissure, dis-
tribution of principal lava morphologies, and location
of the sulfide deposit. (A-B) is a schematic cross-section
through the eruptive fissure and the partly buried sul-
fides. The 160-kg spire was recovered from this deposit.

ascending fluids.

The presence of a large, sustained, high-level
magma chamber at the summit of Axial Seamount
is suggested by the large size of the volcano
(1750 km?), its vast caldera, and the abundant vol-
canic and tectonic activity. Most other seamounts
along spreading ridges in the Eastern Pacific are
small by comparison (<100 km?) and are consi-
dered to be part of the normal magmatic budget of
the ridges (Batiza 1982). Axial Seamount, however,
represents an excess of volcanism on the Juan de
Fuca Ridge. This combination of excess volcanic
activity, a high-level magma chamber, and a highly
permeable caldera, provides an opportunity for pro-
tracted hydrothermal activity. The advective heat-
loss over the strike length of the Axial Seamount cal-
dera (113 megawatts/km: Crane et al. 1984) is com-
parable to that of the vent field at 21°N, East Pacific
Rise (EPR) (140 megawatts/km: Macdonald ef al.
1980), even though the spreading rate at Axial Sea-
mount (3 cm/yr half-rate) is only half that of the
EPR.

THE GROWTH OF SULFIDE STRUCTURES AT
SEAFLOOR HYDROTHERMAL VENTS

The Axial Seamount spire
The 160-kg spire described in this paper (Fig. 5)
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Fic. 4. Bottom photographs, taken by CASM II (1985),
of active vents in the study area. a) Sampling of
hydrothermal fluid venting through a colony of tube
worms in the eruptive fissure. The field of view is | m
across. b) Venting of hydrothermal fluid through a frac-
ture in fresh basaltic lava near the sulfide deposit. The
field of view is 3-4 m across.

was sampled from the small sulfide deposit in the
northern vent field. Three large spires make up the
bulk of the exposed sulfides in the deposit and
amount to approximately 20,000 kg. By analogy with
other seafloor deposits, these spires likely sit atop
a larger sulfide mound that has been buried by recent
lava flows. The sulfides from this deposit resemble
samples from the low-temperature (< 300°C) caps
of large, mature mounds at Southern Explorer Ridge
(Scott et al. 1984, 1985, CASM III 1985, Hanning-
ton ef al. 1986).

Vents (< 50°C) at open fractures in the basalt (Fig.
4b) occur in close proximity to the sulfide deposit.
The coexistence of these small, low-temperature
vents and the large sulfide spires grown from earlier,
higher-temperature chimneys attests to the sustained
nature of local hydrothermal activity. One of the
large spires was 4 m in height and 2 m in diameter;
it still vented warm water (19°C) and was populated
by a dense biological colony. The two adjacent spires
were 6 to 10 m in height, but had no major biologi-
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cal colonies. The existence of hydrothermal fluid in
the porous interiors of these spires was indicated by
cracks in their outer walls which leaked vent fluids
and were lined by filamentous bacteria. The 160-kg
spire was recovered near the base of one of these
larger structures, and venting of warm water
occurred at this site after the spire was sampled.

The spire is composed primarily of Zn and Fe
sulfides, amorphous silica, and barite. Its growth
history has been reconstructed from a study of the
morphology and mineralogy of the structure through
five cross-sections, including examination of 45
polished thin sections.

Growth of the spire began within a colony of tube
worms, similar to those which inhabit vents in the
nearby eruptive fissure (Fig. 4a). The worm tubes
were fossilized by the early precipitation of barite
and silica and formed the broad, porous substrate
on which the spire was constructed. Fossilized rem-
nants of similar worm tubes have been found in Cre-
taceous massive sulfides of the Semail ophiolite in
Oman (Haymon ef al. 1984) and the Troodos ophio-
lite in Cyprus (Oudin 1983).

Within the protective framework of silica, barite,
and fossilized worm tubes, Zn and Fe sulfides were
precipitated in response to steep thermal and chem-
ical gradients between the hydrothermal fluid and
surrounding seawater. Unlike black-smoker chim-
neys, the spire lacks a well-defined central orifice
(Fig. 5); sulfides were deposited in a porous network
of interconnecting channelways. Silica and barite
accumulated at the top of the spire (Fig. 6a) and
eventually sealed off these channelways, forcing the
hydrothermal fluids to circulate within the porous
interior. Trapped fluids periodically escaped through
the walls or at the base of the spire, giving rise to
new chimneys on its flanks, together with sulfide pro-
trusions at the former sites of venting (Fig. 6b). At
least four accretionary zones making up the spire are
outlined by fossil sulfate walls and worm tubes in
its interior (Fig. 7). Sulfide- and silica-lined cavities
in the core of the spire are the unfilled fluid conduits.

Sulfide structures at other deposits

Typical black-smoker chimneys (e.g., on the EPR
at 21°N and 13°N) are maintained at high tempera-
tures (>300°C) and therefore contain little silica and
are virtually barite-free (Haymon & Kastner 1981,
Hékinian & Fouquet 1985). These chimneys are ini-
tially cemented by anhydrite which is progressively
replaced by sulfides through interaction with high-
temperature fluids, or simply dissolved in cold sea-
water as a result of its retrograde solubility (Hay-
mon 1983). In addition, the fossilized worm tubes
found in large spires are not abundant in the sulfides
from black smokers. In the absence of a stable sil-
ica or barite cement and a suitable biological sub-
strate, black smokers characteristically form small,
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narrow chimneys less than 1-5 m in height which are
inherently unstable and ultimately crumble (e.g.,
Haymon & Kastner 1981).

Amorphous silica is responsible for the lasting sta-
bility of some large sulfide structures found on the
Endeavor Ridge (Tivey & Delaney 1986). Silica was
precipitated in these structures by conductive cool-
ing of the saturated solutions. The growth and sta-
bility of large spires at Southern Explorer Ridge, like
those at Axial Seamount, is predicated on the avail-
ability of abundant barite as well as silica. Barite was
precipitated from Ba in the vent fluids upon mixing
with sulfate-rich seawater. The abundance of barite
depends largely on the amount of Ba leached from
the source rocks by the hydrothermal fluids. Barium
is efficiently extracted from basalts during circula-
tion of seawater (Seyfried & Bischoff 1981, Seyfried
& Mottl 1982) so its concentration in the vent fluids
is controlled by the composition of the underlying
rocks. At Southern Explorer Ridge and Axial Sea-
mount, the basalts are enriched in Ba by almost an
order of magnitude over normal EPR MORB
(Cousens et al. 1984, R.L. Chase, pers. comm. 1986).
These enriched basalts may account for the high
barite content of the deposits and the abundance of
large sulfide spires compared to vent sites on the EPR
and elsewhere on the Juan de Fuca Ridge. In a simi-
lar manner, the sediments underlying deposits in the
Guaymas Basin, Gulf of California, provide abun-
dant calcite for the construction of large sulfide-
bearing structures up to 20 m in height (Peter 1986,
Peter & Scott 1988, Scott 1985).

After a phase of venting at temperatures up to
350°C, substantial cooling of the hydrothermal fluid
by a combination of conduction and mixing with
SO,rich seawater is required for the precipitation
of amorphous silica and barite. Deposition of these
minerals at temperatures <300°C may be necessary
in order to form the large spires commonly found
on top of mature deposits. The growth of these struc-
tures has been observed at temperatures as low as
150°C (Johnson & Tunnicliffe 1985, 1986).
However, there is compelling evidence for continued
high-temperature mineralization, beneath the pro-
tective cap of low-temperature spires, from fluids
trapped within large, mature mounds. Vents on top
of sulfide mounds at Southern Explorer Ridge locally
discharge fluids at temperatures up to 306°C, while
nearby spires on the same mound vent much cooler
fluids at <100°C (SCHISM 1 1984, Tunnicliffe et
al. 1986). This suggests that individual vents at differ-
ent temperatures on a single mound are fed by the
same high-temperature fluid at depth. Local mixing
with seawater near the surface of the mounds results
in low-temperature discharge and accounts for the
growth of large, low-temperature spires accompany-
ing higher temperature mineralization at the same
site. By analogy with ancient deposits, the sulfide
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FIG. 5. Vertical cross-section of the spire from Axial Sea-
mount showing its complex internal morphology. A
thick rind of sulfate- and silica-cemented worm tubes
(white) encloses porous Zn-rich sulfides (black) in the
core of the spire. Silica and sulfate cap the spire (see
also Fig. 6a). White salt from seawater outlines porous
zones in the Zn sulfides. Large, silica-filled cavities mark
the fluid channels, and sulfate-rich walls in the interior
of the spire outline former zones of accretion (arrows).
Lens cap at lower left is 6 cm in diameter.

mounds are likely reworked by contemporaneous
hydrothermal fluids beneath the low-temperature sul-
fides and sulfates, resulting in well-known minera-
logical zonations common to massive sulfides on land
(e.g. Eldridge et al. 1983). At 13°N on the EPR,
Hékinian et @l. (1985) and Hékinian & Fouquet
(1985) have described zoned sulfide deposits where
high-temperature (320-350°C) sulfides have formed
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Fic. 6. The top of the spire (a) is capped by barite and amorphous silica. Two fluid channels (arrows) are outlined
by sulfate-rich walls and are filled by Zn sulfides. The exterior of the spire (b) is coated by dark Fe and Mn oxides.
The broad base is composed of barite and silica that replaced a fossil tube-worm colony. Lens cap at lower left

is 6 cm across.

beneath low-temperature (< 200°C) mineralization.
This wide range of temperatures in most deposits
causes complex patterns of mineralization, dissolu-
tion, and recrystallization.

MINERALOGY AND PARAGENESIS

The mineralogy and paragenesis of the Axial Sea-
mount spire (Fig. 8) can be summarized as: (1) early,
low-temperature, barite-silica deposition in the
sulfate-rich walls of the spire (Fig. 9a); (2) main-
stage, higher temperature sulfide deposition in the
porous interior (Fig. 9b,¢); and (3) late-stage silicifi-
cation throughout the spire (Fig. 9d). The overall
mineralogy is typical of that described for white-
smoker chimneys at 21°N (Oudin 1981, 1983, Hay-

mon & Kastner 1981). Most of the precipitates are
fine-grained (<1 mm), but some crystals of wurt-
zite and barite, which line open cavities, reach 5 mm
in length. These coarse, euhedral crystals are most
common in the porous core of the spire.

Silica and fibrous barite comprise the early
framework-building assemblage (Fig. 10a) and form
the walls of the spire on which later main-stage sul-
fides were precipitated. Worm tubes are initially
mantled by silica and barite (Fig. 10a) and may be
replaced by later sulfides (Fig. 10b). Traces of anhy-
drite occur in samples from the large active spire
(19°C), but anhydrite is absent in the others.

Fine-grained particles of marcasite and sphalerite
(=1pm) are disseminated throughout early amor-
phous silica in the barite-silica stage. Coarser mar-
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casite and sphalerite occur within and mantling early,
fibrous barite (Fig. 10c). Intergrown Fe sulfides and
barite indicate that both reduced and oxidized sul-
fur were available at the time of deposition. Barite
from the barite-silica stage is commonly replaced by
later massive amorphous silica (Figs. 9d, 10c).

Amorphous silica throughout the spire forms
homogenous, colloform layers up to 1 mm thick or
loosely packed aggregates of uniform silica spheres,
1 to 10 um across (Fig. 10d). Similar material in low-
temperature vents at 21°N has been described as opal
(Oudin 1981), but the silica from Axial Seamount
shows a single, broad X-ray peak characteristic of
an amorphous, noncrystalline phase (Jones & Seg-
nit 1971, Kano & Taguchi 1982). Bacterial precipi-
tation of delicate silica “‘strings’’ has also been
documented in samples from Axial Seamount
(Juniper & Fouquet 1988).

Framboidal marcasite is the earliest important sul-
fide and consists of spheroidal aggregates of
individual Fe-sulfide particles up to 0.1 um in
diameter (Fig. 10e). Later main-stage marcasite, in
the core of the spire, consists of banded spherules
(5 to 10 pm in diameter) and massive colloform
aggregates which have locally recrystallized (Fig.
10f). Although the cores of some marcasite fram-
boids have inverted to pyrite, pyrite is generally
scarce in the spire. An amorphous Fe-S-SiO, phase
(Fig. 11a) is locally intergrown with the framboidal
and colloform marcasite; an energy-dispersion
microprobe analysis gives a composition of 60% Fe,
20% S, and 20% SiO, by weight.

Marecasite in other seafloor deposits occurs primar-
ily in association with siliceous, Zn-rich sulfides at
<300°C (Picot & Fevrier 1980, Oudin 1981, 1983,
Kingston ef al. 1983, Hékinian & Fouquet 1985). At
21°N, marcasite is abundant only in white smokers
and in inactive chimneys and mounds (Oudin 1981,
1983, Haymon & Kastner 1981).

Zn sulfides constitute nearly 80% of the sulfides
in the spire. The main stage of sulfide deposition
includes: (1) massive aggregates of sphalerite (Fig.
11b) with chalcopyrite, galena and tetrahedrite-
tennantite; (2) later colloform and banded sphalerite
(Fig. 11c¢); and (3) cavity-lining wurtzite (Fig. 11d).
Sphalerite in massive aggregates is opaque and Fe-
rich compared to later colloform varieties. The col-
loform sphalerite commonly possesses light, Fe-poor
rims with darker, Fe-rich cores (Fig. 11c). Chal-
copyrite and galena occur as epitactic growths on
sphalerite grains; no significant replacement of
sphalerite by chalcopyrite (i.e., ““chalcopyrite dis-
ease’’) is observed in polished section. Dendritic
galena locally occurs in the core zone of late-stage
sphalerite blebs (Fig. 11c).

Wurtzite crystals form tapered hexagonal prisms,
typically 0.05-2 mm in length (Fig. 11d). They com-
monly have dark, Fe-rich cores and lighter, Fe-poor
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Fic. 7. Four accreted growth zones in the spire (circled
numbers) are outlined by sulfate- and silica-rich zones
and fossilized worm tubes. Venting of hydrothermal
fluid occurred at the top of each accreted zone (arrows).

rims, but are generally less Fe-rich than the earlier
sphalerite. Estimates of the relative abundance of the
two polymorphs based on petrography and X-ray-
diffraction scans of sulfide concentrates indicate that
wurtzite accounts for about 30% of the Zn sulfides.
Whereas sphalerite occurs throughout the spire,

-euhedral crystals of wurtzite occur only in open cavi-

ties. At 21°N and the Southern Juan de Fuca Ridge,
wurtzite is also found in the cores of active chim-
neys (Haymon & Kastner 1981, Oudin 1981, 1983,
Koski et al. 1984); sphalerite occurs in both active
and inactive chimneys, but dominates the inactive
spires and mounds (Hékinian et a/. 1980, Picot &
Fevrier 1980, Zierenberg ef al. 1984).

Late-stage hydrothermal fluids were rich in Pb,
As, Sb, Ag and Au. Galena partly mantles colloform
sphalerite and is commonly overgrown by, or altered
to, jordanite (Fig. 11¢). Two additional Pb-As-Sb-
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Fi6. 8. Mineral paragenesis in the spire. Solid bars represent the distribution of major
minerals from early to late stages; broken bars are minor occurrences. Average
mineral abundances are given in volume percent. Temperature estimates for the
different stages of mineralization are discussed in the text.

Ag sulfosalts are associated with jordanite as fine,
sinter-like disseminations (Fig. 11f). Up to 6.7 ppm
Au occurs with this sulfosalt assemblage, probably
as finely divided free gold or gold-silver alloy (Han-
nington ef al. 1986). Native sulfur locally is present
with late-stage amorphous silica in the core of the
spire and may have been derived from oxidation of
excess H,S in the late hydrothermal fluids. Clots of
barite crystals which line some of the cavities indi-
cate that seawater-diluted fluids continued to circu-
late through the spire after the main stage of sulfide
mineralization.

An outline of the thermal history of the spire, cor-
responding to the paragenetic sequence (Fig. 8), was
determined from the geothermometry of local vent
fluids and specific mineral phases as discussed in
detail below. Increasing temperatures (up to about
250°C) from the early deposition of barite and sil-
ica to the main stage of sulfide mineralization cor-
respond to a decrease in the amount of mixing
between high-temperature fluids and cold ambient
seawater during the growth of the spire.

ANALYTICAL METHODS

Mineral analyses were obtained by energy disper-
sion on an ETEC automated microprobe and a
JEOL scanning electron microscope interfaced with
an X-ray microanalyzer. Details of analytical proce-
dures and standards are provided by Hannington
(1986).

Concentrations of major and trace elements in
samples from the spire were determined by X-ray
Assay Laboratories, Don Mills, Ontario, and by neu-
tron activation at the Slowpoke nuclear reactor,

University of Toronto. Concentrations of Fe, SiO,,
Ca, Na, K, Al, Mn, Mg, Ti and P, along with Sr,
Rb, Cr, Y, Nb and Zr, were determined from fused
glass discs by wavelength-dispersion X-ray fluores-
cence to minimum detection limits (MDL) of 0.01
wt.% and 10 ppm, respectively. Cu, Zn, Pb, S and
Ba were determined by X-ray fluorescence from
pressed powder pellets. As, Sb, and Bi were deter-
mined by flameless atomic absorption with a quartz
tube furnace (MDL 0.1 ppm). Se and Te were deter-
mined by graphite furnace (MDL 0.1 ppm). Multi-
element emission spectrometry with argon plasma
excitation was used for Mo, Cd, Ge, Ni and Co
(MDL 1.0 ppm); a spark source was used for Sn.
Ag was determined by fire assay (MDL 0.5 ppm);
Au was determined by fire-assay preconcentration
with an atomic absorption finish (MDL 2 ppb).
CO, was determined by titration. Neutron activa-
tion was used for analysis of duplicate samples for
Cu, Zn, Ba, Ca, Na, Al, Mn, Sr, Mg and CI.

Homogenization temperatures of fluid inclusions
were measured on a Linkham TH600 heating/freez-
ing stage at the F.G. Smith Fluid Inclusion Labora-
tory, University of Toronto (Macdonald & Spooner
1981). Sulfur isotope ratios were determined at the
Duncan Derry Laboratory, University of Ottawa.
Mineral separates were prepared at the Geological
Survey of Canada. The fine-grained nature of the
precipitates necessitated chemical separations. Ana-
Iytical precision based on multiple analyses of two
standards is + 1.3% (1 s.d.) of the reported value
(G.S.C. standard: +1.9 + 0.1 per mil; University
of Calgary standard: +19.6 + 0.3 per mil). Dupli-
cate samples were analyzed at the U.S. Geological
Survey, Reston.
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FIiG. 9. a) Typical barite-rich sample from the Axial Seamount spire. Fossilized worm tubes (circular structures) and
clots of barite crystals occur in the center of the sample. b) Sample from the base of the spire showing an outer
silica- and sulfate-rich wall (grey) and Zn sulfide-rich core (black). Fossil worm tubes occur both in sulfides and
sulfates. ¢) Zn sulfide-rich material from the core of the spire. The large cavity is filled with late-stage amorphous
silica. d) Silicified sample, with desiccation cracks, from a large inactive spire adjacent to the 160-kg spire. Large
cavities are lined by late-stage barite crystals.

MINERAL CHEMISTRY main-stage sphalerite. Up to 1 wt.% Cu is present
in more than 80% of the sphalerite analyses, though
visible microscopic inclusions of chalcopyrite are

The Fe content of sphalerite varies from <1 to
rare. Chalcopyrite inclusions smaller than the

8 wt.%, with a distinct maximum in the massive,
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Fi1G. 10. Photomicrographs of typical textures in the early stages of mineralization. Scale bars are in micrometers. a)
Sheath-like barite mantled by amorphous silica on a fossilized worm tube (T) (transmitted light). b) Sphalerite (SP)
and marcasite (MC) that replace and mantle a worm tube (reflected light). ¢) Sheath-like barite replaced by amor-
phous silica and overgrown by sphalerite (reflected light). d) Spheres of amorphous silica (SI) in cavities between
crystals of wurtzite (WZ) (transmitted light). €) Framboids of marcasite in amorphous silica (reflected light). f) Recrystal-
lized marcasite on earlier framboids of marcasite in a matrix of amorphous silica and barite (reflected light).

microprobe beam may contribute to the measured
FeS content of the sphalerite. Therefore, analyses
of Cu-bearing sphalerite are corrected by subtract-
ing an amount of Fe equal to the amount of Cu on
an atomic basis (e.g., Urabe 1974). Available Cu-
free analyses belong to the same statistical popula-

tion as the corrected analyses (99% confidence); the
mean is 3.7 + 1.3 mole % FeS (1 s.d.). About 85%
of the sphalerite analyses fall in the range of 0.1 to
6 mole % FeS (Fig. 12).

The variation in the FeS content of different gener-
ations of sphalerite (Fig. 13) reflects changing con-
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Fi6. 11. Photomicrographs of typical textures in the main and late stages of mineralization. Scale bars are in microme-
ters. a) Amorphous Fe-S-SiO, phase (light grey) on coarse barite blades. The dark matrix is amorphous silica
(reflected light). b) Granular aggregates of sphalerite with epitactic inclusions of chalcopyrite (CP) (reflected light).
¢) Colloform blebs of sphalerite showing Fe-rich cores and Fe-poor rims. Dendritic galena (black) occurs within
the sphalerite (transmitted light). d) Tapered crystals of wurtzite in a cavity. A thin mantle of Fe-rich sphalerite
occurs at the ends of the crystals (transmitted light). ¢) Jordanite crystals (J) on galena (G) (backscattered electron
image). Spheres of silica (black) surround the jordanite and galena. f) Jordanite grains and patches of sinter-like
sulfosalts within amorphous silica (backscattered electron image).

ditions in the mineralizing fluid throughout the ing temperature or decreasing sulfur activity (Bar-
growth of the spire. An increase in FeS contents dur-  ton & Toulmin 1966, Czamanske 1974, Scott 1983).
ing the main stage of mineralization indicates increas- Microprobe analyses of barite from the spire indi-
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Fi1c. 13. Distribution of average corrected FeS contents of
sphalerite from different paragenetic stages in the spire
(see Fig. 8). The FeS contents are highest in the main-
stage massive sphalerite.

cate an average of 0.8 wt.% Ca and 3.4 wt.% Sr in
barite from the sulfate-rich zones, although bulk
chemical analyses indicate much lower Sr contents
in barite from the sulfide-rich zones. The Sr contents
of barite reach 3.9 wt.% in the upper and outer por-
tions of the spire, and 4.4 wt.% in the late barite

THE CANADIAN MINERALOGIST

crystals that line cavities in its core. Barite intergrown
with sulfides contains <1 wt.% Sr. The higher Sr/Ba
ratio in barite from sulfate-rich stages of minerali-
zation (Fig. 14) may be a result of (1) fluctuations
in the availability of Sr in the mineralizing fluid, (2)
temperature-dependent partition coefficients
[Kx(Sr)] for barite (Starke 1962) and, possibly (3)
the degree of supersaturation of the fluids with
respect to barite (e.g., as for anhydrite: Shikazono
& Holland 1983). The average Sr/Ba atomic ratios
in barite are 0.006 for main-stage sulfide minerali-
zation, 0,04 for silica~sulfide and barite-silica stages,
and 0.08 for late-stage barite. For a X,,(Sr) of 0.16
at 200°C (Starke 1962), corresponding values of
Sr/Ba in the precipitating fluids assuming
equilibrium with the barite would have been 0.04,
0.25, and 0.50, respectively. Whereas most vent
fluids have high concentrations of both Sr (10 to 15
ppm) and Ba (1 to 3 ppm) (e.g., Von Damm 1983,
Von Damm ef al. 1985), seawater contains abundant
Sr (7.7 ppm) but virtually no Ba. Therefore, an
increase in the availability of Sr relative to Ba must
have occurred when ambient seawater mixed with
the vent fluid during precipitation of the early
barite-silica assemblage and late, cavity-lining barite.
Similar paragenetic variations in the Sr/Ba ratio and
87Sr/%6Sr ratios in barite from Kuroko ores indicate
that mixing between seawater and the ore-forming
fluids also occurred in these deposits (Farrell 1979,
Kalogeropoulos & Scott 1983, 1986, Farrell & Hol-
land 1983).

Three sulfosalts have been identified through par-
tial semiquantitative analyses of 13 individual grains:
(1) a Cu-rich sulfosalt similar to tetrahedrite-
tennantite, containing 3-4 wt.% combined As and
Sb; (2) jordanite containing 10-12 wt.% As; and (3)
an unidentified Pb-As-Sb-Ag sulfosalt, containing
up to 10 wt.% combined As and Sb. The analyses
obtained for each sulfosalt likely represent mixtures.
Silver ranges from 1-3 wt.% in all three sulfosalts
and is highest in the Sb-rich phases. These increase
in abundance relative to As-rich phases late in the
paragenesis.

BULK GEOCHEMISTRY

Results of 13 bulk chemical analyses of 50-g sam-
ples through the 160-kg spire, plus one sample from
an adjacent spire (1327-2) are given in Table 1. Sam-
ples 1324-2, 2(2), and 2(3) are random samples from
the 160-kg spire. A bulk sample of fossilized worm
tubes from the base of the spire was also selected
for analysis.

SiO,, Zn, and Ba account for 65 wt.% of the
spire. Fe averages 6 wt.%, and Cu and Pb each aver-
ages less than 1 wt.%. About 10% of the sulfur is
present as sulfate. Average concentrations (wt.%)
of important minor e¢lements are: 0.15 Sr, 0.22 Ca,
0.07 Mn and 0.05 Cd. Mn occurs as Mn-oxide crusts



HYDROTHERMAL SPIRE IN CALDERA OF AXIAL SEAMOUNT

615

©

o MICROPROBE ANALYSIS
® BULK CHEMICAL

oggp ®

ANALYSIS

Ppovo o oo

0.12 1
O 0.10+
O
(a'4
» 0.08 -
&
2 0.06
<( .
é 0.04
v 0.02 -
[ ]
®
0 1
PARAGENETIC
STAGE SULFIDES

MAIN-STAGE  SILICA~

I I [

EARLY LATE
SULFIDE  BARITE-SILICA  SILICA

FiG. 14. Paragenctic variations in Sr/Ba atomic ratios in barite from the spire. Barite
associated with sulfides is too fine-grained for accurate microprobe analysis. For
these, Sr/Ba ratios were calculated from bulk chemical analyses of 50-g samples.
Lower Sr/Ba ratios in barite associated with sulfides are attributed to limited mixing
of seawater with the precipitating fluid.

on the exterior of the spire. The spire also contains
significant average concentrations of Ag (186 ppmy),
Au (4.9 ppm), As (570 ppm) and Sb (350 ppm). Gold
contents range from 2.9 to 6.7 ppm and are the
highest yet found in unaltered sulfides on the seafloor
(Hannington et al. 1986). Desiccated seawater salt
accounts for most of the Na and Cl. Potassium, Al
and Mg may be present in minute amounts of clay
minerals. Fragments of basalt glass trapped in the
sulfides and sulfates are common and may account
for some of the remaining trace elements. Ignition
of sulfur results in a high L.O.I. and high totals.

FLuip CHEMISTRY

Dilute, 29°C hydrothermal fluid from an active
vent in the eruptive fissure at Axial Seamount was
sampled by CASM II (McDuff ef al. 1983). An
undiluted, end-member composition can be calcu-
lated from the measured Mg content of the CASM
II fluid by assuming that the unmixed high-
temperature, end-member contains no Mg (Bischoff
& Seyfried 1978, Edmond et al. 1979a). The meas-
ured composition of the CASM II fluid and its cal-
culated end-member are given in Table 2, along with
fluid compositions from several other vent sites in

the eastern Pacific. The calculated end-member com-
position for Axial Seamount must be considered with
caution because of the extent of the extrapolation.
However, its similarity to measured end-member
fluids at 21°N lends credence to the calculation. The
measured, low-temperature fluid at Axial Seamount
is strikingly similar to vent fluids at the same tem-
perature from the Galapagos Rift.

By analogy with measured 350°C fluids at 21°N
(Table 2: Von Damm 1983, Von Damm et al. 1985)
the end-member pH of the Axial Seamount fluid is
estimated to be about 3.5 to 4. The effects of mix-
ing a 21°N-type end-member with seawater have
been calculated by Janecky & Seyfried (1984). After
cooling to a temperature of about 250°C and allow-
ing for precipitation of supersaturated minerals dur-
ing mixing, the 21°N fluid would have a pH near
5. The fluid at Axial Seamount is assumed to have
had a similar pH at 250°C.

The low Fe content of the calculated end-member
at Axial Seamount suggests losses due to subsurface
precipitation, as suggested for vent fluids in the
Guaymas Basin (Bowers et al. 1985). Although Fe
is depleted in the end-member for Axial Seamount,
Si0,, Ba and Ca are similar, or enriched, relative to
the fluids from other vent sites (Table 2). The total
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Table 1. BULK CHEMICAL COMPOSITIONS OF SELECTED SAMPLES FROM SECTIONS OF THE
RECOVERED AXIAL SEAMOUNT SPIRE AND AN ADJACENT SPIRE

Section  Exterior Intermediate Interior Central Upper Other Samples Fossil
Sample SB15 SB33 SB17-18 SBAl SB20-22 SB28 SBI3 SB16-17  SC51 $ 53 1324-2 1 2(2) 2(3) 1327-2 Morm Tubes
Cu wt.% 0.09 0.43 0.44 0.78 0.57 0.48 0.75 0.34 0.61 0.12 0.12 0.50 0.09 0.29 <0.04
Fe 6.64 7.06 6.50 5.64 8.53 4.87 4,83 5.48 5.70  5.10 5.81 6.71 2.81 3.1 -
In 4,34 26.2 24,7 34,7 30.9 20.9 39.2 16.9 31.8 8.62 10,2 30.8 3.15 28.2 <3.0
Pb 0.55 0.28 0.44 0.10 0.28  0.44 0.11 0.54 0.23 0.19 0.63 0.59 0.44 0.13 -
S 16.0  20.4 19.8 20.8 23.0 18.6 24.8 6.7 21.7 11.3 - 20.3  l2.7 - -
$i0, 32.0 39.4 32.7. 246 27.0 21.3 15.5 27.9 33.5  36.5 30.2 29.0 22.7 20.4 -
Ba 18.3 6.38 .97 0.05 0.67 3.82 0.50 2.78 7.16 23.5 14.9 1.96 34.2 14.2 34.4
Ca 0.31 0.21 g.21 0.05 0.19 0.05 0.20 0.26 0.19  0.34 0.19 0.30 0.36 0.14 0.36
Na 0.80 1.20 1.36 1.92 0.20 2.49 2.17 2.49 0.85 0.26 - 1.72 1.16 - 1.66
K 0.08 0.16 0.08 ©0.07 0.08 0,11 0.07 0.10 0.06  0.04 0.06 0.11 0.12 - -
Al 0.30 1.48 0.69 0.72 0.82 1.14 0.82 0.62 0.58  0.25 0.41 0.91 0.21 - 0.05
(4] 0.21 0.10 0.11 0.12 0.12 0.22 0.27 0.23 0.16 0.10 - 0.15 0.35 - 0.44
Co, - - 0.4 0.5 0.4 - 0.7 0.3 - <0.1 0.3 - - 0.2 -
Au ppb 6100 6100 6400 36502 4500 5900 3700 5100 4500  3550° - 6700 2900 - -
Ag ppm 210 241 260 152 201 280 62.4 215 146 117 175 229 122 233 -
As 40 510 590 420 640 540 510 480 620 560 - 600 620 - -
Sb 380 350 380 130 350 660 370 380 380 150 - 500 160 - -
Bi 0.4 0.2 <0,1 0.1 .9 0.2 <0.1 0.2 <0.1 0.5 - 0.3 0.4 - -
Mo 43 36 32 32 35 53 39 30 37 49 45 37 38 32 -
cd 60 460 540 1200 800 410 970 680 610 150 110 560 13 740 -
Ge <10 <10 <10 30 40 10«10 40 <10 40 - <10 20 - -
Se 1.8 1.1 1.6 4.5 1.9 5.0 1.9 3.5 1.8 1.4 - 2.5 1.6 - -
Te <0.1 «<0.1 <0.1 <0.1 <«0.1 <0,] <0.1 <0.1 <0.1 <0,1 - <0.1 <0.]1 - -
Sn 5 3 3 3 3 7 5 3 3 10 - 30 3 - -
Ign 700 700 620 540 700 540 540 540 390 470 '472 540 310 130g 1700
o : . > v M z _ > 7 M M 2 :
Ni - - - - - - - - - - 32 - 11 -
sr 4150 720 820 10 60 20 20 2120 720 3680 - 200 5080 - -
Rb <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 - 10 10 - -
M? 360 660 240 240 480 420 1200 540 120 240 <60 540 420 - -
T <340 240 300 60 120 120 60 600 300 <270 - 300 1200 - -
Cr <10 10 10 20 10 20 20 <10 <10 <10 - 16 <10 - -
p 130 40 40 40 40 40 40 40 40 90 - 90 130 - -
Y <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 - <10 <10 - -
Nb 10 10 10 10 20 10 20 10 10 <10 - <10 <10 - -
Ir 70 <10 10 <10 <10 <10 <10 30 <10 70 - 10 80 - -
101 wt.% 16.8 13.8 14.4 16.4 16.3 15.1 16.5 13.8 15.6 12.0 - 15.3 9.3 -

1) average of two analyses.

reduced sulfur content as H,S is similar to that of
measured end-member fluids from 21°N and to the
inferred sulfur content of ore-forming fluids respon-
sible for many volcanogenic massive sulfides on land
(e.g., 103 - 1072 molal or 34 - 340 ppm H,S for
Kuroko ores: Sato 1973, Kajiwara 1973, Ohmoto &
Rye 1974, Large 1977).

Elements that are quantitatively leached from
basalt during interaction with hydrothermal seawater
can be used to calculate approximate water/rock
mass ratios, based on their net addition to the vent
fluid (Von Damm 1983, Von Damm et al. 1985). At
Axial Seamount, Ba, Li, and Rb contents in the cal-
culated end-member fluid suggest an average
water/rock mass ratio of about 2. Similar calcula-
tions and oxygen isotope data for fluids from 21°N
indicate a water/rock ratio of about 0.5-0.7 (Von
Damm et al. 1985). The small difference in the
water/rock mass ratio for Axial Seamount and 21°N
cannot account for the large differences in the com-
position of their hydrothermal precipitates. The
mineralogical and chemical differences between these
deposits most likely relate to the cooling and mix-
ing histories of their hydrothermal fluids as discussed
below.

GEOTHERMOMETRY
Temperatures of formation for the Axial Sea-

2) average of two analyses (3600, 3700 ppb).

3) average of two anlyses (4000, 3100 ppb).

mount spire are constrained by fluid inclusions,
oxygen-isotope fractionation factors, and the solu-
bility of amorphous silica. A minimum temperature
for the main stage of sulfide mineralization has been
determined from 67 primary and pseudosecondary,
two-phase fluid inclusions in coarse wurtzite crys-
tals in three samples from the spire (Fig. 15a). Un-
corrected homogenization temperatures range from
173 to 240°C (Fig. 16). A hydrostatic confining pres-
sure of 150 bars at Axial Seamount requires a pres-
sure correction of + 10°C. This results in a mean
pressure-corrected filling temperature of 235 +13°C
(1 s.d.) and indicates that sulfides were being deposit-
ed at temperatures at least as high as 250°C (Fig.
16). Fluid inclusions are abundant in the amorphous
silica (Fig. 15b), but these invariably leaked during
heating.

Shanks et al. (1984) measured a §'%0 value of
+8.5 per mil in a sample of barite from the spire,
and calculated a temperature of formation of about
185°C. This is consistent with paragenetic observa-
tions which suggest that barite was precipitated at
lower temperatures and higher degrees of seawater
mixing than the main-stage sulfides.

The temperature of the calculated end-member
fluid can be estimated if the fluid is assumed to have
equilibrated with quartz in the source region. A mini-
mum temperature of about 350°C is required to ac-
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TABLE 2. TYPICAL VENT FLUID COMPOSITIONS AT SOME SEAFLOOR POLYMETALLIC SULFIDE DEPOSITS

Axfal Seamount!

Max {omm
Temp.%C 29 350 355 315
pH 6.18 - 3.5 5.9
S pom 112 224 255 167
[ 51.8 - - -
4] 18860 - 18932 21591
$i0y 66 1139 1085 694
S04 2490 0 0 0 M
€0, 1760 - 250 saturated
Ca 443 1146 651 2730
Ba 0.18 3 1.65 4,74
Sr 8.06 15 7.1 18.09
Rb 0.38 5 2.56 6.11
Li 0.40 4 7.68 5.92
- 958 1584
Mg 1201 9 0
Mn 1.52 30 46.7 10.1
Fe ppb 0.18 3 88800 5500
Cu - - 1400 <0.06
In - - 4800 1310
Ag - - 2.1 12.4
Pb - - 56.2 67.5
As - - 18.1 50.8

219N, EPR? Guaymas Basin®

Gal apagos4 Explorer Ridgef.' Seawater®

30 25-85 276-306
6.65 6.67 4.82 1.7
1.2 <2 28.4 0
33 - - 29
18945 19095 18860 19093
74.4 24,2 297 9.6
2500 1802 uu 2672
- - - 120
66-436 444 1028 406
0.14-0.32 0.2¢ 0.56 0.02
.77 9.99 7
0.16-0.2 0.15 2.3 0.11
0.4-0.6 1.21 2.72 0.19
- 438 1056 0.38
1200 1271 682 1265
1.0-3.1 0.37 7.09 <0.001
12 2.5 709 <0.001
- 3.4 0.1 <0.001
30 22 <0.001

1) measured vent fluid at 29°C (CASM II
(this study).
1983} .
from Edmond et al. (1979a,b).

2) average end-member concentrations for 4 vents (Edmond et al. 1982,
3) average end-member concentrations for 10 vents (Von Damm 1983).4) measured vent fluids
5) average 4 measured vent fluids at 25-85%C and 2 vent fluids at

1985) and calculated end-member concentrations at 350°C

Von Damm

2769C and 306°C from Tunnicliffe et al. (1986). 6) from Yon Damm {1983). 7) saturated with respect

to calcium carbonate. -) not determined.

count for the calculated concentration of 1139 ppm
SiO, in the end-member (Fournier 1983). Vent
fluids at <350°C are supersaturated with respect to
quartz, but amorphous silica is the only phase found
in the deposit, suggesting that the kinetics of precipi-
tation are an important variable. The temperature
of amorphous silica precipitation at Axial Seamount
can be estimated from published solubility data (Fig.
17). In a vent fluid with seawater salinity (0.5 molal
NaCl) and 1139 ppm SiO, at 150 bars (1500 m
depth), the maximum temperature of amorphous sil-
ica saturation is 235°C (Fig. 17). Precipitation of
amorphous silica at this temperature requires direct
conductive cooling of the end-member fluid from
350°C. However, because of the low temperature of
barite-silica mineralization (e.g., 185°C) and the var-
iations in Sr/Ba ratios in associated barite, we favor
a combination of conductive cooling and mixing with
ambient seawater at or near the site of deposition
to account for amorphous silica precipitation. For
example, the coprecipitation of amorphous silica and
barite at 185°C, during the early barite-silica stage,
could have resulted from initial conductive cooling
from 350°C to about 275°C, followed by mixing to
a solution containing nearly 50 wt.% seawater (Fig.
17).

SULFUR ISOTOPES

Sulfur isotope ratios were determined for a suite
of sulfides and sulfates through the spire. The sul-
fur isotope compositions of FeS, (marcasite and
pyrite), ZnS (sphalerite and wurtzite), and BaSO,
relative to Cafion Diablo troilite (CDT) are report-
ed in Table 3.

Fi6. 15. a) Primary, two-phase fluid inclusions in wurtzite.
b) Two-phase fluid inclusions in amorphous silica. Scale
bars are in micrometers.
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Fi6. 16. Uncorrected homogenization temperatures for 67
primary and pseudosecondary fluid inclusions in wurt-
zite from three samples of the Axial Seamount spire.
The mean, uncorrected homogenization temperature is
225°C + 13°C (s.d.).

Isotopic disequilibrium between FeS, and ZnS is
indicated by reversed enrichment factors. Under
equilibrium conditions, FeS, should have a higher
548 than ZnS (Ohmoto 1972, Ohmoto & Rye
1979). Sulfide-sulfate disequilibrium is indicated by
the unreasonable temperatures that are calculated if
isotopic equilibrium between mineral pairs is as-
sumed: 412°C for FeS,-BaSO,, and 449°C for
ZnS-BaSO, based on fractionation factors from
Ohmoto (1972). Similar isotopic disequilibrium has
been identified in most seafloor sulfide deposits in-
vestigated (e.g., 21°N: Arnold & Sheppard 1981,
Styrt et al. 1981, Kerridge ef al. 1983, Zierenberg et
al. 1984, Woodruff & Shanks 1987; Guaymas Ba-
sin: Koski ef al. 1985, Shanks & Niemitz 1982, Peter
1986; Red Sea: Shanks & Bischoff 1977, 1980).

The average 8%S of sulfides from Axial Sea-
mount (4.0 per mil) is higher than that of sulfides
from high-temperature vents at 21°N (=2 per mil:
Styrt et al. 1981, Kerridge et al. 1983, Zierenberg et
al. 1984, Woodruff & Shanks, 1988), and resembles
the 6%S of sulfides from the Galapagos mounds (5
to 6 per mil: Skirrow & Coleman 1982) and 13°N
(4 per mil: Bluth & Ohmoto 1986). Bluth & Ohmo-
to (1986) suggested that variations in the §*S of
H,S in the vent fluids may be a result of changing
water-rock reactions at depth during the evolution
of a hydrothermal system. However, Shanks &
Janecky (1984), Woodruff & Shanks (1988) and
Shanks & Seyfried (1987) have shown that reduction
of seawater sulfate during local, nonequilibrium mix-
ing is a principal cause of increasing 6*S values in
sulfide chimneys at 21°N and the southern Juan de
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Fuca Ridge. Mixing of H,S-rich vent fluid with
$0,-rich seawater at 200-300°C would result in the
simultaneous reduction of SO, by ferrous Fe in the
hydrothermal fluid, and oxidation of H,S (Ohmo-
to & Rye 1979). This mixing of isotopically heavy,
seawater sulfate with light, reduced sulfur from the
vent fluids at or near the site of deposition is likely
to obscure the importance of a deep-seated source
of sulfur. If sulfur in the spire from Axial Seamount
is derived from such a mixture, the 1-2 per mil differ-
ence in the 5%S of the sulfides relative to the §*S
of H,S in a typical end-member fluid (e.g., 2.1 per
mil at 21°N: Woodruff & Shanks 1988) would re-
quire the reduction of about 5-10 mole% SO, from
seawater (21 per mil: Rees ef al. 1978). Most of the
barite in the spire has the isotopic composition of
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Fic. 17. Solubility of amorphous silica and quartz show-
ing possible cooling curves preceding the deposition of
amorphous silica at Axial Seamount (18.9 mmoles/kg
Si0, end-member concentration) and 21°N, EPR (17.6
mmoles/kg Si0, end-member concentration). A mini-
mum temperature of 350°C is required to account for
18.9 mmoles/kg SiO, in the Axial Seamount end-
member in equilibrium with quartz at depth (e.g., 500
bars). Amorphous silica saturation at 150 bars would
oceur at 235°C by conductive cooling without mixing.
Simple mixing without conductive cooling cannot
account for amorphous silica deposition from end-
member fluids at either 21°N (mixing line A: Janecky
& Seyfried 1984) or Axial Seamount (mixing line B: this
study). A combination of conductive cooling and sim-
ple mixing (C) allows for amorphous silica saturation
at Axial Seamount at temperatures below 235°C. Solu-
bility data for quartz and amorphous silica are from
Fournier (1983) and Chen & Marshall (1982), respec-
tively.
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TABLE 3. SULFUR ISOTOPE COMPOSITION (PER MIL) OF SULFIDES AND

SUFLATE FROM THE AXIAL SEAMOUNT SPIRE

Samples from the Recovered Spire:

Section Sample FeS, InS BasO,
Exteriort B33 3.8 4.9 -
SB20 3.9 5.7 -
$B20d2 3.2 4.9 -
Basal SB15 3.3 4.9 16.3
Section SB15d 3.2 5.0 -
SB22 3.8 4.7 -
SB30 3.7 4.3 -
$B30d 4.0 3.7 -
$49 2.4 4.8 -
$49d 2.8 5.5 -
$54 3.1 5.0 20.9
Upper $55 - 4.7 -
Section $57 - 5.0 -
$53 2.8 - 21.2
S56 3.5 5.5 -
Average3 3.3 +0.5 4.9 + 0.5 19.5 + 2.7
Interior 1 - 4.7 16.9
SB13 3.5 4.2 -
$B44 2.9 4.5 -
Basal SB41 2.0 4.7 20.4
Section SB32 3.1 4.4 20.8
SB46 1.1 4.3 16.0
SB26 3.5 4.7 -
SC52 3.2 4.2 20.1
Central Scs2d 3.7 4.7 -
Section SC50 2.9 4.6 -
$C51 3.8 4.3 -
Average 3.0 £0.8 4.5 + 0.2 18.8 + 2.2
Other Samples:
1324-2 (1) 3.2 8.2 21.0
1324-2 (5) 3.5 2.3 -
1324-2 (6) 3.6 4.8 19.7
1324-2 (7) 3.8 5.1 -
Other Spires:
327-2 4.6 5.3 22.1
1323 2.9 5.2 21.3
1326 - - 21.5

1) samples from the exterior of the spire or from fossil
sulfate-rich walls within the spire. 2) d = duplicate sample.
3) averages quoted + one standard deviation.

contemporaneous seawater, but §°*S values as low
as + 16 to + 18 per mil could also be accounted for
by mixing and the incorporation of light sulfur from
oxidized H,S.

Isotopic mixing in some chimneys may also occur
as a result of replacement of sulfates by sulfides.
Although replacement of anhydrite may be common
in black-smoker chimneys, the barite in the Axial
Seamount spire is isolated from the main-stage sul-
fides by amorphous silica. Therefore, heavy sulfur
in the sulfides from Axial Seamount is not likely to
have been derived from replacement of pre-existing
barite.

CONDITIONS OF DEPOSITION

The physical and chemical conditions of miner-
alization for the Axial Seamount spire can be esti-
mated from mineral equilibria pertinent to the
observed assemblages at 250°C, together with the ex-
trapolated composition of the end-member fluid.
Mineral equilibria are useful for comparing condi-
tions of mineralization, but must be considered with
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Fic. 18. Estimated log aO,-pH for sulfide deposition at
Axial Seamount (A) deduced from geochemical con-
straints discussed in the text. Principal aqueous sulfur
species (long dashes) are calculated from Helgeson
(1969). Stability fields for pyrite (PY), pyrrhotite (PO),
magnetite (MAG), and hematite (HEM) (bold lines) and
aS, contours (fine lines) are from Helgeson (1969),
Robie et al. (1978), and Toulmin & Barton (1964).
Limits of barite solubility at concentrations of 10-4-6
m Ba*2 (end-member fluid) and 10-3-8 m Ba+2 (solu-
bility at 250°C, 0.5 m NaCl, and pH 5: Blount 1977)
and anhydrite solubility at 10-1-5 m Ca+2 (end-member
fluid) and 10-27 m Ca+2 (solubility at 250°C and 0.5
m NaCl: Blount & Dickson 1969) are shown as dash-
dot lines. Selected solubility contours for the major sul-
fides (short dashes) are derived from Barrett & Ander-
son (1982) and Crerar & Barnes (1976) for 0.5 m NaCl.
The sulfidation boundary for chalcopyrite - pyrite +
bornite (CPY-PY + BN} is determined from Helgeson
(1969) and Schneeberg (1973); galena ~ jordanite (GN-
JD) is calculated from Craig & Barton (1973) assum-
ing 100 ppb As in solution. Fluids at Axial Seamount
(A) may be derived from higher-temperature fluids at
a lower pH and @O, (schematic arrow). Conditions of
mineralization for black ore in the Kuroko deposits
resemble those at Axial Seamount and also plot at (A)
(Ohmoto et al. 1983, Pisutha-Arnond & Ohmoto 1983);
black siliceous ore and yellow siliceous ore from a typical
Kuroko deposit plot at (B) and (C) respectively (Brynd-
zia et al. 1983).

caution because of the widespread disequilibrium
during sulfide deposition on the seafloor. Ther-
modynamic calculations for the main stage of miner-
alization in the Axial Seamount spire are made at
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FiG. 19. Estimated log ¢O,-temperature-pH conditions of mineralization at differ-
ent seafloor polymetallic sulfide deposits. Principal aqueous sulfur species, sta-
bility fields for iron oxides and sulfides, sulfidation reactions, and the solubility
limit for barite at 10-3-8 m Ba*+2 are calculated as for Figure 18. The pH is
assumed to vary with temperature according to the mixing model of Janecky &
Seyfried (1984). Estimated conditions of mineralization at Axial Seamount are
plotted at 235°C (sulfide stage) and 185°C (barite-silica stage). Mature hydrother-
mal deposits at Axial Seamount and Southern Explorer Ridge could have evolved
from high-temperature fluids like those at 21°N along a hypothetical cooling-mixing

path (A to D).

the maximum, corrected, fluid-inclusion temperature
of 250°C and a total reduced sulfur content (£Sg)
of 6.6 X 1073 molal, corresponding to the extrapo-
lated 224 ppm H,S in the calculated end-member
fluid (Table 2).

Although marcasite is the dominant Fe sulfide in
the spire, we assume that the hydrothermal fluid was
in equilibrium with pyrite. Marcasite is known to be
metastable with respect to pyrite at 250°C and pH
= 5 (Rising 1973, Craig & Scott 1982, Murowchick
& Barnes 1986) and is not abundant in higher tem-
perature (>300°C) chimneys on the seafloor. Wurt-
zite is stable in equilibrium with pyrite only at low
temperatures and low sulfur activity (Scott & Barnes
1972), but is found primarily in the cores of recent-
ly active chimneys or spires and not in the lower tem-
perature sulfides. In general, wurtzite seems to be
stable relative to sphalerite under conditions of ac-
tive venting but becomes unstable when venting
ceases.

The activity of sulfur in equilibrium with pyrite
is determined from the FeS content of coexisting
sphalerite at a known temperature (Barton & Toul-
min 1966, Czamanske 1974, Scott 1983). At 250°C

the FeS content of sphalerite in the Axial Seamount
spire (0.1 to 6 mole % FeS: Fig. 12) indicates a range
in activity of sulfur from 1083 to 10! or a mean
near 10710,

"The conditions of sulfide mineralization at Axial
Seamount (i.e., 250°C, pH = 5, log aS, = -10) can
be demonstrated on a log ¢O,-pH diagram (Fig.
18). As neither barite nor anhydrite was present dur-
ing main-stage sulfide mineralization, the Axial Sea-
mount fluid is constrained to a pH and O, below
the solubility limits for these minerals at 250°C.
Chalcopyrite was stable with respect to bornite in
fluids at 250°C, but later fluids that altered galena
to jordanite must have been cooler (<200°C) and
relatively more oxidizing. The conditions of sulfide
formation at Axial Seamount are similar to those of
the Kuroko deposits (Fig. 18) and likely reflect a simi-
lar origin. The mineralogy and geochemistry of typi-
cal black ore from Kuroko deposits are virtually iden-
tical to those of the Axial Seamount spire and are
plotted at the same pH and @O, on Figure 18.

The hydrothermal fluid that precipitated sulfides
at Axial Seamount evidently evolved from a reduc-
ing fluid at a low pH and high temperature (350°C),
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similar to that at 21°N, to a relatively oxidizing fluid
at a higher pH and lower temperature by conduc-
tive cooling and mixing with seawater. This differ-
ence is illustrated by comparing the conditions of
mineralization at Axial Seamount, Southern
Explorer Ridge, and 21°N (Table 4) on a log aO,-
temperature-pH diagram (Fig. 19). The fluids from
these deposits can be interpreted as lying along a
hypothetical cooling-mixing path (A to D on Fig.
19) similar to that calculated by Janecky & Seyfried
(1984). The mineralogical zonation produced by the
evolution of a vent fluid along this path (e.g., high-
temperature pyrrhotite-rich assemblages followed by
lower-temperature pyrite—chalcopyrite-bornite
assemblages and late-stage barite) is similar to that
found in ancient massive sulfide deposits (e.g., Large
1977). Furthermore, the range of conditions
represented by A to D on Figure 19 can also be
expected to occur within individual chimneys, lead-
ing to significant mineralogical variations at a much
smaller scale.

CONCLUSIONS

The growth of large sulfide-bearing structures is
important for the efficient accumulation of sulfides
in a number of deposits on the seafloor and may have
been important in ancient volcanogenic massive sul-
fide deposits now found on land. In the northern
vent-field at Axial Seamount, these large spires
resemble the late-stage, low-temperature (<300°C)
caps on other mature seafloor sulfide deposits.
Growth of the spires is made possible by the precipi-
tation of abundant spire-constructing silica and
barite, and is facilitated by a biological substrate.
Mineral paragenesis and growth are related to tem-
perature and the degree of mixing between
hydrothermal fluids and seawater as indicated by sil-
ica geothermometry, fluid inclusions, Sr/Ba ratios
in barite, and sulfur isotopes. Substantial cooling is
required for the deposition of amorphous silica and
barite, and may be necessary in order to form the
large sulfide-bearing structures on top of mature
deposits. A comparison of the temperature-pH-
aS,-a0, conditions for different deposits indicates
that the vent fluids responsible for the growth of
large spires at Axial Seamount may have been der-
ived from higher temperature 21°N-type fluids, by
a combination of conductive cooling and mixing.
Local mixing of high-temperature fluids with sea-
water near the surface of the deposits accounts for
the growth of large, low-temperature spires accom-
panying high-temperature mineralization at the same
site.
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ESTIMATED CONDITIONS OF SULFIDE DEPOSITION AT SELECTED
SEAFLOOR POLYMETALLIC SULFIDE DEPOSITS

TABLE 4.
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log a5y’ -8.3 -7.0 -8.5 -10.5 -8.0
B to to to to to
-11.8 -12.5 -11.5 -12.7 -14.0
Tog 20,  -36 -31 -34 -38 <-31
iron PY PY + PO pY PY & 90 PY & PO
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