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Abstract

We present first data on the geochemistry, mineralogy and morphology of near-vent sediments (35 and 200 m from active
vent) and ridge flank sediments (approximately 3 km from the vent field) as well as oxyhydroxide deposits from the Endeavour
segment, Juan de Fuca Ridge. The purpose of the study was to understand better the origin and characteristic features of met-
alliferous sediments associated with base and precious metal massive sulfides in volcanic terrains. Hydrothermal components
in sediments are Fe-Si + S-rich and Mn—Fe-Si-rich phases, sulfides and barite, which were exclusively derived from plume
fallout. Sulfides are only a minor constituent of near-vent sediments (2—4 wt%) and were not detected in ridge flank sediments.
The study suggests that the distribution of hydrothermal phases and associated elements in near-vent and ridge flank sedi-
ments is affected mainly by processes of agglomeration, dissolution, absorption and settling that take place within a plume
and to a lesser extent post-depositional processes. Rapid deposition of sulfides in the vicinity of the vents is reflected in a sharp
drop of the Cu concentrations in sediments with increasing distance from the vents. Besides sulfides, important carriers of Pb,
Cu, Zn and Co in near-vent sediments are Fe-Mn oxyhydroxides that occur together with silica as aggregates of gel-like mate-
rial and flaky particles and as coatings on filaments. Away from the vents, trace metals are mostly in Fe-Mn oxyhydroxides
and authigenic Fe-rich montmorillonite. Oxyhydroxides at the Main Endeavour field are interpreted to have originated from
oxidation of mound sulfides accompanied by precipitation of primary Fe-oxyhydroxide + silica from low-temperature fluids.
At the Mothra field, seafloor deposits and chimney crusts composed of Fe-oxyhydroxide + Mn + silica are considered to be
direct precipitates from hydrothermal fluids that have been less diluted with seawater. Oxyhydroxide deposits exhibit unique
microtextures that resemble mineralized microorganisms and may indicate existence of diverse microbial communities.
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Modern seafloor hydrothermal systems commonly have
associated metalliferous sediments and Fe-Si-Mn oxyhy-
droxide deposits. Metalliferous sediments form mainly by
dispersion of erosion products of chimneys and other hydro-
thermal precipitates and by fallout of particles from a hydro-
thermal plume (Mills, 1995 and references therein). Plumes
containing sulfide, sulfate and oxyhydroxide particles rise
tens to hundreds of meters in a vertically ascending buoyant
mass and then spread laterally as a neutrally buoyant plume
(Lupton et al., 1985; Baker and Massoth, 1987; McConachy
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and Scott, 1987). Numerical models of deposition and studies
of the settling flux of hydrothermal plume particles have
shown that the majority of large-grained black smoker parti-
cles should be deposited within a few hundred meters of the
vent, while fine-grained particles, constituting more than 90
percent of the total particulate population, are transported
beyond the ridge crest (Feely et al., 1987, 1992; Dymond
and Roth, 1988). “Fallout” sediments, thus, can provide a re-
cord of the dispersal patterns and processes taking place
within the plumes. The composition of sediments is further
modified by post-depositional reactions such as oxidation/
dissolution and scavenging (Ruhlin and Owen, 1986; Feely
et al., 1987; German et al., 1997).

Iron-rich oxyhydroxide deposits occur in areas of
high-temperature hydrothermal venting and deposition of
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sulfides or are isolated from sulfides. Those spatially
associated with sulfide deposits could be a product of
sulfide oxidation, such as gossans on the TAG mound on
the Mid-Atlantic Ridge (Hannington et al., 1988; Herzig
et al., 1991; Mills and Elderfield, 1995) and the East Pacific
Rise at 21°N and 12°N (Haymon and Kastner, 1981;
Hekinian et al., 1993) or are primary precipitates from
hydrothermal fluids, such as ochres and chimney oxides
at TAG (Mills and Elderfield, 1995) and Fe-oxyhydroxides
on the East Pacific Rise at 12°N (Hekinian et al., 1993).
Iron- and silica-rich oxyhydroxide deposits isolated from
sulfides are directly precipitated from low-temperature
hydrothermal fluids (e.g., Puteanus et al., 1991; Binns
et al., 1993; Hekinian et al., 1993; Boyd and Scott, 1999;
Kennedy et al., 2003; Benjamin and Haymon, 2006).

Many ancient volcanogenic massive sulfide (VMS)
deposits are overlain and flanked by ferruginous cherty sed-
iments such as those in Kuroko deposits of Japan (Kalog-
eropoulos and Scott, 1983), the Noranda deposits of
Quebec, Canada (Kalogeropoulos and Scott, 1989), and
the Bathurst deposits in New Brunswick, Canada (Peter
and Goodfellow, 1996; Peter et al., 2003). The rocks are
thought to represent sediments that were deposited from
hydrothermal fluids that vented at the seafloor and may
be ancient analogues of the modern metalliferous sediments
and oxyhydroxides in areas of volcanic activity. Many at-
tempts to use the distribution of trace elements in such
rocks as an exploration guide to VMS ores has been frus-
trated by inconsistent results. We have turned to active sys-
tems in an attempt to better understanding how trace
elements, and particularly metals, are incorporated into
metalliferous sediments.

In this paper, we present first data on the geochemistry,
mineralogy and morphology of metalliferous sediments and
oxyhydroxide deposits from the Endeavour segment, Juan
de Fuca Ridge. The purpose of the study was to understand
better how metalliferous deposits form around modern and,
by analogy, ancient base and precious metal massive sul-
fides in volcanic terrains and to establish the geochemical
and mineralogical signatures of hydrothermal materials of
various origins. We also show images of unique microtex-
tures that could be of microbial origin and may be of inter-
est in studies on the biodiversity of the Endeavour segment.

2. GEOLOGICAL SETTING

The Endeavour segment comprises the northernmost
portion of the intermediate spreading rate (30 mm/yr) Juan
de Fuca Ridge (Fig. 1a). The segment, which is ~90 km in
length, is bounded north and south by overlapping spread-
ing centers (Karsten et al., 1986). The actively spreading
portion of the Endeavour segment is flanked east and west
by ridges and basins elongated parallel to the overall N20°E
trend of the Juan de Fuca Ridge. The axial valley is well de-
fined by a narrow zone of continuous fault scarps and fis-
suring (Tivey and Johnson, 1987). Direct observations
from a submersible have shown that overlapping pillow, lo-
bate and sheet flows have built the outer flanks of the cen-
tral volcanic ridge of the Endeavour segment, while the
fractured basaltic substrate of the main vent area is primar-

ily composed of weathered pillow and lobate flows with
ponded sediment (Tivey and Delaney, 1986; Delaney
et al., 1992). The Endeavour segment is considered to be
dominantly in an extensional tectonic phase, which sustains
the hydrothermal activity throughout the central portion of
the segment (Delaney et al., 1992). The hydrothermal activ-
ity is controlled by normal faults along the western valley
wall of the segment (Tivey and Delaney, 1985).

Five major vent fields have been discovered along the
Endeavour segment. From north to south the fields are Sas-
quatch, Salty Dawg, High Rise, Main Endeavour, and Mo-
thra (Kelley et al., 2001a). The spacing between the distinct
fields increases from north to south, which is accompanied
by dramatic changes in the style, intensity and thermal-
chemical characteristics of venting (Kelley et al., 2001a).
The Main Endeavour field is located at 47°57'N and
129°06‘'W on the central and shoalest portion of the
Endeavour segment at a depth of ~2200 m (Fig. 1b). It ex-
tends at least 350 m along the valley wall, is nearly 180 m
wide and contains at least 15 large actively venting sulfide
edifices and tens of smaller sulfide structures (Delaney
et al., 1992). The Main Endeavour field is the most vigor-
ously venting of the Endeavour vent fields, with high-tem-
perature fluids of 345-400°C (Delaney et al., 1984;
Butterfield et al., 1994). Diffuse flow is also common both
within and distal to the field (Kelley et al., 2001a). Within
the vent field, low-temperature fluids exit from sulfide struc-
tures and basalts (Tivey and Delaney, 1986; Delaney et al.,
1992). The Mothra vent field is at least ~500 m long and is
the largest venting site of the Endeavour segment. There are
at least five complexes of active and inactive sulfide pinna-
cles (Kelley et al., 2001b). In contrast to the Main Endeav-
our field, black smoker chimneys are rare in Mothra. Most
of the sulfide structures are awash in diffusely venting fluids
(30-200 °C) that support diverse macrofaunal and micro-
bial communities (Kelley et al., 2001b; Kristall et al., 2006).

The high-temperature venting at the Endeavour segment
results in buoyant plumes (Feely et al., 1987; Rona et al.,
2002) and a large neutrally buoyant plume with a core
depth of approximately 2000 m (Baker and Massoth,
1987; Feely et al., 1992; Thomson et al., 1992). The hydro-
thermal plume is characterized by high concentrations of
particulate Cu, Fe, P, and As and has been traced at least
85 km to the west-southwest from the Endeavour vent field
(Feely et al., 1992). The hydrothermal plumes rising from
the vent fields drive a steady near-bottom inflow within
the valley (Thomson et al., 2003).

3. SAMPLING AND METHODS

Samples for this study were collected by the ROPOS re-
motely operated vehicle during two expeditions to the
Endeavour segment of the Juan de Fuca Ridge in 2003
and 2004. The sampling of sediments and other hydrother-
mal deposits were carried out along with microbiological
experiments and deployment of various instruments on
the seafloor, which are part of the Ridge 2000 Integrated
Studies program. The samples taken for our study were
opportunistic and do not cover a large part of the segment.
Near-vent sediments accumulated in sediment ponds and
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Fig. 1. (a) Location of the Endeavour segment along the Juan de Fuca Ridge. (b) Map of the Endeavour segment. Shown are the locations of
the samples (circles—sediments; squares—oxyhydroxide deposits) and the distribution of the concentrations of Cu, Zn, Ba and Mn.

on basalt surfaces were taken by suction sampler 35 and
200 m from an actively venting structure, Grotto, located
in the central portion of the Main Endeavor field. Ridge
flank sediments were taken within approximately 3 km east
and west of the ridge axis. Push core sampling was carried
out where sediments were sufficiently thick and retrieved
20 cm of material. Suction samples were taken at places
with thin sediment cover at the ridge flanks. Powdery or-
ange to red oxyhydroxide deposits occurring as ponds in
oxidized sulfides from a large old sulfide mound in the
southern portion of the Main Endeavour field were sam-
pled by push core sampler. In proximity to the oxyhydrox-
ide deposits, eroded sulfide sediment was collected from the
foot of a 15 m scarp below a sulfide structure. A suction
sample recovering a 1 cm surface layer of a seafloor oxyhy-

droxide deposit as well as a fragment of an old extinct chim-
ney were collected from the Mothra vent field. Hemipelagic
sediments were sampled from a mud volcano with unde-
fined hydrothermal activity at Nootka fault, which borders
the Endeavour segment to the north (Fig. 1a).

Prior to analysis, samples were washed with distilled
water to remove salts, dried at 80 °C and ground. The
majority of the analytical work was conducted at the Uni-
versity of Toronto. Trace elements were analyzed by Instru-
mental  Neutron  Activation  Analysis  (INAA).
Approximately 200 mg of sediment powder from each
sub-sample was sealed into Sb-free doubly lined polyethyl-
ene bags following the procedure of Barnes and Gorton
(1984). Seven days and 40 days after irradiation, sample
counts were performed for various trace elements (Fe, Cr,



Metalliferous sediments, Endeavour 3479

As, Co, Ni, Mo, Zn, Ba, Au, REE and U) using intrinsic Ge
detectors. The accuracy of the INAA analyses determined
using a basalt standard, UTB-1 (Stix and Gorton, 1992),
was within 10% for Zn, Sm and Cr and within 5% for the
rest of the elements. Analytical precisions were better than
5% for all elements except Cr (<10%). Concentrations of
major elements as well as trace elements Cu, Zn, Pb, and
Ba were determined by X-ray fluorescence (XRF). Selective
leaching of two sediment samples was performed by ACTL-
ABS of Burlington, Ontario. Samples were treated with hot
hydroxylamine leach for dissolution of Mn and Fe-oxyhy-
droxides and concentrations of Fe, Mn, Cr, Co, Ni, Cu,
Zn, and Pb in the leachate were analyzed by atomic absorp-
tion spectroscopy (AAS).

Mineralogical study of sediments and oxyhydroxides
was conducted by X-ray powder diffraction on a Philips
diffractometer using CuK, radiation operating at 40 kV
and 40 mA, at a scan rate of 1° per minute. Bulk samples
and sediment clay fractions <4, <2 and <0.2 um were
separated by settling and centrifugation. Settled onto
glass slides, clay fractions were analyzed air-dry and after
saturation with ethylene glycol. Semi-quantitative deter-
mination of clay mineral abundances was performed
using the method of Biscaye (1965). Chemical composi-
tion of the <0.2 um fraction was determined by EDS
microprobe analysis operated at 15kV and using biotite
as a calibration standard. Suspensions of the <0.2 um
fraction were settled onto graphite stubs in order to pro-
vide smooth surfaces for microprobe analysis and were
then coated by graphite. Morphological characterization
of sediments and oxyhydroxides was performed using a
Jeol JSM-840 scanning electron microscope (SEM)
equipped with an IXRF EDS analytical X-ray system
operated at 15-20 kV. Carbon coated specimens of sedi-
ments and oxyhydroxides were examined in both second-
ary and back scattered electron mode. The back scattered
images were further processed with Image Pro Plus soft-
ware in order to determine the cumulative percentages of
sulfides and barite in the samples.

4. RESULTS
4.1. Mineralogy and morphology of oxyhydroxide deposits

4.1.1. Oxyhydroxides and oxidized sulfides at the Main
Endeavour field

Slightly oxidized sulfides (R710-15) sampled from the
foot of a scarp below a chimney structure in the Main
Endeavour field are a product of mass wasting of sulfide
chimneys. The sulfidic sediment reflects the original chim-
ney mineralogy and consists of pyrite, chalcopyrite, isocu-
banite, sphalerite, marcasite and pyrrhotite. The sample
also contains flaky aggregates of nontronite and native sul-
fur. The deposits recovered from ponds in an oxidized sul-
fide mound southeast of the Main Endeavour field (R714-
12 and R714-13) are dominantly composed of X-ray amor-
phous Fe-oxyhydroxide + silica, as shown by XRD and
SEM-EDS analyses. Reflections characteristic of poorly
crystalline ferrihydrite were not unequivocally detected.
This material is hereafter referred to as oxyhydroxide.

Other minor phases are barite, quartz and feldspar. Fila-
mentous talc aggregates, which are probably residual chim-
ney material, were also found in R714-13. Oxyhydroxide
deposits contain fragments of oxidized sulfides, more abun-
dant in R714-13. The surfaces of the deposits are covered
by a thin layer of siliceous ooze containing fragments of
radiolarian and diatom tests.

The red oxyhydroxide deposits contain globules and
rare straight filaments, which are locally traversed by lam-
inae of dense material that has a flinty dark red appearance
(Fig. 2a). Towards the laminae, the globules are coated by a
thin layer of amorphous material and appear to be highly
degraded. The globules, filaments and flinty laminae are
composed of Fe-oxyhydroxide + silica with small amounts
of P, Ca and S. The formation of the laminae may have re-
sulted from continued passage of hydrothermal fluids that
initially precipitated Fe and Si as globules and filaments.
A similar looking red flinty veinlet traversing filaments of
possible microbial origin in oxyhydroxide deposits from
Woodlark basin has been described by Binns et al. (1993).
In the orange oxyhydroxide deposits, Fe-oxyhydrox-
ide + silica occurs as aggregated flaky particles (Fig. 2b).
Some of the particles contain, in addition to Fe and Si, S
as well as minor Mn, Zn and Cu. Surfaces of the sulfide
fragments in the oxyhydroxide deposits are corroded and
coated by a fine network of blue and red particles. SEM
analysis revealed corrosion pits of rounded shape and a
diameter of about 0.5 um on surfaces of sulfide grains
(Fig. 2c). Highly corroded grains transform to fine-grained
particles of sulfide composition (Fig. 2d). The corrosion
features resemble bacterial leaching patterns observed on
the surfaces of pyrite crystals (Bennett and Tributsch,
1978; Mustin et al., 1992) and colloform iron sulfides of
chimney structures (Verati et al., 1999).

4.1.2. Oxyhydroxide deposits at the Mothra vent field

At the Mothra hydrothermal field, only approximately
1 cm of the surface of a seafloor deposit could be sampled
(R851) and the thickness of the deposit or the underlying
substrate is unknown. The deposit is orange with some dar-
ker layers and consists of X-ray amorphous Fe-oxyhydrox-
ide + Mn + silica, as revealed by XRD and SEM-EDS.
Reflections characteristic of ferrihydrite were not registered.
Other minor phases are barite and quartz. The deposit is
coated with a thin layer of siliceous ooze. Morphological
studies show a variety of unique microtextures that resem-
ble mineralized microorganisms. Common are filaments
that are morphologically similar to filamentous bacteria de-
scribed in other present and past oxyhydroxide deposits
(Juniper and Fouquet, 1988; Edwards et al., 2003; Kennedy
et al., 2003); (Fig. 3a, c and d). Less common are rods about
20 um long and 10 um wide (Fig. 3b) and globules ranging
in diameter from 5 to about 20 um, some with a hollow
interior (Fig. 3¢ and d). The filaments and rods are domi-
nantly composed of Fe-oxyhydroxide + silica, while the
majority of the globules is enriched in Mn (Fig. 3e and f).
Manganese-oxide containing Zn and Cu also occurs as fla-
ky aggregates (Fig. 3b and d). Some of the surfaces are cov-
ered by a gellike layer of Fe-oxyhydroxide + silica
(Fig. 3a).
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Fig. 2. SEM images of oxyhydroxide deposit at the Main Endeavour field. (a) Globules and filaments composed of Fe-oxyhydroxide + silica.
(b) Flaky aggregates of Fe-oxyhydroxide + silica, barite and biogenic detritus. (c) Corroded chalcopyrite constituting oxidized chimney
fragment in the oxyhydroxide deposit. The surface is etched by corrosion pits of rounded shape and transformed into fine-grained sulfidic
particles. (d) Fine-grained sulfidic particles covering corroded surfaces of sulfides.

The oxidized crust on the external surface of an ex-
tinct pyrite—barite—amorphous silica chimney at the Mo-
thra field is up to 1 mm thick and varies in color from
red to brown with some yellow patches (R711). The crust
consists of X-ray amorphous material of Fe-Si-Mn-S-P-
Zn composition, which may represent a mixture of amor-
phous oxyhydroxides, silica and sulfates, as has been
found at Pito seamount as an external layer on chimney
fragments with similar composition (Verati et al., 1999).
Manganese-oxide enriches the outermost dark brown sur-
face of the crust. Also present are grains of native sulfur
that probably account for the yellowish coloration of the
crust. The amorphous material of the crust coats pyrite
or marcasite globules, pyrrhotite crystals, barite and col-
loform silica. In places, the amorphous material is dense
and macroscopically has the appearance of flinty laminae
similar to those observed in the oxyhydroxide deposits at
the Main Endeavour field. Within the crust, a variety of
unique microtextures that could be biogenic was ob-
served. Figs. 4 and 5 show SEM images of various micro-
textures including rods (Fig. 4a and b), filaments
(Fig. 5a—c) and globules (Fig. 4c and 5d). Imprints of
various shapes and sizes that may be relict microorgan-
isms occur within a dense amorphous layer (Fig. 4a
and c¢).

4.2. Mineralogy and morphology of near-vent and ridge flank
sediments of the Endeavour segment

4.2.1. Near-vent sediments

Near-vent sediments occur in small ponds and as a thin
cover on basalt surfaces. The two sediment samples studied
are within 35 m (R849-1) and 200 m (R849-2), respectively,
of an actively venting black smoker structure in the central
part of the Main Endeavour field. The sediments are yellow-
ish-brown. XRD analysis indicates the presence of large
amounts of X-ray amorphous material and variable amounts
of smectite, chlorite, quartz, feldspar, calcite, barite and pyr-
ite. SEM-EDS shows that the X-ray amorphous material lar-
gely consists of basalt glass fragments, more abundant and
larger (up to 3 cm) in R849-1, biogenic detritus and aggre-
gates of variable composition. The biogenic detritus com-
prises abundant radiolarian tests at different stages of
preservation, Si spicules and diatoms. Calcium tests of
foraminifera were not found. Most of the radiolarian tests
are altered and pores are filled by fine-grained particles
(Fig. 6a). In some instances, the entire surface of the radiolar-
ian is covered by fine-grained particles obscuring the original
morphology. The near-vent sediments contain disseminated
aggregates that are dark brown and black under a light
microscope. SEM-EDS analysis of the aggregates show that
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Fig. 3. SEM images of a seafloor oxyhydroxide deposit at the Mothra vent field. (a) Microtexture of the deposit showing filaments and rods
composed of Fe-oxyhydroxide + silica that are coated by an amorphous layer of similar composition. The EDS spectra are as that in 3e. (b)
Mineralized microbe-like rod and a flaky aggregate of Mn-rich oxyhydroxide (Mn). (c) Mineralized globules of variable size and filaments.
The large globule has a hollow interior (arrow). Globules are composed of Fe-oxyhydroxide + Mn + silica. (d) Mineralized filaments and
globules and a flaky aggregate of Mn-rich oxyhydroxide (Mn). (¢) EDS spectrum of filaments and rods. (f) EDS spectrum of globules and

flaky aggregates.

they consist of gel-like material enriched in Mn, Fe and Siand
containing minor Ca, Mg, P, Cu and Zn, which is commonly
aggregated with fine-grained particles of similar composi-
tion, fine-grained sulfides, barite and biogenic debris
(Fig. 7a, b, e, and f). Material of similar composition also oc-
curs as aggregates of globular morphology (Fig. 7c), coatings
on surfaces of silica spicules (Fig. 6b), as well as encrustations
on filaments (Fig. 7d). A common component of the sedi-
ments is amorphous material of Fe-Si 4 S composition con-

taining minor Ca, Mg and P (Fig. 6d). Sulfides in the near-
vent sediments occur as crystalline and colloform aggregates
as large as 300 um and as fine-grained particles less than
10 um (Fig. 6c). Their compositions are S—Fe, S-Fe—Cu
and S-Fe-Cu-Zn, the latter probably representing a mixture
of different sulfide phases. Fe-sulfide was also observed as
framboids of micron-size particles and globules. Large sul-
fide particles from 50 to 300 um in length occur in minor
amounts (<1% by visual estimate) only in sample R849-1.
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Fig. 4. SEM images and EDS spectrum of an external crust of an extinct chimney at the Mothra vent field. (a) Mineralized rod shaped
microorganism attached to an amorphous substrate and imprints in a dense amorphous layer (to the left). (b) Mineralized sheaths of rod
shaped microorganisms attached to and embedded (arrow) in an amorphous substrate. (¢) Round imprints and globules in dense amorphous
material constituting flinty laminae. (d) EDS spectrum of mineralized microorganisms and amorphous material.

Image analysis shows that the total sulfide content of sample
R849-1 is approximately 4 percent. In the sediment 200 m
from the vent (R849-2), sulfides are predominantly less than
10 um in size and constitute less than 2 percent of the sedi-
ment. Barite occurs as individual and aggregated platy crys-
talsaslarge as40 um in size and as fine-grained particles. Talc
is also present in the near-vent sediments as flaky aggregates.

4.2.2. Ridge flank sediments

Sediments within 3 km east and west of the Endeavour
ridge axis are hemipelagic clayey silts containing 32—
37 wt% of <4 um fraction. Sediments forming a thin layer
on basalt surfaces (R713-3 and R713-4) are brownish-gray,
whereas the color of those taken by push corer (R713-1,
R732-1 and R732-2) gradually changes from brownish-gray
in the upper 0-12 cm interval to olive-gray downwards. The
color change reflects a decrease in oxidation of sediments
with depth. Sediments consist of smectite, illite, chlorite,
quartz, feldspar, calcite, barite, Fe-Mn oxyhydroxide and
biogenic detritus. The biogenic detritus is comprised of tests
of foraminifera, radiolarians and diatoms. The bulk min-
eral composition and the clay mineral abundances of the
surface sediments and the sediments as deep as 20 cm are
quite uniform. Semi-quantitative XRD analysis of the
<2 pm fraction shows that smectite is the dominant clay
mineral, constituting about 60-66% of the fraction, fol-

lowed by illite (20-26%) and chlorite (14-17%). Chemical
analysis of the <0.2 um fraction composed of smectite with
traces of chlorite shows elevated Fe and low Al concentra-
tions. The chemical composition of the fraction <0.2 um is
in Table 1 together with Fe-rich smectites from other areas.
The following structural formula was calculated on the ba-
sis of the chemical data with all iron assigned as Fe*':

(NaObl K0‘37)(Feo475 Algss Mg0_51 Tio.00 Cao.a)(Sis.xs A10.12)
% (O19(OH),)

The smectite is Fe-rich montmorillonite, as the layer charge
originates from the octahedral sheet with iron as a major cat-
ion (Giiven, 1988). Fe-rich montmorillonite also contains
high amounts of Mg and Ca in the octahedral sheet. All of
the Ca content was assigned to the octahedral sheet in order
to balance the layer charges. The Fe/Si ratio (0.26) of the Fe-
rich montmorillonite at Endeavour is similar to that of Fe-
rich montmorillonite from the northeast to southeast Pacific
(Aokietal., 1974; Aokiet al., 1979) and the DOMES area in
the equatorial Pacific (Hein et al., 1979).

4.3. Mineralogy of sediments at Nootka mud volcano

Sediments were sampled at Nootka mud volcano as a
background far removed from the hydrothermal influence
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Fig. 5. SEM images of an external crust of an extinct chimney at the Mothra vent field. (a) Filaments coated by mineral precipitate. (b)
Mineralized fine branched filaments with “grapes’ at the end. (c) Mineralized fine filaments connecting oval bodies. Some of the oval bodies
are embedded in an amorphous substrate. (d) Mineralized globules that form chains or are attached to a fine filament on the outer surface of

the chimney crust.

at Endeavour. However, there could be other, closer, still
unknown, hydrothermal source. Hemipelagic sediments ta-
ken to 20 cm depth are silts containing up to 28 wt% of
<4 pm fraction. Nootka sediments have higher amounts
of quartz and feldspar than the ridge flank sediments of
Endeavour as a result of more abundant detrital supply.
The amount of detrital chlorite in the fraction <2 pm is also
slightly higher (19-21%) here and the amount of detrital il-
lite is similar to that at Endeavour. As in the Endeavour
sediments, smectite is the dominant clay mineral, constitut-
ing between 55% and 60% of the <2 um fraction. The chem-
ical analysis of the <0.2 um fraction shows higher Al
concentration and less Fe than that at Endeavour (Table
1). The chemical composition could be a result of a mixture
of two types of smectite, Fe-rich montmorillonite and beid-
ellite. Traces of illite could also contribute to higher Al
content.

4.4. Major and trace element geochemistry

4.4.1. Major elements

The bulk geochemical composition of representative
samples is presented in Table Al. Concentrations of
Fe,O; in Endeavour sediments decrease from 25.22 wt%
near the vents to 9.25 wt% on the ridge flanks. The near-
vent sediments and oxidized surface sediments of the ridge

flanks are also enriched in Mn (0.72-1.27 wt% MnO),
whereas the ridge flank sediments from deeper intervals
have lower Mn contents. The upward increase of Mn con-
centrations in the ridge flank sediments is not accompanied
by an increase in concentrations of other metals and likely
reflects diagenetic mobilization and redeposition of Mn in
the oxidized surface layer. The relative contribution of
hydrothermal and detrital components in oxyhydroxides
and sediments at Endeavour and Nootka is presented in
an Al/(Al+ Fe + Mn) versus Fe/Ti plot (after Bostrém
and Peterson, 1969, and Peter and Goodfellow, 1996;
Fig. 8). Shown also are East Pacific metalliferous sediments
from areas of high heat flow on the crest of the EPR and
from areas of average to low heat flow east and west of
the rise (Bostréom and Peterson, 1969), North Pacific pelagic
sediment (Kyte et al., 1993) and terrigenous sediment from
the Middle Valley, Juan de Fuca Ridge (Goodfellow and
Peter, 1994). The Endeavour samples lay on a mixing curve
between pure East Pacific metalliferous sediments and
North Pacific pelagic sediments.

The oxyhydroxide deposits at the Main Endeavour field
and Mothra are compositionally similar to the metallifer-
ous sediments in areas of high heat flow on the crest of
the EPR. Despite their proximity to high heat flow, near-
vent sediments of the Main Endeavour field plot closer to
the average to low heat flow EPR metalliferous sediments.
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Fig. 6. SEM images of near-vent sediments of the Main Endeavour field. (a) Altered radiolarian test with pores filled by fine-grained particles.
(b) Amorphous material of Mn—Fe-Si—Ca-Cu composition coating a silica spicule. (c) Aggregate of pyrite crystals. (d) Aggregate of gel-like

material of Fe-Si—S composition and platy barite crystals (Ba).

The shift towards a more detrital composition is a conse-
quence of contamination by basaltic fragments and terrige-
nous components. The terrigenous input is more
pronounced in the ridge flank sediments, which is reflected
in their position on the mixing curve towards North Pacific
pelagic sediments in Fig. 8. Nootka sediments, being dom-
inantly of terrigenous origin, plot in the field for the Middle
Valley terrigenous sediments.

In the oxyhydroxide deposits at the Main Endeavour
field and Mothra, concentrations of SiO, are between
20.11 and 38.67 wt%, which is much higher than concentra-
tions of SiO, in other oxyhydroxides associated with sul-
fides (Hekinian et al.,, 1993). The values of SiO,
concentrations are more relevant to Fe-Si oxyhydroxide
deposits primarily precipitated from low-temperature fluids
(Puteanus et al., 1991; Hekinian et al., 1993; Scholten et al.,
2004). In Endeavour sediments, Si resides in siliceous tests,
authigenic Fe-rich montmorillonite, detrital aluminosili-
cates, quartz and basalt fragments. An additional source
of Si in the near-vent sediments is amorphous Fe-Si-rich
phases deposited from the hydrothermal plume. Calcium
content in sediments is largely controlled by the presence
of calcareous foraminifera tests. The elevated concentra-
tions of CaO in the ridge flank sediments are related to their
presence, while low Ca concentrations in the near-vent sed-
iments of Endeavour and sediments of Nootka is a conse-
quence of their absence. High concentrations of P,Os (up

to 3 wt%) are found in oxyhydroxides and near-vent sedi-
ments, all of which contain abundant Fe-oxyhydroxide
(Fig. 9a). Good correlation between P and Fe characterizes
Fe-rich sediments and suspended matter of hydrothermal
plumes and has been attributed to scavenging of P from
seawater by colloidal Fe-oxyhydroxides (Feely et al.,
1992, 1994). Another source of P in modern pelagic sedi-
ments is apatite of biogenic origin, but SEM—EDS analysis
of Endeavour samples did not reveal its presence. Some of
the Fe-oxyhydroxide + silica also contain Ca; however, the
bulk content of P,Os relative to CaO exceeds the ratio for
apatite. Sulfur content is related to a large extent to the
presence of sulfide phases. Low concentrations of S in both
near-vent (0.9-2.2 wt%) and ridge flank sediments
(0.1 wt%) reflect scarcity of sulfides. Normative analyses
that match concentrations of S with those of Fe and Ba
show that the sulfur content accounts for a maximum of
3% pyrite in the sediment deposited within 35 m of an active
vent (R849-1); the rest of Fe is present as oxyhydroxide
(M.P. Gorton, personal communication).

4.4.2. Trace elements

Distribution of the concentrations of Cu, Zn, Ba, and
Mn is shown in Fig. 1b. Variations in the concentrations
of As, Mo and Pb in samples as a function of hydrothermal
and detrital content are illustrated in element versus Fe/Ti
plots (Fig. 9). The maximum concentrations of Cu
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Fig. 7. SEM images and EDS spectra of near-vent sediments of the Main Endeavour field. (a) Aggregate of gel-like material enriched in Mn-
oxide and fine-grained particles. The EDS spectrum of the gel-like material is similar to that in Fig. 3e. (b) Gel-like material of globular
morphology and Mn-Fe-Si-Ca—Cu composition. (c) Globular aggregate with EDS spectrum similar to that in Fig. 3e. (d) Mineralized
filaments and globules with a spectrum similar to that in Fig. 3f. (e) EDS spectrum of amorphous material. (f) EDS spectrum of amorphous

material.

(5.3 wt%) and Zn (1.5 wt%) are in the sulfidic sediment.
With respect to their Cu and Zn content (total Cu+ Zn
up to 2.1 wt%), the oxyhydroxide deposits at the Main
Endeavour field are analogs of secondary oxyhydroxides
associated with weathered sulfides (Hekinian et al., 1993).
The metal content of the Mothra oxyhydroxide deposit
(Cu + Zn = 5470 ppm) is higher than that in primary oxy-
hydroxide deposits from other locations (Puteanus et al.,

1991; Binns et al., 1993; Hekinian et al., 1993; Scholten
et al., 2004) and may indicate that it was formed in proxim-
ity to sulfides (Boyd et al., 1993). Lead is preferentially en-
riched in oxyhydroxides rather than in sulfides (Table Al;
Fig. 9d). Lead contents in the Endeavour oxyhydroxides
are much higher than Pb contents reported for other pri-
mary and secondary oxyhydroxide deposits (Binns et al.,
1993; Boyd et al., 1993; Scholten et al., 2004) and are closer
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Table 1
Chemical composition of <0.2 um fraction of sediments from the Endeavour segment and Nootka and of iron-rich smectites reported in the
literature
Sample SiO, Al,O3 TiO, Fe,O3 MnO MgO CaO K,0 Na,O
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
Endeavour 43.7 4.8 0.3 11.3 n.d. 3.8 32 3.3 3.5
segment
Nootka 45.7 12.1 0.5 8.3 n.d. 24 1.2 2.7 0.8
NE Pacific” 513 7.4 1.0 14.6 0.2 4.2 0.5 0.7 1.3
SE Pacific® 50.2 7.1 0.8 11.5 0.1 5.4 0.3 0.6 29
Bauer Deep® 49.7 5.0 0.2 17.9 0.4 4.5 0.3 0.6 1.3
n.d., not determined.
* Aoki et al. (1974).
® Aoki et al. (1979).
¢ Cole (1985).
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Fig. 8. Plot of Fe/Ti versus Al/(Al+ Fe + Mn) illustrating variations in the amount of hydrothermal and detrital components of samples
from Endeavour and Nootka. Shown also are East Pacific Rise metalliferous sediments (Bostrom and Peterson, 1969); North Pacific pelagic
sediment (Kyte et al., 1993); and terrigenous sediment from Middle Valley, Juan de Fuca Ridge (Goodfellow and Peter, 1994).
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Fig. 9. Plots of concentrations of (a) P,Os, (b) As, (¢) Mo and (d) Pb versus Fe/Ti. Plots illustrate distribution of elements as a function of
varying amounts of hydrothermal and detrital components of samples from Endeavour and Nootka. Legend is as in Fig. 8.
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to those in hydrogenous deposits (Hein et al., 1999). How-
ever, unlike hydrogenous deposits, Pb enrichment in oxyhy-
droxide phases at Endeavour does not correlate with
enrichment of Mn, Co and Ni. Both sulfide and oxyhydrox-
ide phases at Endeavour are enriched in As, Mo (Fig. 9b
and c) as well as Co and Au (not shown).

Uranium has anomalously high concentrations of up to
30.3 ppm in oxyhydroxides at the Main Endeavour field
that are associated with sulfides and low concentrations in
oxyhydroxides at Mothra that are not directly associated
with sulfides. The chimney crust is also enriched in U
(22.9 ppm) in contrast to the sulfide-rich interior, which is
depleted in U (3.6 ppm). This distribution of U at Endeav-
our shows affinity to deposits containing both weathered
sulfides and oxyhydroxides. Analogous enrichment of U
in sulfide-bearing layers of metalliferous sediments on the
Mid-Atlantic Ridge has been attributed to reductive fixa-
tion of U derived from seawater at or near the oxide/sulfide
boundary of oxidized sulfide particles (German et al., 1993;
Mills et al., 1994).

In Endeavour sediments, the concentrations of the trace
metals, except for Cr and Ni, as well as As are anomalous
relative to the background values in Nootka sediments (Ta-
ble Al). Concentrations of As (3-89 ppm), Mo (0.5-
42 ppm) (Fig. 9b and c) as well as Co (19-76 ppm) (not
shown) are elevated only in the near-vent sediments and
drop quickly to background levels away from the vents
Concentrations of Cu (145-6122 ppm), Zn (200—
1907 ppm), Pb (43-307 ppm) and Ba (0.3-0.7 wt%), on
the other hand, remain above background levels in the
ridge flank sediments (Fig. 1b). In sediment cores down
to 20 cm depth taken from the ridge flanks, metals, except
for Mn, show little fluctuation in their concentrations, thus
indicating steady hydrothermal input.

4.5. Selective leaching

Selective leaching with hot hydroxylamine was per-
formed in order to evaluate the partitioning of metals be-

Table 2

tween oxyhydroxides and a residue consisting of sulfides,
sulfates and aluminosilicates. Hot hydroxylamine leach at-
tacks amorphous and crystalline Fe-Mn oxyhydroxides but
not well-crystallized iron oxides. Carbonates also dissolve
during hydroxylamine treatment. As XRD analysis does
not indicate the presence of detectable amounts of crystal-
line iron oxides, we consider that sulfides and aluminosili-
cates are the major residual phases containing metals. We
analyzed one near-vent (R849-1) and one ridge flank
(R713-3) sediment of the Endeavour segment. The concen-
trations of metals in the leached fraction that is dominated
by Fe-Mn oxyhydroxides are given in Table 2, and Fig. 10
shows their concentrations in Fe-Mn oxyhydroxides as a
percentage of the bulk concentrations. Fe-Mn oxyhydrox-
ides constitute up to 20 wt% of the bulk sediments. Concen-
trations of Fe and Mn in oxyhydroxides are 5.3 wt% and
6370 ppm, respectively, in the near-vent sediment and
2.3 wt% and 5630 ppm, respectively, in the ridge flank sed-
iment. These values are notably less than the values re-
ported by Barrett et al. (1987) for the oxyhydroxide
metalliferous component of sediments from the East Pacific
Rise. Iron and Cr have higher affinity for residual phases
than for oxyhydroxides (15-20% of their total concentra-
tions). In the near-vent sediment, carriers of Fe other than
oxyhydroxides are sulfides and aluminosilicate phases, such
as authigenic Fe-rich montmorillonite, detrital clays and
basalt fragments. The lack of detectable amounts of sulfides
in the ridge flank sediment suggests that Fe is largely (85%
of the total concentration) in authigenic Fe-rich montmoril-
lonite and detrital clays. Manganese together with Pb and
Co is largely in Fe—Mn oxyhydroxides. Lead has the highest
affinity for oxyhydroxides, with up to 75% of the total con-
centration carried by oxyhydroxide phases. In the near-vent
sediments, Fe-Mn oxyhydroxides also carry significant por-
tions of Cu (2250 ppm) and Zn (878 ppm), with the rest
being in sulfides and possibly Fe-rich montmorillonite.
Away from the vents, aluminosilicate phases, Fe-rich mont-
morillonite in particular, are the dominant carrier of Cu
(350 ppm) and Zn (238 ppm).

Concentrations of elements in a fraction extracted by hot hydroxylamine leach

Sample Fe (ppm) Mn (ppm)

Co (ppm) Ni(ppm) Cu(ppm) Zn (ppm) Pb (ppm) Cr (ppm)

Endeavour near-vent sediment (R849-1) 53,400 5630
Endeavour ridge flank sediment (R713-3) 23,000 6370
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38 196 166 84 14
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Fig. 10. Concentrations of metals in Fe-Mn oxyhydroxides leached by hot hydroxylamine as a percentage of the bulk concentrations in

(a) near-vent sediment and (b) ridge flank sediment.



3488 E. Hrischeva, S.D. Scott / Geochimica et Cosmochimica Acta 71 (2007) 3476-3497

4.6. Rare earth element geochemistry

The concentrations of rare earth elements are in Table
Al. REEs were normalized to both chondrite and North
America shale composite (NASC) and the respective repre-
sentative patterns are shown in Fig. 11. Normalization to
NASC was performed in order to reveal positive Eu anom-
alies in samples containing a terrigenous component. The
Eu content of chondrite is within the range of variability
of other LREE, while such differences are more pronounced
in the NASC, thus emphasizing the Eu anomaly. For the
calculation of Ce and Eu anomalies, we used the REE val-
ues normalized to NASC. The deviation of Ce from the rest
of the REE, known as the Ce anomaly, is calculated after
Toyoda and Masuda (1991). In the absence of Gd data,
the Eu,/Sm,, ratio was used to approximate the Eu anom-
aly, as proposed by Mills and Elderfield (1995).

Chondrite normalized REE patterns of oxyhydroxides
at the Main Endeavour field and Mothra show enrichment
in LREE, a negative Ce anomaly and a positive to absent
Eu anomaly (Fig. 11a). The presence of negative Ce anom-
alies in the REE patterns of oxyhydroxides together with
REE concentrations that are much higher than in hydro-
thermal fluids indicate that REE composition was modified
by scavenging of REEs from seawater (De Baar et al., 1985;
Hekinian et al., 1993; Mills and Elderfield, 1995; German
et al., 1999; Fig. 11h). The positive Eu anomaly of the
REE patterns reflects contribution of hydrothermal mate-
rial precipitated from high-temperature fluids (Michard
et al., 1993; Klinkhammer et al., 1994; Scott, 1997;
Fig. 11h). In the oxyhydroxides at the Main Endeavour
field, a strong positive Eu anomaly is in the bulk sample
(R714-13) containing more abundant chimney fragments
of oxidized sulfides and talc. In order to estimate the
REE signature of “pure” oxyhydroxide, we selectively ana-
lyzed dark red material of sample R714-13, which consists
of Fe-oxyhydroxide + silica and does not have chimney
fragments. Its chondrite normalized REE pattern exhibits
both Ce and Eu depletion suggestive of strong seawater
influence on the formation of the oxyhydroxide and is sim-
ilar to some primary Fe-oxyhydroxides from volcanic sea-
mounts (Hekinian et al., 1993; Scholten et al., 2004;
Fig. 11a). A slightly positive Eu anomaly in addition to a
negative Ce anomaly characterizes the REE pattern of the
Mothra seafloor oxyhydroxide deposit (Fig. 11a).

REE patterns of Endeavour sediments result from vari-
able contributions of plume-derived hydrothermal material,
authigenic Fe-rich montmorillonite, detrital aluminosili-
cates, basalt fragments and biogenic detritus. The chondrite
normalized REE patterns show LREE enrichment, slight to
absent negative Ce anomalies and slight to absent negative
Eu anomalies (Fig. 11b and c). REE patterns with LREE
enrichment and negative Eu anomalies characterize the
dominantly  terrigenous  sediments from  Nootka
(Fig. 11d). An REE pattern with LREE enrichment and a
negative Eu anomaly was reported for lithogenic clays of
the North Pacific Ocean (Piper, 1974; Fig. 11g), suggesting
that the chondrite normalized REE patterns of the sedi-
ments reflect major detrital contributions. Normalization
to NASC reveals a pronounced negative Ce anomaly and

a positive Eu anomaly in the REE pattern of the near-vent
sediment deposited within 35m of the vent (R849-1)
(Fig. 11e). The REE pattern is similar to REE patterns of
plume particulates (German et al., 1990) and plume-derived
hydrothermal sediments (Mills et al., 1993; German et al.,
1993; Chavagnac et al., 2005). Away from the vents, the
hydrothermal signature is obscured, as is shown by the lack
of a pronounced positive Eu anomaly in the near-vent sed-
iment deposited within 200 m of the vent (R849-2) and in
the ridge flank sediments (Fig. 11e and f; Fig. 12a). The ex-
tent of the negative Ce anomaly in the sediments is largely
controlled by the amount of detrital component, as demon-
strated in a plot of Fe/Ti versus Ce/Ce” (Fig. 12b). Detrital
input also largely controls Sm and La abundances in sedi-
ments. Plots of Fe/Ti versus Sm/Fe and La/Fe mimic that
of Fe/Ti versus Al/(Al + Fe + Mn) and show that the in-
crease in concentrations of Sm and La in sediments reflects
increasing proportions of detrital material (Fig. 12c and d).

5. DISCUSSION
5.1. Oxyhydroxides

In areas of high-temperature venting and deposition of
sulfides, the origin of the associated Fe-rich oxyhydroxide
deposits has been attributed essentially to oxidation of sul-
fides (e.g., Haymon and Kastner, 1981; Hannington et al.,
1988; Herzig et al., 1991; Hekinian et al., 1993), while direct
precipitation from hydrothermal fluids is less common
(Hekinian et al., 1993; Mills and Elderfield, 1995). We sug-
gest that the oxyhydroxide deposits at the Main Endeavour
field have a dual origin, oxidation of mound sulfides accom-
panied by precipitation of primarily Fe-oxyhydroxide + sil-
ica from low-temperature fluids. The reasoning for this
interpretation is the occurrence of oxidized sulfides within
Fe-oxyhydroxides that have silica contents of up to
33 wt% SiO,, which are uncharacteristically high for sec-
ondary oxyhydroxides, and REE patterns with a negative
Eu anomaly characteristic of low-temperature hydrother-
mal fluids (Michard et al., 1993; Scholten et al., 2004).
The surveys at the Main Endeavour field have shown that
diffuse flow is common both within and distal to the field
(Kelley et al., 2001a; Kristall et al., 2006). We consider that
the seafloor oxyhydroxide deposit at Mothra was directly
precipitated; however, the hydrothermal fluid was probably
less diluted with seawater, as indicated by the positive Eu
anomaly of the REE pattern. Positive Eu anomalies in
REE patterns of Mn crusts from the Pitcairn Hotspot Re-
gion have been attributed to periods of extensive high-tem-
perature hydrothermal activity (Scholten et al., 2004). The
textural and geochemical characteristics of the oxidized
crust of a chimney at Mothra also suggest that it was
formed as an external precipitate during the active stage
of the chimney rather than as a later oxidation product.
A possible mechanism of formation is conductive cooling
of the hydrothermal fluids as they travel through the chim-
ney wall and precipitate Fe-Si-Mn-S-Zn phases at the
chimney wall/seawater interface. Such a mechanism is in
accordance with that proposed for the growth of a diffusely
venting sulfide structure at Mothra (Kristall et al., 2006).
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(Klinkhammer et al., 1994) and Teahitia vent fluid (Michard et al., 1993).

The oxyhydroxides at Endeavour exhibit diverse micro- 2001; Edwards et al., 2003; Kennedy et al., 2003) and an-
textures, some of which resemble those attributed to mi- cient (e.g., Juniper and Fouquet, 1988), and may indicate
crobes elsewhere, both modern (e.g., Boyd and Scott, the existence of unique microbial populations. As pointed
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Fig. 12. Plots of Fe/Ti ratio versus (a) Eu anomaly expressed as Eu/Sm, (b) Ce anomaly (Ce/Ce*), (¢) Sm/Fe ratio and (d) La/Fe ratio. Plots
illustrate variations of REE composition as a function of varying amounts of hydrothermal and detrital components in oxyhydroxides and

sediments from Endeavour and Nootka. Legend is as in Fig. 8.

out in other studies, the style of venting at the Endeavour
hydrothermal field could support growth of unique micro-
bial communities (Kelley et al., 2001b; Kristall et al., 2006).

5.2. Near-vent and ridge flank sediments

5.2.1. Mineral composition

The mineral composition of the sediments of Endeavour
reflects varying contribution of hydrothermal, detrital, authi-
genic and biogenic inputs. The hydrothermal phases in the
sediments are exclusively derived from plume fallout and
their dispersal is controlled by factors such as plume dynam-
ics, ridge topography and currents. We cannot assess ade-
quately the effect of all these factors due to limitations of
the sampling. However, our study is the first at Endeavour
to compare the composition of near-vent and ridge flank sed-
iments to that of particulate matter in buoyant and neutrally
buoyant plumes. Our observations show that the composi-
tion of near-vent sediments of the Main Endeavour field dif-
fer significantly from that of black smoker particles of the
buoyant plume at Endeavour, reported in other studies.
The major differences are the absence of anhydrite, scarcity
of sulfides and the presence of Fe-Si 4+ S- and Mn—Fe-Si-rich
phases in the near-vent sediments. Feely et al. (1987) found
that the black smoker particles of the buoyant plume at the
Endeavour segment were primarily composed of anhydrite,
chalcopyrite, sphalerite, barite, sulfur, pyrite and other less
abundant sulfides, ranging in size from <10 to 500 um. Dy-
mond and Roth (1988) analyzed plume particles collected
with moored sediment traps 2 km northeast of the Main
Endeavour hydrothermal field and found anhydrite, barite,
chalcopyrite, pyrite, sphalerite, elemental sulfur, quartz,
15-16 A clay mineral and oxides. Sulfides comprised up to

41% of the hydrothermal material and occurred as large
non-aggregated grains as well as ~2 um grains aggregated
with biogenic debris. Dymond and Roth (1988) interpreted
the presence of large sulfide particles away from the Main
Endeavour field to be a result of another major field in the
vicinity of the mooring site. This was probably the later dis-
covered High Rise vent field.

The absence of anhydrite in the sediments can be ex-
plained by dissolution of anhydrite that, according to Feely
et al. (1987), takes place within the water column. Feely
et al. (1987) have also shown that dissolution of sulfides
may occur at the seawater—sediment interface. Dissolution
of sulfides may account to some extent for the scarcity of
sulfides in the near-vent sediments as opposed to their
abundance in the buoyant plume. Though some of the
fine-grained sulfides may have dissolved, the coarser-
grained sulfides do not exhibit evidence of dissolution. Fur-
thermore, dissolution processes cannot explain the presence
of fine-grained (<10 pm) sulfides and the absence of coar-
ser-grained (>50 um) sulfides in sediment deposited within
200 m of an active black smoker, as it would be expected
that fine-grained sulfides would dissolve first leaving more
resistant coarser-grained sulfides. The distribution pattern
of sulfides in the near-vent sediments appear to mainly re-
flect processes of initial aggregation and settling from the
plume and indicate that the majority of the large sulfide
grains have settled in the vicinity of the vent. This observa-
tion is in agreement with models of Feely et al. (1987, 1994)
for vents of the Juan de Fuca Ridge predicting that deposi-
tion of large sulfide particles (>100 um) should occur near
the vents. The early deposition of sulfides at Endeavour is
supported by the fact that only fine sulfide grains, ranging
from <0.5 to about 2 pum in size, were found in the neutrally



Metalliferous sediments, Endeavour 3491

buoyant plume within the ridge axis (Feely et al., 1992).
Our study shows that, besides large sulfide particles, some
fine-grained sulfides were also deposited near the vents, pos-
sibly as aggregates with lithic and biogenic particles.
Agglomeration of fine particles was considered largely
responsible for the sharp decrease in transmission anomaly
observed for the Endeavour hydrothermal plume (Kadko
et al., 1990). One mechanism of aggregation, as suggested
by Dymond and Roth (1988) for near-field suspended par-
ticulate matter at the Endeavour segment, could have been
zooplankton filtration and settlement of particles as fecal
pellets. Another possible mechanism of agglomeration is
attachment of particles to reactive surfaces such as hydrox-
ides, dissolving silica tests or bacteria.

The presence of Fe-Si 4+ S- and Mn—Fe-Si-rich phases is
another characteristic feature of the near-vent sediments of
the Main Endeavour field. Phases of similar composition
were not reported in the plume particulates of the Endeav-
our field (Feely et al., 1987; Dymond and Roth, 1988).
However, Feely et al. (1987) reported unidentified Fe-Si
and Ca-Si phases and Fe-oxyhydroxides in the black smo-
ker plume of the southern Juan de Fuca Ridge. The authors
also observed that iron and silicon phases were prime com-
ponents of the near-vent hydrothermal sediments, with iron
being largely in the form of amorphous oxyhydroxide. The
mineral assemblage was considered to be consistent with
conductive cooling of vent fluids, as opposed to the studied
vents of the Endeavour segment where mineral assemblages
were considered to be indicative of high-temperature reac-
tion during mixing between vent fluids and seawater. The
occurrence of phases containing silica, Fe and Mn oxyhy-
droxides and possibly sulfates in the studied near-vent sed-
iments of the Main Endeavour field could be a local
phenomenon, determined by the style of venting of the
nearby structures, i.e., high-temperature mixing reaction
with seawater and/or conductive cooling of vent fluids.
Conductive cooling of hydrothermal fluids and ammonia
buffering of the pH allows precipitation of amorphous silica
phases and facilitated growth of large structures at Endeav-
our (Tivey and Delaney, 1986; Tivey et al., 1999). Local
biogenic productivity may have also been a factor in the
formation and deposition of the amorphous phases, as
microorganisms may have provided reactive surfaces and
enhanced chemical precipitation of elements. Straube
et al. (1990) have provided evidence for the existence of un-
ique microbial populations heterogeneously distributed in
hot buoyant plumes at the Endeavour segment.

In the near-vent sediments of the Main Endeavour field,
Mn-rich amorphous material occurs as distinct aggregates
apparently settled from the plume. This suggests that a por-
tion of the Mn was precipitated during early stages of the
plume dispersal together with Fe and Si. Mn-rich amor-
phous material contains also Cu and Zn that were probably
absorbed by Mn oxides during dispersal of the plume. In
reducing hydrothermal fluids, manganese is present as dis-
solved Mn(II) that has a slower rate of oxidation than iron.
The non-conservative behavior of some of the Mn sug-
gested by our study is in agreement with the results of a
study on manganese scavenging and oxidation at the
Endeavour field hydrothermal vents by Mandernack and

Tebo (1993). These authors registered significant particulate
manganese formation in the near-field plume samples,
which was attributed primarily to chemical processes, such
as co-precipitation or adsorption of Mn(II) with other min-
erals, possibly iron oxyhydroxides.

The abundance of quartz, feldspar, illite and chlorite in
the ridge flank sediments reflects predominant terrigenous in-
put. Fe-rich montmorillonite found in both near-vent and
ridge flank sediments could be attributed to its authigenic
deposition, as the detrital clay mineral assemblage of the
North Pacific sediments is represented by abundant illite
and chlorite derived from aeolian dust (Kadko, 1985; Cham-
ley, 1989). The most probable mechanism of formation of Fe-
rich smectites, excluding pure hydrothermal nontronite, is
considered to be interaction between biogenic silica and
hydrothermal iron (Hein et al., 1979; Cole, 1985; Leinen,
1987). The presence of Fe-rich montmorillonite in surface
sediments indicates that its formation has taken place in an
oxic environment, probably at the sediment/water interface
or/and within the plume. The latter suggestion is based on
the fact that Dymond and Roth (1988) registered a 15-16 A
clay mineral that could be smectite of hydrothermal origin
in samples containing suspended particles at Endeavour
ridge. Similarly to Endeavour, it could be inferred that Fe-
rich montmorillonite of Nootka is authigenic in origin.

5.2.2. Geochemistry

The decrease of the concentrations of Fe, Cu, Zn, Pb, As,
Mo and Au in sediments away from the vents likely reflects
progressive decrease of hydrothermal input with the lateral
dispersal of the neutrally buoyant plume. The trend is consis-
tent with the results of settling fluxes of plume particles at the
Endeavour ridge showing that near-field particle flux exceeds
that 2 km away by a factor of 10-20 and is relatively enriched
in Fe, Cu and organic C (Dymond and Roth, 1988). Despite
the general trend of decreasing element contents away from
the vents, the individual elements show different distribution
patterns, which are determined by the distribution of their
carrier mineral phases. Fig. 13 demonstrates the distributions
of Ba, Cu and Zn as element/Fe ratios and compares them to
Cu/Fe and Zn/Fe ratios determined in a neutrally buoyant
plume over the Endeavour vent fields (Feely et al., 1992).
High values of Cu/Fe ratio in the near-vent sediments are
comparable to that in the plume. The sharp drop of Cu/Fe ra-
tio in sediments away from the hydrothermal venting indi-
cates that a large part of the Cu was deposited in proximity
to the vents. Similar results were obtained from studies of ele-
ment distribution in the neutrally buoyant plume over the
Endeavour segment (Feely et al., 1992, 1994). The authors re-
lated high enrichment in particulate Cu over the vents to pres-
ence of Cu-sulfides and interpreted the rapid decrease of Cu
away from the vent field as evidence for Cu loss due to differ-
ential sedimentation, dissolution, and/or biological repack-
aging and sedimentation processes. Our study shows that,
in addition to sulfides, Cu was deposited near the vents in
Mn-Fe oxyhydroxides. Away from the vents, Cu is in Fe—
Mn oxyhydroxides and in aluminosilicate phases such as
Fe-rich montmorillonite.

The near-vent sediments are less enriched in Zn and Pb
than in Cu, and Zn/Fe and Pb/Fe (not shown) ratios display
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Fig. 13. Variations of element/Fe ratios in sediments with, from
left to right, increasing distance from hydrothermal venting. Shown
also are Cu/Fe and Zn/Fe ratios (data for Ba are not available) for
a neutrally buoyant plume over Endeavour vent fields (Feely et al.,
1992).

more moderate decrease away from the vent field (Fig. 13).
The dominant portion of Pb and a large portion of Zn settled
in both near-vent and ridge flank sediments in Fe-Mn oxyhy-
droxides. Ba/Fe ratios do not decrease with increasing dis-
tance from the vent field suggesting that Ba was more
widely dispersed in fine-grained barite. The possibility of
additional hydrothermal sources on the flanks of the Endeav-
our ridge affecting the geochemistry of the sediments cannot
be excluded. We consider that the association of trace metals
with Fe-Mn oxyhydroxides corresponds mainly to processes
of scavenging of trace metals by oxyhydroxides that took
place within the plume. Post-depositional oxidation of sul-
fides and absorption of the released components by oxyhy-
droxides may have additionally contributed to enrichment
of oxyhydroxides in trace metals.

6. CONCLUSIONS

The studied near-vent and ridge flank sediments of the
Endeavour segment, oxidized sulfides and oxyhydroxide
deposits at the Main Endeavour field, as well as oxyhydrox-
ides occurring as seafloor deposits and external chimney
crusts at the Mothra field, display various geochemical,
mineralogical and morphological characteristics relevant
to their diverse origin.

The near-vent and ridge flank sediments are composed
of variable amounts of biogenic detritus, basalt fragments,
sulfides, Fe-Si 4 S-rich and Mn—Fe-Si-rich phases, barite,
authigenic Fe-rich montmorillonite, chlorite, illite, quartz,
feldspar and calcite. The hydrothermal material in the sed-
iments is exclusively derived from plume fallout. Sulfides
are only a minor component of the near-vent sediments
(approximately 2-4 wt%) and were not detected in the ridge
flank sediments. We suggest that the distribution pattern of
sulfides in sediments reflect mainly processes of aggregation
and rapid settling from the plume and is affected to a lesser
extent by pre- and post-depositional dissolution/oxidation.
Characteristic feature of the near-vent sediments is the pres-
ence of aggregates of gel-like material and fine-grained par-
ticles composed of Mn—Fe-Si-rich phases containing some
Ca, Mg, P, Cu and Zn. The occurrence of such phases could
be a local phenomenon determined by the style of venting

of the nearby structures (conductive cooling versus high-
temperature mixing with seawater) and biogenic
productivity.

The decrease in the concentrations of Cu, Zn, Pb, As,
Mo and Au from near-vent to ridge flank sediments likely
reflects dispersal and deposition of plume particulate matter
with increasing distance from high-temperature venting.
The abundance of Cu in the near-vent sediments and the
sharp drop of Cu concentrations away from the vents are
interpreted to correspond to rapid deposition of a large
portion of Cu as sulfides adjacent to the vents. Part of Cu
and Zn and significant portion of Pb was deposited near
the vents also in Fe-Mn oxyhydroxides. In the ridge flank
sediments, in addition to Fe-Mn oxyhydroxides, important
carriers of trace metals are aluminosilicate phases, authi-
genic Fe-rich montmorillonite in particular. The REE pat-
terns of sediments are dominated by detrital input and
show variable seawater influence as illustrated by a negative
Ce anomaly. The high-temperature signature of the fluids
that precipitated hydrothermal material in sediments, ex-
pressed by a positive Eu anomaly, is evident only in the
REE pattern of near-vent sediment.

Oxyhydroxide deposits at the Main Endeavour field are
interpreted to have originated from oxidation of mound
sulfides accompanied by precipitation of primary Fe-oxyhy-
droxide + silica from low-temperature fluids indicated by a
negative Eu anomaly in the REE pattern. We suggest that
oxyhydroxide deposits at Mothra originated from direct
precipitation of Fe-oxyhydroxide + Mn + silica from fluids
less diluted with seawater as indicated by a positive Eu
anomaly. Both oxyhydroxides at the Main Endeavour field
and Mothra have high trace metal contents that point to
proximity to sulfide deposits. The unique microtextures of
the oxyhydroxide deposits and the chimney crusts appear
to have been produced by communities of diverse microor-
ganisms inhabiting environments of diffuse venting at the
Endeavour segment.

The present study demonstrates a connection between
the composition of hydrothermal precipitates and the type
of hydrothermal venting at the Endeavour segment, Juan
de Fuca Ridge. The different pathways by which trace ele-
ments can be incorporated within various metalliferous
deposits provide particular geochemical signals that can
be used as an exploration guide to VMS ores. Future stud-
ies based on an expanded set of sediments and oxyhydrox-
ide deposits from different vent fields, particularly from
back-arc environments that are favored by ancient VMS
ores, will be undertaken in order to understand more fully
the interrelations among the various components of the
hydrothermal systems.
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APPENDIX A

Bulk geochemical data

Sample SiO, Al,O4 TiO, Fe,O3 MnO MgO CaO Na,O K,O P,Os S Cr Co Ni Cu
(wt%) (wt%) (wt%) (wt%) (Wt%) (wt%o) (Wt%) (Wt%) (Wt%) (wt%) (wt%)  (ppm) (ppm) (ppm) (ppm)

R711-3a chimney sulfide, 30.3 1.0 n.d. 17.8 0.15 0.2 0.2 0.4 0.2 n.d. 10.9 n.d. n.d. n.d. 130

Mothra

R711-3b chimney 13.4 0.6 0.01 31.2 1.01 0.6 0.7 1.5 0.3 0.5 8.8 12 n.d. n.d. 236

oxyhydr., Mothra

R851 seafloor oxyhydr., 25.7 1.9 0.10 29.6 1.30 43 1.3 3.8 0.5 1.7 1.0 23 22 n.d. 1915

Mothra

R710-15 sulfidic sed., 2.3 0.3 0.02 49.0 0.04 0.7 0.1 0.8 0.1 0.2 27.4 20 223 n.d. 53,305

Endeavour

R714-13 ochre, Endeavour 20.1 L.5 0.10 52.3 0.19 1.6 0.6 34 0.4 3.0 2.5 33 58 n.d. 15,988

R714-12 ochre, Endeavour 38.7 5.0 0.35 37.2 0.43 2.9 1.2 0.8 0.9 2.5 1.1 56 47 n.d. 7749

R849-1 near-vent sed., 36.9 6.5 0.72 25.2 1.13 4.2 39 2.1 0.8 1.1 2.2 83 76 49 6122

Endeavour

R849-2 near-vent sed., 51.0 8.6 0.57 18.1 1.07 4.0 4.5 2.1 1.4 0.7 0.9 67 37 44 2782

Endeavour

Endeavour ridge flank sediments

R713-4 44.9 8.7 0.55 10.8 1.27 34 11.6 1.0 1.3 0.6 0.1 54 22 75 532
R713-3 48.2 8.4 0.57 15.0 0.98 4.1 9.4 1.0 1.4 0.5 0.1 70 22 76 546
R713-2 553 11.6 0.77 9.2 0.64 43 7.0 1.2 1.8 0.3 0.1 55 22 65 145
R713-1 56.7 114 0.75 9.3 0.18 4.6 6.7 1.2 1.9 0.2 0.1 94 21 34 156
R732-1a (0-1 cm) 56.3 11.3 0.71 11.1 0.72 44 4.5 1.1 1.8 0.3 0.1 60 22 77 251
R732-1b (1-5.5 cm) 56.8 11.0 0.70 11.3 0.24 4.7 4.8 1.1 1.8 0.2 0.1 60 20 100 252
R732-1c (5.5-12 cm) 57.0 11.2 0.71 10.5 0.15 4.7 52 1.3 1.9 0.2 0.1 62 19 108 272
R732-1d (12-18 cm) 56.1 10.0 0.64 11.5 0.14 4.7 5.9 1.2 1.8 0.2 0.1 70 20 103 369
R732-1¢ (18-24 cm) 56.2 9.7 0.63 12.4 0.12 4.9 5.6 1.2 1.8 0.2 0.1 69 20 87 382
R732-2a (0-1 cm) 56.0 11.1 0.71 11.1 0.47 4.6 4.9 1.2 1.8 0.3 0.1 93 19 40 250
R732-2b (1-5.5 cm) 57.2 11.3 0.72 10.7 0.16 4.8 5.5 1.2 1.9 0.2 0.1 62 20 90 272
R732-2¢ (5.5-11 cm) 57.1 11.0 0.70 10.6 0.14 4.7 4.9 1.2 1.9 0.2 0.1 61 20 120 253
R732-2d (11-16 cm) 56.7 10.2 0.66 11.9 0.14 4.8 5.5 1.1 1.7 0.2 0.1 67 21 99 362
R732-2¢ (16-22 cm) 57.1 10.3 0.66 11.3 0.13 4.7 5.5 1.2 1.8 0.2 0.1 67 20 98 372
Nootka sediments

R844-1a (0-2 cm) 60.0 13.2 0.79 6.5 0.11 4.2 2.5 2.5 1.8 0.2 0.3 63 12 55 52
R844-1b (2-6 cm) 61.2 133 0.81 6.5 0.07 4.1 2.5 2.1 1.8 0.2 0.2 64 12 70 47
R844-1c (6-11 cm) 61.7 13.5 0.82 6.6 0.06 4.1 2.5 2.5 1.9 0.2 0.3 62 11 70 56
R844-1d (11-17 cm) 61.9 134 0.84 6.5 0.06 4.1 2.5 2.2 1.9 0.2 0.2 65 12 44 53
R844-6 60.4 13.8 0.83 7.1 0.06 44 32 2.4 1.8 0.2 0.2 62 13 48 40

(continued on next page)
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Appendix A (continued)

Sample Pb Zn As Mo Ba Au U La Ce Nd Sm Eu Tb Yb Lu
(ppm)  (ppm) (ppm) (ppm) (Wt%) (ppb) (ppm)  (ppm) (ppm)  (ppm) (ppm)  (ppm) (ppm) (ppm) (ppm)
R711-3a chimney sulfide, 2313 4764 775 75 11.43 485 3.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Mothra
R711-3b chimney 11,625 7113 577 196 13.18 154 22.9 8.94 6 9 0.48 0.50 n.d. n.d. n.d.
oxyhydr., Mothra
R851 seafloor oxyhydr., 761 3555 139 41 1.26 40 5.1 7.28 7 6 1.19 0.51 0.1 0.78 0.16
Mothra
R710-15 sulfidic sed., 239 15,443 119 169 0.33 28 4.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Endeavour
R714-13 ochre, Endeavour 862 5520 211 123 0.72 59 30.3 14.72 14 9 2.12 1.72 0.4 1.55 0.26
R714-12 ochre, Endeavour 1230 2682 255 113 1.60 70 18.3 13.44 20 17 2.97 1.05 0.5 1.65 0.34
R849-1 near-vent sed., 307 1590 89 42 0.73 42 32 15.89 22 15 3.71 1.36 0.7 2.87 0.46
Endeavour
R849-2 near-vent sed., 212 1018 58 17 0.65 34 3.7 21.82 32 24 4.64 1.28 0.8 2.89 0.47
Endeavour
Endeavour ridge flank sediments
R713-4 129 377 32 4 0.36 18 2.0 22.98 34 24 4.87 1.19 0.8 2.88 0.46
R713-3 138 404 36 4 0.41 21 2.4 24.98 32 26 5.22 1.30 0.8 3.30 0.53
R713-2 44 253 6 1 0.30 17 32 23.45 44 27 4.94 1.15 0.7 2.58 0.41
R713-1 43 276 6 1 0.31 17 4.8 24.21 49 27 5.10 1.20 0.8 2.84 0.46
R732-1a (0-1 cm) 74 354 10 2 0.36 20 6.1 23.84 43 25 5.19 1.20 0.8 2.69 0.44
R732-1b (1-5.5 cm) 70 353 7 1 0.35 22 6.2 24.19 44 25 5.35 1.21 0.8 2.71 0.43
R732-1c (5.5-12 cm) 67 357 3 1 0.36 22 6.1 24.67 40 26 5.38 1.24 0.8 3.06 0.47
R732-1d (12-18 cm) 66 342 5 1 0.34 22 6.8 24.00 38 25 5.18 1.32 0.8 3.12 0.51
R732-1e (18-24 cm) 75 346 6 1 0.33 22 6.4 23.51 37 25 5.02 1.21 0.8 3.10 0.48
R732-2a (0-1 cm) 74 344 5 1 0.35 19 2.3 24.18 48 27 5.16 1.29 0.8 2.81 0.44
R732-2b (1-5.5 cm) 75 396 4 1 0.36 19 4.1 24.23 43 27 5.10 1.23 0.7 2.90 0.46
R732-2¢ (5.5-11 cm) 76 352 3 1 0.35 19 4.2 24.50 42 27 5.10 1.23 0.8 2.90 0.50
R732-2d (11-16 cm) 63 335 6 1 0.35 23 6.7 24.70 39 27 5.31 1.38 0.9 3.11 0.50
R732-2¢ (16-22 cm) 77 355 6 1 0.34 21 6.6 24.44 39 27 5.36 1.37 0.9 3.15 0.49
Nootka sediments
R844-1a (0-2 cm) n.d. 92 3 1 0.10 7 4.7 17.88 38 20 3.82 1.02 0.6 1.96 0.32
R844-1b (2-6 cm) n.d. 91 2 1 0.10 6 2.8 17.38 37 20 3.79 0.98 0.5 1.92 0.31
R844-1c (6-11 cm) n.d. 101 3 2 0.10 7 2.1 17.85 38 20 391 1.01 0.5 2.10 0.32
R844-1d (11-17 cm) n.d. 102 2 2 0.10 7 38 18.12 39 21 3.94 0.98 0.6 2.06 0.33
R844-6 n.d. 75 3 2 0.07 6 1.8 17.74 39 20 3.99 1.06 0.6 2.18 0.32

n.d., not determined; n.a., not analysed.
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