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AssrRAcr
Metalliferous sediments in the eastern central Pacific are

represented mainly by a Fe-Mn-rich oxyhydroxide com-
ponent, both in surficial sediments up to 2000 km from
the East Pacific Rise and in sediments overlying basaltic
basement as old as Paleocene age. On a carbonate-free ba-
sis, these and other (non-nodule) metalliferous sediments
in the eastern Pacific typically contain o25-35a/o Fe, 5-1090
Mn, 1000-2@0 ppm Cu, 500-1000 ppm Zn and Ni, and
<250 ppm Co and Pb. Fe,/Mn ratios for the metallifer-
ous component generally increase with distance from the
paleo-axis, whereas FelAl ratios and the mass accumula-
tion rates of Fe, Mn and base metals decrease. These trends
reflect decreasing fallout of particulate matter from dilute
hydrothermal plumes. Much of the Pb in the sediments is
of basaltic-hydrothermal origin as far as 250 km from the
axis, witl mixed basaltic-seawater Pb beyond this, whereas
the rare earth elements (RgE") and Sr are of seawater deri-
vation, In some areas of the eastern Pacific, Fe-rich smec-
tite is the main hydrothermal phase, and probably is a
byproduct of early diagenetic reaction between biogenic
silica and hydrothermal Fe-Mn-rich oxyhydroxides. In the
Galapagos mounds field, nontronite is the main hydrother-
mal component. Here, nontronite has formed because a
high rate of biogenic sedimentation allowed solutions up-
welling from the basement to p€netrate and react with the
sediment cover. Oxygen isotope data for nontronite sug-
gest that it generally formed at <30"C. Pb in the nontronite
is commonly more radiogenic than either basaltic or sea-
water sources, for which there is no clear explanation. The
REE in nontronite are interpreted to have been inherited
mainly from seawater, although Ce anomalie are less nega-
tive than that of seawater. Granular nontronite has lower
R.EEconcentrations than nontronite in finer grained tran-
sitional zones, suggesting REE expulsion as granules
formed. Within the axial valley of the Southern Explorer
Ridge in the northeast Pacific, thin oddized sediments over-
lie massive sulfide mounds. In situ oxidation of sul-
fides/sulfates produces an initial alteration gossan
dominated by Fe oxyhydroxide phases. With continued ex-
posure of the mound surface, it is suggested that FelMn
ratios decrease, sulfates break down with net loss of Sr,
and the proportion of volcaniclastic material increases.
Studies by other workers on ridge-proximal hydrothermal
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smoke and sediments in the eastern Pacific indicate that
Fe-Mn oxyhydroxides become an important component of
the hydrothermal plume soon after discharge, either as
direct precipitates or through oxidation of sulfide particles.

Keywords: hydrothermal sediments, Fe-Mn oxyhydroxides,
nontronite, isotopes, REE, geochemistry, genesis,
eastern Pacific Ocean.

SoMMAIRE

Les s€diments m6tallifbres de la partie est-centrale du
Pacifique contient surtout une composante d oxyhydroxyde
riche en Fe-Mn, aussi bien dans les s€diinents de surface,
jusqu'a 2000 km de la crete Est-Pacifique, que dans les s6di-
ments recouvrant le socle basaltique, qui atteint un age
paldocbne. Reconstituds sans carbonates, ces sddiments du
Pacifique oriental, et les aufes sans nodules, contiennent
de 25 i 3590 Fe, de 5 i l09o Mn, 1000-20@ ppm Cu,
500-1000 ppm Zn et Ni, et moins de 250 ppm Co et Pb.
Le rapport Fe,/Mn du composant mdtallifbre diminue g{a6-
ralement avec la distance d'une pal€o-ride, tandis que le
rapport FelAl et le taux d'accumulation de Fe, de Mn et
des m6taux de base diminuent. Ces tendances t6moignent
d'une diminution dans la quantit6 de particules sulfurdes
des panaches hydrothermaux dilu€s. Une grande propor-
tion du Pb des sddiments a une origine basaltique - hydro-
thermale, m6me i 250 km de l'axe; la source est mixte
(basalte - eau de mer) i des distances plus grandes. Les ter-
res rares et le Sr sont ddriv€s de l'eau de mer. Dans certai-
nes rdgions, une smectite riche en fer constitue le min€ral
m6tallifire le plus imporrant; elle serait un sous-produit
d'une r6action diag€n6tique prdcoce entre silice biogdnique
et oxyhydroxydes riches en Fe-Mn d'origine hydrothermale.
Les sddiments des amoncblements de Galapagos contien-
nent surtout des intercalations lenticulaires de nontronite
i grains grossiers et de boues riches en carbonates, sdpa-
rdes par des zones transitionnelles riches en nontronite d
grains fins. Cette s6quence e€t recouverte de cro0tes i oxy-
des de Mn. Cette nontronite se serait form6e suite au taux
6lev€ de sddimentation biog6nique, ce qui a permis aux solu-
tions ddrivdes du socle de p6n6trer et de rdagir avec la cou-
verture s€dimentaire. Les donndes sur les isotopes d'oxy-
glne font penser que la nontronite s'est formde i moins
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de 30'C. D'aprds les signatures isotopiques, le Pb provient
de deux sources: un mdlange du Pb de l'eau de mer et de
basaltes, et, de fagon plus dquivoque, du Pb d'une cendre
v6lqanique radiog€nique. Les teneurs en terres rares de la
nontronite seraient dues aux contributions des boues car-
bonat6es dissoutes et d'une fraction r6siduelle d caractire
clastique-basaltique moins importante. La nontronite i
grains grossiers est plus faible en teffes rares que la non-
tronite des zones de transition, ce qui fait penser qu'il y
a eu expulsion des terres rares lors de la formation des gra-
nules. Au sein de la vall€e axiale de la cr€te dite de Sou-
thern Explorer, une mince couche de s€diments oxydds
recouvre les amoncBlements de sulfures massifs. Les don-
n€es g€ochimiques t6moignent d'une oxydation in situ des
sulfures et des sulfates, produisant d'abord un gossan oil
pr6dominent les oxyhydroxydes de fer. Dans la surface
expos€e de I'amoncdlement, la valeur du rapport FelMn
diminue, les sulfates sont detruits, avec perte nette du Sr,
et Ie degre d'alt6ration du mat6riau volcaniclastique aug-
mente avec le temps. Les r€sultats d'autres 6tudes des pana-
ches hydrothermaux pr&s des rides et des sddiments asso-
ci€s dans le bassin Pacifique oriental montrent que les
oxyhydroxydes de Fe-Mn deviennent importants dans le
panache t6t aprBs une ddcharge, suite d une pr6cipitation
directe ou par oxydation des particules de sulfures.

(Traduit par la Rddaction)

Mots-cl4s: s6diments hydrothermaux, oxyhydroxydes de
Fe-Mn, nontronite, isotopes, terres rares, g6ochimie,
gendse, bassin Pacifique oriental.
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Ftc. l. Index map of the eastern Pacific showing the lo-
cation of Leg 92 Sites 597 to 602 (the EPR transect),
together with DSDP Sites 573 and 574 (Leg 85) on the
Pacific Plate. Numbers and arrows on spreading axes
refer to total rate (cmlyr) and direction of spreading
(Circum-Pacific Council for Energy and Mineral
Resources Map, l98l).

InrnooucrroN

Metalliferous sediments have been recovered from
localities ranging from a few km to a few thousand
km from the main axes of spreading in the eastern
Pacific. Studies of the mineralogy, geochemistry, and
origin of recent metalliferous sediments @ig. l) have
concentrated on the East Pacific Rise (Bostrdm &
Peterson l966,Bender et ql. 1971, Sayles & Bischoff
1973, Piper 1973, Dymond & Veeh 1975, Heath &
Dymond 1977, 1981, Marchig & Gundlach 1982,
B?icker et al. 1985, Marchig et al. 1986), the Bauer
Deep (Sayles et al. 1975, Dymond 1981, McMurtry
et al. 1981, Lyle 1981, Field et al. l98l), and rhe
Galapagos hydrothermal mounds field (Corliss et a/.
1978, H6kinian et al. 197 8, Williams el a/. 1979, Bar-
rett & Friedrichsen 1982, Yamavas et ol. 1983, Hon-
\orez et ol. 1987, Moorby 1983, McMurtry et ol.
1983). Studies of East Pacific Rise (EPR) sediments
have concluded that an initial metalliferous compo-
nent, consisting of ferromanganiferous oxyhydrox-
ide precipitates enriched in trace elements, was der-
ived from hydrothermal activity at the ridge axis.
Oceanographic and chemical evidence indicates that
the precipitates are dispersed by dilute hydrothermal
plumes in the lower water column for lateral dis-
tances up to 103 km (Lupton & Craig 1981, Klink-
hammer & Hudson 1986) before settling out into
pelagic sediments (Heath & Dymond 1981, Edmond
et al. 1982,Baker et al. 1985). An important excep-
tion to this mode of formation are the nontronite-
rich deposits at the Galapagos hydrothermal
mounds, located about 20-30 km from the
Galapagos spreading axis (Natland et al. l979,Hon-
norezet al. 1981). These deposits form mainly within
the sediment column in response to low-temperature
reactions between hydrothermal solutions and bio-
genic sediment. The present paper, which is mainly
a review, deals firstly with oryhydroxide-rich metal-
Iiferous sediments in the eastern central Pacific, then
with the nontronite-rich deposits in the Galapagos
hydrothermal mounds field, and finally with a
preliminary study of thin oxidized sediments that
overlie massive sulfides on the Southern Explorer
Ridge in the northeast Pacific. Further data are
presented in the second and third parts ofthe paper.

METHODS

Oxygen isotopes

Splits of sample powders were analyzed at the
University of Alberta. Oxygen was extracted using
the bromine pentafluoride procedure (Clayton &
Mayeda 1963). Oxygen isotopic compositions are
reported using normal d-notation relative to Stan-
dard Mean Ocean Water. Routine reproducibility of
6180 values is typically 0.15700. Temperatures of
formation of nontronite were estimated from the

.t^lott-#e*
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TAELE 1. COMPOSITION OF NONTRONIrIC SEI'IMEIN'S FROM TEE
GAI'\PAGOS AYDROTUETMAL MOI'NDS' IISDP LEG 70oxygen isotopic compositions by applying the for-

mula of Yeh & Savin (1977) for normal smectite. No
corrections were made for the higher Fe,/Al ratios
of the nontronite, as no suitable data are as yet avail-
able to permit correlation between Fe content (or Mg
or Al content) and dt8O values of authigenic marine
smectites. In the temperature calculations, it is
assumed that the nontronite formed from normal
seawater with a 6180 value of zero. The Ca values
in mound pore waters (Maris el al. 1984), together
with the empirical relationship between Ca concen-
tration and 6180 values of DSDP sediment pore
waters (Lawrence & Gieskes l98l) suggest that solu-
tions in the mounds are not depleted by more than
1700, which would yield temperature estimates =5oC
too high.

Lead isotopes

About 100 mg of sample powder were used for
analysis of Leg 70 samples. All samples were washed
in purified water using ultrasonic agitation. One sam-
ple (507D-6-3) also was washed in acetic acid to
remove biogenic carbonate. Samples were decom-
posed with HF and HNO3 in teflon capsules. Pb
was separated using an anion exchange column with
lNHBr. Pb was further purified on a second anion
exchange column with lNHCl. The total procedural
blank was about 0.5 ng, which does not significantly
affect the isotopic composition of the samples. Pb
isotopic compositions were determined at the Univer-
sity of Toronto using the silica gel-H3POa method
with a custom-built mass spectrometer (30 cm radius,
90o sector). AII data were correcled for a mass dis-
crimination factor of 0.140 a 0.0250/o per a.m.u.
as determined by replicate analysis of isotopic stan-
dard SRM-981. Analytical methods for the Leg92
sediments are given in Barrett et al. (1987).

Rare-earth elements

Samples weighing =0.5 I were dissolved using
aqua regia, then HF-HCIO, acid treatments. A
sequential cation-exchange procedure was then used
to isolate the REE (Jarvis & Jarvis 1985). La, Ce,
Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb, Lu, and Y
were determined sequentially using an ARL 3510
inductively coupled plasma-atomic emission spec-
trometer (ICP-AES) in the Department of Geology,
City of London Polytechnic. Analytical precision as
determined by replicate analyses is better than t 390
for all REEexceeding 0.2 ppm. By reference to inter-
national standards, absolute accuracy is judged to
be better than t l09o of the quoted values (Jarvis
& Jarvis 1988). In this paper, normalized R.EE con-
centrations are reported relative to USGS standard
SCo-l (Cody shale) (Table l). The pattern for this
standard is very similar to that of other 'average'
post-Archean shales (Haskin & Haskin 1966).
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Leoch methods

The sediment analyses in the fhst and last parts
of the paper were performed on the <2@ mesh frac-
tion of the sediments, following a series of leach
treatments (similar to those of Chester & Hughes
1967, as described in Barrett et al. 1986). The first
acid leach (L-l) is intended to remove biogenic car-
bonate. The second leach (L-2) removes amorphous
and poorly crystallized Fe oxyhydroxides and man-
ganiferous phases, whereas the third (L-3) removes
well-crystallized Fe oxyhydroxides. Together, L-2
and L-3 mainly remove the hydrothermal metallifer-
ous component, although authigenic phases such as
Fe-rich smectite and basaltic alteration products can
also be partly attacked.

OpsN-OcEAN Meret,Ltr.Enous SEDIMENTS

Deep Sea Drilling Project (DSDP) Leg 92 recently
drilled at four sites, located :350 to 1150 km from
the spreading axis of the EPR, along an east-west
transect at l9'S (Fig. 1). This transect is ideal for
the study of the relation of metalliferous sedimen-
tation to seafloor spreading because this segment of
the EPR has a high spreading rate and a well-known
tectonic history during the Neogene (Rea & Leinen
1986). In addition, the existence of a major
hydrothermal plume extending at least 1400 km west
of the EPR near l9oS has been documented (Lup-
ton & Craig 1981, Klinkhammer & Hudson 1986).
Finally, clastic sedimentation to the west of the EPR
is alnost negligible, so that the sediments are mainly
mixtures of hydrothermal and biogenic carbonate
components.

Leg 92 sediments are calcareous nannofossil oozes
with variable admixtures (commonly 20 to 40Vo) of
a darker, fine-grained metalliferous component of
Fe oxides and hydroxides, red-brown to yellow-
brown semi-opaque oxides, and poorly crystalline
smectitic clays (Leinen et al. 1986). The dominant
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crystalline phases are moderately to well-crystallized
goethite, with minor proportions of apatite and
traces of quartz in some samples. Leach treatments
suggest that X-ray amorphous Fe-Mn oxyhydrox-
ides constitute some 30-5090 of the metalliferous
component, and that some poorly crystalline goethite
is also present (Barrett et ol. 1987).

Major and troce elements

On a carbonate-free, salt-free basis, the metallifer-
ous component of Leg 92 sediments (Barrett et al.
1987) is chaxacterized by: (i) very high concentrations
of Fe and Mn, tlpically 25-390/o and 5-14V0, respec-
tively; (ii) Al and Ca contents generally less than2s/o
and 590, respectively; (iii) hieh Cu (10ffi-20$ ppm),
and high Znand Ni (500-1000 ppm) values; and (rv)
Co and Pb generally <250 ppm. Similar results were
obtained by Lyle (1986) for the Leg 92 carbonate-
free fraction. Concentrations of Fe, Mn and base
metals are comparable to, but somewhat higher than
at other Pacific DSDP sites which encountered
metalliferous sediments (Tracey et al. 1971, von der
Borchet al. 1971, Hays et al. 1972,van Andelet al.
1973, Dymond et ol. 1973, Cronan 1973,l976,Yats
et al. 1976, Leinen 1981, Mayer et al. 1985),

The Fe concentrations in Leg 92 sediments approx-
imate those in sediments occurring within -40 km
of the EPR at 18.5"S (Biicker et al. 1985), whereas
Mn concentrations and FelMn ratios generally
become greater with increasing distance from the
EPR (Lyle 1986). From base to top of a given drill
site along the Leg 92 transect (i.e., as individual sites
moved away from the axis), Fe,/Al ratios also
decrease significantly (Lyle et al. L986), reflecting
decreasing hydrothermal influence. The Fe,/Mn ratio
increases apparently as a result of settling out of a
significant fraction of the Mn in the hydrothermal
plume (dissolved or particulate) within =200-
300 km of the axis. The FelMn ratio near the basaltic
basement in each hole is s3, similar to the value of
3 to 4 for surficial sediments up to 40 km from the
EPR axis (Biicker et al. 1985), and for end-member
350oC solutions at 2l"N (Yon Damn et al, 1985).
Trace-element conte.nts of I*992 sediments compare
closely with those of surficial sediments on the EPR
crest @ostr6m et al. 1969, Bender et al. 1971, Biicker
et al. 1985), and to near-basal I l-15 Ma sediments
cored at Site 319, located in the Bauer Deep lrl{0 km
east of the EPR (Dymond et al. 1976).

The mass accumulation rates of Fe, Mn, Cu and
Pb in Leg 92 sediments are greatest near the base-
ment at each site, with a general decrease towards
the top of the each hole (Lyle et ol. L986, Barrett
et al. 1987). Similar trends and absolute values have
been reported for the lower part ofthe section at Site
319 in the Bauer Deep (Dymond et al. 1976). Sur-
face sediments west of the EPR also show a decrease
in the mass accumulation rate of the hydrothermal

component with distance from the ridge (Dymond
l98l). In general, there is a logarithmic decrease in
the hydrothermal input to the bulk sediment with
migration of the crust from the axis (Rea & Leinen
1986). Site 597 @ig. 1) also shows a second, distinct
peak in the accumulation rates of Fe and Mn at
ol7-18 Ma ago, which probably reflects a re$ur-

gence in hydrothermal supply related to a ridge jump
from the ancient Mendoza Rise to the present posi-
rion of the EPR (Lyle et ol. 1986).

Mass accumulation rates for Leg 92 sediments
deposited within = 250 km of the paleorise have Fe,
Mn, Cu and Pb values in the respective ranges of
40-96, 10-35, 0.10-0.44, and 0.02-0.07 mg/cm2/
1000 fn (Barrett et al. 1987; see also Lyle et al. 1986),
On the large abyssal plains of the ocean floor, the
accumulation rates of metals in pelagic red clays are
vastly lower: <0.003 mg/cm2/1000 yr for Fe and
Mn, and < 104 mglcm2/1000 yr for Cu, Ni, Zn
and Co (Thomson et al. 1984). The differences
between mass accumulation rates of metals in Leg
92 basal sediments and "background" values from
the abyssal plain areas should approximate
hydrothermal fluxes in the near-rise environment of
thc EPR.

The metalliferous component of sediments in some
parts of the eastern Pacific ocean is represented by
an Fe smectite rather than by Fe-Mn oxyhydroxide
phases. Fe smectite dominates surface sediments in
the Bauer Deep (Sayles et al. lW5, Heath & Dymond
1981, Cole 1985) and in other areas of slow sediment
accumulation in the Pacific Ocean (Aoki el al. 1974,
Hein el ql. 1979). At DSDP Site 319 in the Bauer
Deep, Fe smectite is an important phase in the upper
= I I Ma of the sediment column. At Sites 573 and
574 (Fig. l), two metalliferous phases have been
identified in near-basal Eocene-Oligocene sediments,
one rich in Fe smectite, the other in Fe-Mn oxy-
hydroxide phases (Jarvis 1985). Fe smectite evidently
becomes an important phase in the metalliferous
component if the supply of biogenic silica to the
seafloor is sufficient. During early diagenesis,
primary oxyhydroxides of hydrothermal derivation
react with silica released from dissolving biogenic
material to form the Fe smectites (Heath & Dymond
1977, Lyle l98l).

Pb isotopes

In open-ocean sediments little is known about the
proportion of metals which is actually derived from
the basaltic crust, as opposed to the proportion
extracted from seawater by the hydrothermal fer-
romanganiferous precipitates. Pb isotopes provide
one of the best tools for unambiguously determin-
ing the relative contributions of these sources. Pb
isotope results for Leg 92 sediments @g. 2) form
approximately linear arrays in the two isotopic plots
(excluding two anomalous samples; Barrett et al.
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1987). The less radiogenic portions of the arrays have
Pb isotope compositions typical of oceanic crust in
the eastern-northeastern Pacific. The more radio-
genic portions approach the field ofmanganese nod-
ules, which reflects the Pb isotope composition of
seawater. Intervening data on the plots are most
readily interpreted in terms of simple linear mixing
of basalt- and seawater-derived Pb. lrg 92 sediments
deposited up to 3.5 Ma after formation of underly-
ing basement contain 80-10090 basaltic-
hydrothermal Pb, indicating such Pb can be dis-
persed up to 250 km from the rise (using spreading
rates from Rea & Leinen 1986). In the eastern
Pacific, sediments with a large component of basal-
tic Pb occur on the EPR (Bender et al. l97l),inthe
Bauer Deep (Dasch et al. l97l; Unruh & Tatsumoro
1976, Dymond l98l), and in DSDP sediments over-
lying basaltic basement (Dymond et ol. 1973).

The average of the four least radiogenic samples
in the Leg 92 sample set (small ovals in Fig. 2) lies
near the middle of Sun's (1980) field for mid-ocean
ridge basalts, and close to the Pb isotope composi-
tion of discharging hydrothermal solutions in the
eastern Pacific (Chen 1987). The end-member value
also is very close to the average Pb isotope compo-
sition of basaltic oceanic crust in the eastern Pacific
(Church & Tatsumoto 197 5, Zrndler et al. 1982), and
to massive sulfides forming from 350.C solutions
at the EPR axis at 2l'N (Vidal & Clauer 1981,
Brevart et al, l98l). Although hydrothermal solu-
tions must lose some of their basaltic pb to directly
precipitated sulfides (at and,/or below the seawater
interface), sufficient Pb evidently is incorporated into
seawater precipitates to produce metalliferous sedi-
ments whose Pb isotope composition closely matches
the average of the underlying basaltic crust.

Sr isotopes

The evolution of the Sr isotopic composition of
seawater with time has been documented by Veizer
& Cbmpston (1974) and refined by Burkee/ ol. (1982)
and DePaulo & Ingram (1985). These studies have
used biogenic carbonate to monitor the variations,
which are largely controlled by the average Sr iso-
topic composition of continental runoff into the
oceans (the present 875r/865r ratio of seawater is
*0.70p.D. Because oceanic crust has a distinctively
Iower 875r/865r ratio of -0.7027, it should be pos-
sible to detect a basaltic-hydrothermal input into
metalliferous sediments. Barrett et 4/. (1980 found
that Sr isotopic ratios of the metalliferous compo-
nent in Leg 92 sediments up to =25 Ma old became
lower with increasing age, and generally were close
to the seawater curve. Although the lowered values
could reflect some basaltic-hydrothermal contribu-
tion, the simplest explanation is that seawater Sr
either was absorbed into the metalliferous compo-
nent during sedimentation, or was released from bio-

genic carbonate during burial and dissolution and
was incorporated into the metalliferous component.
Seawater Sr dominates the metalliferous component,
even though basalts contain two orders of magni-
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Ftc. 2. Pb isotope data for metalliferous sediments from
Sites 597 to 601, DSDP Leg 92 (trianeles). Data are for
carbonate-free samples (Barrett et al. 1987). Two
anomalous samples are enclosed by dot-dash line. The
oceanic Mn nodule average is from the data of Rey-
nolds & Dasch (1971) and Stacey & Kramers (1975);
average pelagic sediment (Stacey & Kramers 1975) also
plots very close to this value. The field of Pacific-ridge
basalts (dashed lines) is from Church & Tatsumoto
(1975) and Zindler et al. (1982); the MORB field (box-
es) is from Sun (1980). Also shown are the Pb iso-
topic compositions of: (l): surficial metalliferous
sediments from the EPR (O'Nions el a/. 1978); (2): basal
metalliferous sediments o 15 Ma old from the Bauer
Deep (Unruh & Tatsumoto l97O; and (3): average mas-
sive sulfides from 2loN EPR (Brevart et al. l98l,Yi-
dal & Clauer l98l).
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tude more Sr than Pb (Church & Tatsumoto 1975,
Hart 1976), because seawater contains six orders of
magnitude more Sr than Pb (Veizer & Compston
1974, C.C. Patterson, in Tatsumoto 1978). In addi-
tion, basaltic Pb should be less soluble than Sr in
reducing fluids and should follow Fe as a sulfide
precipitate in smoke formed at hydrothermal vents,
whereas basaltic Sr will be diluted by ambient sea-
water (Chen et al. 1986).

Rare-earth elements

Fe-Mn oxyhydroxide-rich sediments *20 to
40 km west of the black-smoker areas of the EPR
at l8.5oS have kEE patterns closely similar to those
of normal seawater (Marclug et al. 1986), as do sur-
ficial sediments from the crest of the EPR, - 150-

230 km from the axis (Piper & Graef 1974). Shale-
normalized REEpatterns for the carbonate-free frac-
tion of Leg 92 samples less than about 8 Ma old are
shown in Figure 3 (data in Barrett & Jarvis 1988).
Samples older than about l0 Ma (not shown) are
somewhat enriched in the middle to light rare earths
(MREE to LREE) relative to the heavy rare earths
(HREE). Within each age group, the characteristics
of the R.EEpatterns are near-uniform, even though
total REE concentrations vary up to a factor of six
(Barrett & Jarvis 1988). All patterns have strongly
negative Ce anomalies. These results are generally
similar 10 those of Ruhlin & Owen (1986), who car-
ried out a detailed REE study of sediments from Site
598.

A direct hydrothermal source for theJRfE in these

1 0

D S D P  L a g  9 2

l y s o c l i n e

Sediment  oge 4 ,8  Mo

s l T E  a  5 9 8
r 599
+  6 0 0 /  I

1 0
E

6

lu
lrl
E

al
o

1 0  
0

1 0

La Ce Pr  Nd Sm Eu Gd DY Ho Er  Yb Lu

Frc. 3. REf patterns for Leg 92 metalliferous sediments younger than = 8 Ma (Bar-
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patterns for metalliferous samples older than = l0 Ma are also internally consts-
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to the HREE.Values norm"alized to uscs standard shale sco-l (Jarvis & Jarvis

1985).



metall iferous sediments is unlikely. High-
temperature (350"C) solutjons discharging at the
EPR are characterized by large positive Eu anoma-
lies and depletions in the HfuEE relative to the
LREE, probably the result of reactions between nor-
mal seawater and basaltic crust in the deep subsur-
face (Michard et al. 1983). The seawater-like pattern
of EPR sediments apparently results from the rapid
adsorption of seawater REE onto hydrothermally
derived Fe-Mn oxyhydroxide colloidal particles,
either in the water column or afler the particles have
settled onto the seafloor. The enrichment in Leg 92
sediments of the middle to light kEE relative to deep
plume seawater at the same latitude supports the
inference (Klinkhammer et al. 1983) that hydrother-
mal precipitates preferentially remove the lighter
REE from seawater. Removal of the lighter R.gE
probably reflects the longer residence time of HREE
in the deep ocean (Elderfield & Greaves 1982). The
longer residence time may result from the greater sta-
bility of (dissolved) HREE complexes relative to
LREE complexes in seawater (Turner et al. 1981).

The mass accumulation rate of DR.EE shows a
moderate conelation with that of combined Fe + Mn,
which decreases with distance above basement (Bar-

HYDROTHERMAL SEDIMENTS, EASTERN PACIFIC

rett & Jarvis 1988). Similar relations (using Fe rather
than Fe + Mn) were documented by Ruhlin & Owen
(1986) at Site 598, and were attributed to limited
scavenging of REE (producing low EREE) due to
rapid accumulation of sediment (producing high
accumulation rates) near the paleo-axis. With reces-
sion of a site from the hydrothermal source, precipi-
tates would have travelled farther and scavenged
more R,EE before settling from the water column
(accumulation rates still decrease upward at each
site).

Leg 92 sediments older than about 10 Ma have
somewhat shallower patterns (excluding Ce) than
those in Figure 3, suggesting that diagenetic effects
have led to a loss in HREE relative to ,LREE'(Bar-
rett & Jarvis 1988). Slowly accumulating sediments
deposited below the lysocline also show these effects,
together with significant R,EE enrichment @ig. 3).
Eocene-Oligocene sediments from Sites 573 and574
display even flatter pattern$, consistent with further
diagenetic fractionation of REE. Such near-flat pat-
terns also characterize surface sediments affected by
early diagenesis on the eastern flank of the EPR
(Piper & Graef 1974) and in the Bauer Deep (Elder-
field el al. l98l).

847

1ffi#;ffi
ro ml._"'l"1a,rr.rs11u*1";;f:l*%*lr";""trt,au",-._

:#,;;::ffiffi:l*rf&ffilff:.:::,i:m:;r*r
;.r4.1r91.i1r.o1...,,,,1.'-'-'-"rtir:..**,iit'""-" 

-( Lonsdale, 1 97l)

( 'p | " \-s*'M-nrodry
' 

t\ unir c

o j'"r 
(7-13m)

a

tl L

 >
L . l

(
L

7
4 l '

)  v 4

t '

" a  
t  

t  n  ,  n ,  u  
'  

"n  
t ,  t a  t  

" t  

a
v . L -

J  
, ( . - ? .  J ' a;:.':;:; i#y; i:i:::'t

. l r n , v ' . u n ) t !
>  J ' v    <

)  z a A e E M E N t  >  _ a
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Tun Galapacos HyonorHERMAL MouNos

In the Galapagos mounds area, located 18-32 km
south of the Galapagos Rift in the eastern Pacific
(Fig. l), unusual Fe- and Mn-enriched sediments are
present (Lonsdale 197?, H6kinian et ql. 1978, Corliss
et al. 1979, Natland et al. 1979). These sediments
overlie young basement =0.5-0.9 Ma old, and occur
within mound structures aligned parallel to basement
faults; chains of mounds are typically separated by
1m-200 m. The detailed stratigraphy of the mounds,
which are typically 30-35 m thick, has been deter-
mined by piston coring during DSDP Leg 70 (Hon-
norez et al. 1981, 1983a). A schematic cross-section
of a typical mound is shown in Figure 4. The main
metalliferous component of the mounds is non-
tronite, an Fe-rich, Al-poor smectite that occurs as
unconsolidated granules (=9090) and muds in layers
up to a few meters in thickness. Between this material
and normal calcareous ooze which constitutes the
background pelagic sediment, are transitional inter-
vals of compact nontronitic mud. Manganiferous
material, represented by crusts of Mn oxide and
minor amounts of Mn-Fe oxide mud, is restricted
to the upper l-2 m of the mounds (Honnorez et al,
1981, Lalou et ol. 1983). Pre-existent pelagic sedi-
ment apparently has been dissolved during non-
tronite formation (Moorby 1983), but there is also
evidence that some biogenic material was replaced

by nontronite (Borella et al, 1983). The upwelling
solutions generally were not warmer than a few tens
of degrees (Barrett et al. 1982). Nontronite and Mn
oxide crust formed within the last few hundred Ka
and few tens of Ka, respectively (Lalou e/ ol. L983).
We have further investigated nontronite formation
by analyzing splits ofgranular and transitional-zone
nontronite for oxygen isotopes, REE, anld Pb iso-
ropes.

Sample material and mineralogy

Typical core samples of granular and transitional-
zone nontronite are shown in Figure 5. The gran-
ules (top of Fig. 5a) are typically dark green and 2-
10 mm in diameter; although firm in consistency,
they can be broken by hand to clay-size particles.
In the transitional intervals between this lithology
and whitish naunofossil ooze, the nontronite is fine-
grained, compact and light green (Fig. 5b). Small
enclaves of pelagic sediment surrounded by non-
tronite are locally present (Fig. 5a). Mn-Fe-oxide
mud, present only in Hole 5098, occurs as two layers
- 10 cm thick near the top of the hole. The mud is
brownish black and gelatinous, and consists
dominantly of Mn-oxide microaggregates.

X-ray diffraction study of splits was carried out
for all samples. The powders were untre€rted and ran-
domly oriented, and were run using CoKo radiation

Frc. 5. Typical examples of granular and transitional-zone nontronite from the
Galapagos mounds (tlonnorez et al. 1983b). (a): Granular nontronite with a residu-
al enclave of mottled calcareous ooze; (b): granular nontronite (top) showing a
smooth gxadation over *20 cm through fine-grained, compact' transitional-zone
nontronite. to normal calcareous ooze.



(50 kV, 20 mA) at a scan speed of 1o 2d min-r. The
results indicatethat a single near-uniform nontro-
nitic phase dominates the sediments, with minor to
trace amounts of calcite, and traces of quartz.
Although the term "nontronite" has been qonveu-
tionally used for this phase, detailed XRD and chem-
ical studies indicate that it typically consists of dis-
ordered, mixedlayer, nontronite-celadonite with a
dioctahedral structure (Honnorez et ol. 1983a,
Yarentsov et al. 1983, McMurtry et al. 1983). In the
present sample set, the major peaks are, in order of
decreasing intensity: 4.5 I -4.54, 10.0-10. 3, 2.56-2.ffi ,
4.35 4.N, o 3.25 -3.35, 1.5 | -1.52, and 2.39-2.M A.

Composition

The chemical composition of five irontronitic sam-
ples analyzed by X-ray fluorescence is given in
Table I (analyses done at McGill University on sam-
ple splits of initial 10-20 cc samples). The limited
range in major-element composition is consistent
with previous studies (Corliss et ol. 1978, H6kinian
et al. 1978, Migdasov et al. 1983, Moorby 1983,
McMurtry et al. 1983). Excluding sample 5098-l-2,
which contains minor Mn oxides, the nontronitic
material has a Fe2O3,/SiO2 ratio of 0.54 to 0.60.
This was also the range found for individual gran-
ules from different mounds (Barrett et al. 1982). The
proportions of Mg and alkalis to SiO, are also
fairly uniform. The concentrations of AlrO, are
commonly (0.590, indicating that detrital phases
are almost absent. The cited studies show that there
are no significant variations in the major-elemenr
composition of nontronite that might explain the
ranges in REE composition and in Pb isotopic ratios
(see below). These studies also indicate that the non-
tronitic intervals have much lower trace-element con-
tents (e.9., Cu, Pb, Zn) than the Fe-Mn oxyhydrox-
ide sediments discussed earlier.

Oxygen isotopes

The oxygen isotope composition of the metallifer-
ous sediments, together with the temperatures of
nontronite crystallization estimated using the
geothermometer of Yeh & Savin (1977), are given
in Table 2. Most of the temperatures are in the
l9-36C range, although one low value of 9oC, and
one much higher value of l37oC were obtained. The
range is similar to that obtained on carbonate-free,
nontronitic bulk samples from Leg 70 (19-32C:
Barrett & Friedrichsen 1982), and on the chemically
purified, 10.2 pm fraction of nontronitic clays from
the Galapagos mounds freld (25-47"C: McMurtry
et al. L983). Temperatures are close to those esti-
mated for the basalt-sediment contact on the basis
of heat-flow data @ecker et al. 1983). Temperatures
were not calculated for the transitional-zone non-
tronite because chemical data (Moorby 1983) indi
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TABLE 2. OXYGEN ISOTOPIC COMNOSITION OT METALLITEROUS
SIDIMENTS FROM DSDP LEG 70 AND ESIIMATEI)
TEMPERATURES OF FOR]IIATTON OF NONTROMTE
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&nple lithologiG giw in Table 2.

cate that detrital material is present in these layers.
According to the models of Fehn (1986), narrow,

off-axial zones of hydrothermal discharge exist that
do not move away from the spreading axis as the
crust recedes. The models predict a first discharge
phase (<200oC) at about 16 km from the Galapagos

38.543 I 0.043

3EJ86 * 0046

38.795 r 0.040
3&736 r 0040
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axis, with a second possible phase localed beyond at least some nontronite forms at higher tempera-
the limit of the mognd field drilled on Leg 70. Of tures (perhaps 50-150'C). Continued growth of non-
the three mounds drilled on Leg70, all presently tronitewithrecessionofthecrustleadstomoreand
characterized by low temperaturis, Site iOe is ttri more low-temperature nontronite. Thus most bulk
closest to the ridge azjs (*22 km away, on crust samples will eventually attain isotopic compositions
* 630 Ma old). At hole 506C, both high-iemperature corresponding to the average temperature regime that
(one sample) and low-temperature nontronite occur has existed over the last few hundred thousand years,
within one mound (Table 2). By contrast, at Sites which apparently was less than *40oC.
507 and 509, located on crust -750 Ma and
-900 Ma old, nontronite formation may have taken Pb isotopes
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place over longer intervals within the low-
temperature regime. Although more data are
required, we favor a model wherein initial forma-
tion of nontronite on a significant scale occurs above
the first zone of off-axial basement discharge, so that

The Pb isotopic colnposition of nontronitic sedt-
ments is given in Table 3 and plotted in Figure 6.
The data partly overlap with, but are generally more
radiogenic than samples analyzed by Barrett &
Friedrichsen (1982) from the same mounds. In that
study, the Pb isotopic composition of some of the
nontronite samples was interpreted as a mixture of
basalt-derived and seawater Pb, as for the Leg 92
samples. Although some of the new samples appar-
ently contain mixtures of basaltic and seawater Pb,
many are more radiogenic than seawater, for which
there is no obvious explanation (in the earlier study'
two such radiogenic nontronite samples were found).
Replacement of local pelagic sediment by nontronite
is unlikely to produce the radiogenic values because
2MPb/?gPb ratios of the former do not exceed 18.7
(Barrett &Friedrichsen 1982). A possible source for
the radiogenic Pb is certain volcanic rocks of the
Galapagos Islands (White 1979), although their Pb
isotopic ratios do not exactly match those of the
anomalous nontronite. Minor disseminated volcanic
ash occurs in the normal pelagic sediments that sur-
round the hydrothermal mounds, and several discrete
ash beds a few cm thick are present in the sediment
column (Honnorezet al, 1983b). Although the com-
position of such ash is unknown, glass shards
replaced by nontronite (which have been observed)
may have retained radiogenic Pb. Studies of ash
layers are planned to test this possibility.

Rare-earth elements

Most nontronitic sediments from the Galapagos
mounds area (Table 4, Fig. 7) have R.EE concentra-
tions significantly lower than those of typical shale,
with relative HREE enrichment (see also Bonnot-
Courtois 1981, and Migdisov et al. 1983). The non-
tronite REE patterns are similar to those of deep sea-
water in the eastern Pacific (De Baar et al. 1985),
although Ce anomalies are notably less negative than
that of seawater.

Nontronite from the transitional zones has the
highest REZ concentrations, and very similar pat-
terns (top two patterns in each of Figs. 7a,b).
Gelatinous mud has the next highest REE concen-
trations, and almost identical patterns (two middle
patterns in Fig. 7b). Slightly granular nontronite has
intermediate R.EE concentrations (three middle pat-
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Frc. 6. Pb isotope data for metalliferous sediments (mostly
nontronite samples) from the Galapagos hydrothermal
mounds, DSDP Leg 70. Sources of data for Mn nod-
ules and Pacific basalts as in Figure 2. The small oval
(l) represents the least radiogenic end-member compo-
sition of Leg 92 metalliferous sediments (Fig. 2). Box
2 is the average composition of massive sulfides (Fig. 2);
the field marked "hydrothermal solutions" encloses the
range in Pb isotopic compositions of high-temperature
solutions at 2loN EPR and the Juan de Fuca Ridge
(Chen 1987).
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TABLE 4. RARE EARTH ELEMf,NT COMPOSITION OF METALLIFf,ROUS SEDIMENTS
rROM DSDP LEG 70

851

REE 5662 6t
ppm A-25 fr 65-67 cm

506?l: 506C-2-l: 506C-3-3: 5frc4a, 506D.2-3:
95-97cm 35-36cm 100-lO2@ 92-93m 79-80m

Ia 4.31 0.94 4.98 11.4 1.39 3.32 r4.3
Ce 4.Vt 0.70 5.76 t6.r r.76 2,34 rg.2
Pr 0.98 b.d. 0.95 3.58 b.d b.d. 3.3'I
Nd 4.14 0.74 3.59 t4.7 l.O0 2.8 13.1
Sm 0.88 0.17 0.83 3.31 O.b 0.66 2.88
su 0.21 0.05 02n t.00 0.07 0.16 O.n
Gd l.l3 0.2a 0.92 4.18 0.29 0,74 3.59
Dy 124 O.2fi 0.98 428 O.25 O.94 3.il
Ho 021 0.06 0.20 0.88 0.06 O2A 0.65
Er 0.y2 O.22 0.61 2.90 O.2b 0.60 2.08
Yb 0.96 0.26 0J3 2.98 0.26 0.69 2.16
Lu 0.15 0.05 0.13 0.47 0.05 0.ll O.34

Y 14.0 2.62 8.78 32.2 2,6 7.9 2r.5

La 1.89 8.33 0.86 7.9i t2.8 tS.2 LA 29.9
Ce 2,35 7.89 0.82 6.56 14.9 2.O.3 l.3t 58.6
Pr b.d 1.16 b.d. 1.28 't.94 4.17 b.d. 1.32
Nd l.l5 6;t2 0.93 5.83 1L4 r82 o.8o 26.3
Sm 0.y 1.56 0.17 l.3l 3.03 4.46 0.16 S.O2
Eu 0.08 0.43 0.04 0.35 0.86 rn 0.06 r.12
Gd 0.31 l.9l o.2t t.79 3.47 5.V2 0.25 4.12
Dt 032 1.94 0.31 1.94 3.62 5.19 O 3.3s
Ho 0.07 0.38 0.06 0.39 0.75 1.05 0.06 0.64
Er 025 Ln 0.18 1.20 2.33 2.W 0.18 l.8l
Yb 0.24 1.36 0.20 1.34 2.r5 2.6 0.23 1.83
L! 0.04 0,22 0.03 0.m 035 0.42 O.O3 0.28

y 2,67 14.t 1.86 14.9 U.8 36.1 2.95 l8.l

REE 507D,62 5@Bl-l: 5@B-l-2 5098-2-l: 5098-12
ppm 85"86@ 1l2"ll3cm 12+r25n ltg.l2rm 58-59m

50984-l: 5098-5-2 SCol
14'G.142@ 29-nw sdad

b.d. = bclow dmion
S€di@nt typ6 givq in Table 2

terns in Fig. 7a); two of the patterns are very simi-
lar. Granular nontronite has the lowest REE con-
centrations (lowest two patterns in Fig. 7a, and
Iowest three in Fig. 7b). No stratigraphic variations
in REE concentration or pattern are discernible.
Almost identical concentrations and patterns were
obtained for both the shallowest and the deepest
samples of granular nontronite (509B-l-2 and 506-
6-2, respectively).

The passage from transitional (506-6-2: ?A-25 cm)
to granular nontronite (506-6-2:65-67 cm) within
a single nontronitic bed is accompanied by a 5-fold
decrease in REE concentration, and by a modesr
increase in the ratio of HREE to LREE (Fig. ?a).
In one thick bed of granular nontronite, three sam-
ples within an 85-cm interval have very low REE con-
centrations (507D-6-2: 65-67 cm, and 2 samples
below detection limits). These data indicate that the
development of nontronite, from transitional to
slightly granular to coarsely granular, is accompa-
nied by reduction in R.EE concentrations. We specu-
late that this reflects rejection of R.6E from increas-
ingly crystalline nontronite (preliminary XRD data
do not allow assessment of this). Variations in the
RE'E profiles of nontronite cannot be explained on
the basis of bulk chemical variations, as nontronite
granules are compositionally near-uniform.

REE patterns for nontronite are distinct from

those of high-temperature vent waters at the EPR
(Michard et al. 1983), metalliferous sediment from
the eastern Pacific (Barrett & Jarvis 1988), and basalt
underlying the mounds at Sites 506 and 507 @mmer-
man et al. 1983). Most of the REE in nontronite
probably are inherited from pore waters or from dis-
solution of carbonate ooze. Because the R.EE abun-
dances of carbonate tests are several orders of mag-
nitude higher than concentrations in seawater
@lderfield et ol. l98l), dissolved carbonate ooze is
a more likely source of seawater REE. The less nega-
tive Ce anomalies of nontronite may reflect precipi-
tation from pore waters that were less oxidized than
normal seawater (allowing some Ce3+ to remain in
solution). Alternatively, a minor basaltic component
in nontronite bulk samples could make the Ce
anomaly less negative than that of seawater. No non-
tronite samples display a positive Eu anomaly, which
typifies most chemical sediments in the brine deeps
of the Red Sea (Courtois & Treuil 1977, Oudin &
Cocherie 1988). This indicates that the pore waters
from which nontronite formed were not strongly
reducing.

Hydrothermal mounds such ns those in the
Galapagos field are probably uncommon. Develop-
ment of mounds apparently requires a high rate of
biogenic sedimentation, such as occurs under the
equatorial high-productivity belt, together with an
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water in the eastern Pacific (De Baar et al. 1985).

.J)

ul
U
E
(,
j

EI
tr.l
|r
o
J

off-axial location and a moderate spreading rate. As
a result, relatively low-temperature, upwelling solu-
tions are forced to pass through and react with a sedi-
ment cover which blankets basement topography. In
response to progressive oxidation of upwelling solu-
tions, precipitation of Fd+ and Si as Fd*-rich non-
tronite occurs in the upper levels of the mounds, fol-
lowed by precipitation of Mn2+ as Mna+-rich
oxides close to the sediment surface (cl, Corliss el
al. L978,Dymondet al. 1980, H6kinian et al. 1980),
Some of the Si may be derived from the dissolution
of pelagic oozethat accompanies nontronite forma-
tion (Honnorez et al. l98l). The experiments of
Harder (1976) indicate that a slightly reducing solu-
tion with low Mg and Al contents favors formation
of nontronite over other smectite minerals.

MASSIVE SUI-pTI)B GOSSANS ON THE SOUTHERN

Explonnn Rtpcs

Five gossan samples from the Southern Explorer
Ridge median valley in the nofiheast Pacific were
obtained by the PISCES IV submersible during the
CASM IV cruise (Scott et al. 1984). Within the
eastern part of the median valley, some two dozen
massive sulfide deposits form mound-like edifices
some l0 to 200 m in length. Except for one mound
locally venting water at *25"C (dive P1505), all

others are presently inactive. On the surface of the
mounds, bright orange- to red-brown sediments up
to several cm thick are draped over and surround
rubble and blocks of rusty sulfate-bearing sulfides
up to a meter in size (see also Francheteau el al. lW9,
Oakman & Leinen 1985, Alt et al. 1987). These dis-
tinctively colored oxidized sediments are also
observed up to about 100 m from the sulfide
deposits. The massive deposits consist of finely inter-
mixed zinc sulfide, iron sulfides, barite and chal-
copyrite. Three gossan samples were from the
Thruster sulfide deposit, one of the largest in the
area, and all are from mounds between 49"43' an;d
49"46' N, and l30o 12' and 130"19' W. Two sedi-
ments overllrng basalt were also included, one from
the axial valley of the Southern Explorer Ridge
(P1505-6), the other from the edge of the caldera at
Axial Seamount (AX'l) (CASM 1985).

We analyzed the <200 mesh (<70pm) fraction
of the sediments, which represents about 10-2590 of
the total sediment. Leach treatments indicate that
the <200 mesh fraction consists of:. 3-l2c/o cat'
bonate, 25-35t/o oxyhydroxides : leachable metal-
liferous component, and 50-7090 residue (Table 5).
Sample P1504-7 differs in having *7590 metallifer-
ous component. Coarser fractions contain
foraminiferal and basaltic fragments in addition to
hydrothermal material. XRD data for the <2(D
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TABLE 5. COMPOSITION OF METALLIFEROUS COMPONENT OF INTRA.RIFT SEDIMENT$ SOUTHERN EXPLOR-EN RIDCE
-.crlc[lated on a sall-frc carbonale-fre basl& for tbe <200 m6h fractlon--

853

Samp!€ Leach Ar Mi K
% % %

P1505-13' L2 0.O2 0.01 0.@
t-3 0.ll 0.08 0.01
To ta t  0 .13  0 .09  0 .01

P1505-14' L2 0.o2 0.01 0.00
t-3 0.08 0.05 0.01
To ta t  0 . r 0  0 .06  0 .0 r

P1505-l5r L2 0.v2 0.01 0.00
L3 0.07 0.06 0.01
To ta t  0 .09  0 .07  0 .01

Ca Sr Fe Mn Cu Zn Pb
% % % % % p p m p p m

0.0r 0.01 2.r9 0.00 0.u M 370
0.08 0.32 1.53 0.01 092 137 307

0 .09  0 .33  3 .72  0 .01  1 .09  1341  617

0.03 0.0t 4.79 0.00 0.r3 577 553
0.08 0.32 6.73 0.01 0.54 418 4.ts

0 . 1 1  0 . 3 ! 1 1 . 5 2  0 . 0 1  0 . 6 7  1 0 5 5  1 0 2 t

o.v2 0.01 4.31 0.@ 0.13 526 5U
0.08 0.34 2.38 0.01 0.61 590 140

0 .10  0 .35  6 .69  0 .01  0 .74  l t t 6  864

---Butk mple basis-_-
Co Sl L-l L-2, L-3 Res.

p p m p p m % % %

9 1960
34 673
43 2633 2.5 6.4 t7,4 73.8

9 4760
32 2480
4t 7240 4.5 r0.9 22.6 62.0

9 4325
3l  1300
4 0  5 6 2 5  3 . 0  9 . 9  r t . 5  6 6 . 6

N I
ppm

l 6
l 3

2 9

l 6
t2

2 t

16
2E
4 4

P1506-5* L2
L3
Total

P1504-7' LA
L3
Totsl

o.tl 0.04 0.01
t.42 0.74 0.09

r . 5 3  0 . 7 8  0 . 1 0

0.02 0.08 0.00
0.a 0.r4 0.03

0 . 2 6  0 . 2 2  0 . 0 3

0.10 0.01 1.36 0.11
0.96 0.23 2.41 0.V2

1 . 0 6  0 . 2 4  3 . E 3  0 . 1 3

0.r5 0.01 1r.30 0.07
0.u 0.03 28.80 0.01

0 . 2 6  0 . 0 4 4 0 . 1 0  0 . 0 t

0.08 249
0.32 302

0 .40  551

1.63 533
t.tz 6y

2.75 t t61

157 32
rQ 54

321  86

3M 16
505 44
t 0 9  6 0

rE 2620
44 t200
62  3 t20  5 .3  9 .5  16 . t  66 .5

l 3
? <

t t  E .0  22 . t  52 .5  t 6 .7

AX-l# W 0.46
L3 5.66
Tota l  6 .12

P1502-7' L2 0.16
t 3 2.18
Tots t  2 .34

0.23 0.03 0.42 0.01
2.95 0.16 5.15 0.01

3 . 1 E  0 . 1 9  5 . 5 7  0 . 0 2

0.lr o.02 0.17 0.01
0.99 0.2r 0.50 0.03

t . t 0  0 . 2 3  0 . 6 ?  0 . 0 4

l.9E 0.54 0.00
7.2t 0.10 0.01

9 . 1 9  0 . 6 4  0 . 0 1

2.94 2.90 0.03
4.67 0.11 0.21

7 . 6 t  3 . 0 t  0 . 2 4

36 19
97 98

133 t t7

23t r45
251 70
4t2 2lS

25  l 1
90 60

r 1 5  7 0

76 10
5E 45

t 3 4  5 5

1 2 . 4  6 . 1  3 0 . 5  5 1 . 0

E . 6  1 3 . 3  1 9 . 2  5 6 . 9

rsedlment from gossal3 oyerlyltrg Inactlye sdflde moun&. #sedlment oyerlylng basalt.

mesh fraction of the gossans indicate that the leach-
able metalliferous component consists mainly of
goethite and barite (amorphous oxyhydroxides and
phases below detection limits could also be present),
whereas the residue is mainly barite.

Chemical composition. Ona carbonate- and salt-
free basis, the leachable metalliferous component
(L-Z + L-3 in Table 5) contains 7.6 rc 4aVo Fe and
up to 3Vo Mn. Contents of Ca, Mg and AI, elements
typically associated with siliciclastic phases, are
generally less than l-20/o except in the Axial Sea-
mount sample. Leachable material can be divided
into three groups @igs. 8a-c): 1) Mn-poor sediments
(Mn =Q.Ql{s) with high Cu and Sr contents (CulMn
and Sr/Mn -75 and 30, respectively). These sam-
ples are all from the large Thruster sulfide deposit.
2) Intermediate sediments with Mn *0.lgo, from
the surface of mound P1504, and overlying basalt
on the eastern propagator of the SER axis. 3) Mn-
rich sediments (Mn : 0.G3.0%o) from the Axial Sea-
mount caldera and the surface of mound p1502.
These sediments are also rich in Ca*Mg*Al, sug-
gesting the presence of altered (:leachable) vol-
caniclastic material, but are poor in Sr and Cu. For
the mound sediment, Cu,/Mn and Sr,/Mn ratios
( o 0. I and 0.01 , respectively) are some three orders
of magnitude less than in the first group.

General hypotharar. The above data, together with
the tendency for Mn to be enriched in low-

temperature hydrothermal precipitates near discharge
sites (Scott et al. 1974, Rona 1980, Moorby 1983),
allow inference of the following processes during age-
ing of sulfide/sulfate deposits on the seafloor. The
exposure time of axial deposits probably varies con-
siderably depending on sedimentation rate, duration
of volcanic activity, and tectonic effects.

l) In situ oxidation of massive sulfides and sul-
fates exposed to cold seawater at the surfaces of the
mounds (e.9., Oakman & Leinen 1985) produces a
thin, surficial blanket of gossan. The alteration
product consists mainly of Fe oxyhydroxide phases,
with FelMn ratios of -200-1000. Leachable sedi-
ments of the first type (Fig. 8a) would represent this
category, and presumably reflect the composition of
the initial sulfide/sulfate material, with high Cu and
Sr concentrations (the latter due to sulfates), low Mn
of = 100 ppm, and low Ca+Mg+Al of - 1000 ppm
(almost no altered volcaniclastic material). Support
for the young age of the Thruster gossans is provided
by their location only a few hundred meters from
Magic Mountain, the main site of present high-
temperature hydrothermal activity (axial deposits to
the south are inactive). Fe oxyhydroxide sediments
need not be formed entirely through oddation of sul-
fides; for example, on Red Seamount at the EPR,
Fe oxyhydroxides are precipitating directly from low-
temperature (10-15'C) hydrothermal solutions (Alt
et al. 1981'1.
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Frc. 8. Elemental composition plots for the leachable com-
ponent of five gossans overlying sulfide/sulfate mounds
in the axial valley of the Southern Explorer Ridge (sites
1505, 1504 and 1502), and of the leachable component
of sediment overlying basalt in this valley (site 15ffi) and
at Axial Seamount (Fig. 8c).

2) If volcanic activity in the environment is dis-
persing basaltic glass fragments (c/ Bonatti 1970),
these may become incorporated into the gossan. The
presence of basaltic alteration products (e.9.'
palagonite) could account for the increased
Ca+Mg+Al values in the leachates. With time,
hydrothermal Mn derived from active vents else-
where on the axis (c/ Klinkhammer & Bender 1980)
is scavenged by the particulate Fe oxyhydroxide
phases (c/. Weiss el al, 1977), Leachable sediments
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of the second type (FiC. 8b) constitute this category.
3) With continued exposure of the gossans, the

low-ternperature hydrothermal Mn contribution
increases through further scavenging, and the altered
volcaniclastic component may increase. Sample
P$m-7 of the third category (Fig. 8c) has the hiehest
Mn and Ca + Mg + Al values. The overall elemental
distribution in the leachable fraction of this sample
is very similar to that of Cyprus umber (Robertson
1980. The Axial Seamount sample, which does not
overlie a sulfide mound but overlies basalt at the edge
of the caldera, has much lower metal contents
(excluding Mn). The high ratio of Mn to
(Zn + Cu + Pb) suggests a near-vent, low-temperature
hydrothermal component similar to that in the TAG
geothermal area of the Mid-Atlantic Ridge (Scott el
al. 1974, Shearme et al.1983),

Comment
The sulfide mounds underlying the gossans initially

could have contained a component ofhydrothermal
smoke particles, as most particles larger than = 100
pm should fall within a few hundred meters of the
vents @eely el al. 1987). Sulfide particles smaller than
*30 p,m should be dispersed farther than a few km
from the vents (Converse et al. 1984). However' it
is unlikely that smoke particles are deposited in sul-
fide form at distances of even a few km. Metallifer-
ous sediments as close as 10 km to the EPR axis con-
sist mainly of Fe-Mn oxyhydroxides (Marchig &
Erzinger 1986), and even sediments wilhin tens of
m of vents on the Juan de Fuca Ridge contain no
sulfide material (Leinen 1986). The discovery of Fe-
Mn oxyhydroxide particulates as the main phase in
plumes above high-temperatue vents (e.9., the Juan
de Fuca Ridge: Baker et al. 1985, Baker & Massoth
1987, Feely et al, 1981) suggests that direct precipi-
tation of oxyhydroxides and oxidation of sulfide par-
ticles both begin very soon after hydrothermal dis-
charge.
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