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Abstract

Hydrothermal sediment mineralogy and geochemistry can provide insights into seafloor mineralization processes and changes
through time. We report a geochemical investigation of a short (22 cm) near-vent hydrothermal metalliferous sediment core from
the Lucky Strike site (LS), on the Mid-Atlantic Ridge (MAR). The sediment was collected from the base of an active white smoker
vent and comprises pure hydrothermal precipitates, mainly chalcopyrite, sphalerite, pyrite and barite, with negligible detrital and
biogenic inputs. Geochemically, the core is enriched in elements derived from high-temperature hydrothermalism (Fe, Cu, Zn and
Ba) and depleted in elements derived from low-temperature hydrothermalism (Mn), and metasomatism (Mg). The U/Fe content
ratio is elevated, particularly in the deeper parts of the core, consistent with uptake from seawater associated with sulphide
alteration. Rare earth elements (REE) concentrations are low and chondrite-normalized patterns are characteristic of high-
temperature vent fluids with an enrichment in light REE and a pronounced positive Eu anomaly. A stronger positive Eu anomaly
associated with higher Lan/Smn at the core top is controlled by barite precipitation. The hydrothermal influence on the REE
decreases downcore with some evidence for a stronger seawater influence at depth. Nd isotopes also exhibit an increased detrital/
seawater influence downcore. Pb isotope ratios are uniform and plot on the Northern Hemisphere Reference Line in a small domain
defined by LS basalts and exhibit no detrital or seawater influence. Lucky Strike sediments are derived from high-temperature
mineralization and are overprinted by a weak seawater–sediment interaction when compared with other Atlantic hydrothermal sites
such as TAG. The larger seawater input and/or a larger detrital contribution in deeper layers can be explained by variable
hydrothermal activity during sediment formation, suggesting different pulses in activity of the LS hydrothermal system.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Seafloor hydrothermal processes are a major control on
heat flux and the chemical and isotopic composition of the
ocean crust and seawater (Hart, 1984; Alt, 1995), and lead
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to heat and chemical transfer from the interior of the earth
to the ocean (Edmond et al., 1979;Mottl andWheat, 1994;
Kadko et al., 1995; Elderfield and Schultz, 1996). The
products of hydrothermal activity at mid-ocean ridge
spreading centres are altered crustal rocks, massive sul-
phides and metalliferous sediments (Hannington et al.,
1995).

Circulation of the seawater downward through the
ocean crust results in high-temperature chemical
reactions between seawater and rocks. In basalt hosted
high-temperature hydrothermal systems, seawater
loses Mg2+, SO4

2− and OH− during water–rock
interactions, while H+ ions are generated. These acid
and heated fluids cause intensive leaching of host rock
and generate a modified high-temperature fluid
enriched in some elements (e.g., Fe, Mn, Cu, Zn, Si)
and depleted in others (e.g., U, Mg). The high-
temperature hydrothermal fluid is buoyant and rapidly
ascends through ocean crust upflow zones and is
vented into the overlying seawater (e.g., Lupton, 1995;
Elderfield and Schultz, 1996). Hydrothermal vent
fields occur at discrete intervals along the spreading
centre and consist of a dynamic population of active
vents, toppled sulphide debris intermixed with crustal
rocks. Close to the hydrothermal vent discharge sites,
the intense mixing between seawater and hydrothermal
fluids result in strong gradients in redox, Eh, pH and
temperature within the surrounding debris pile, that
promote the precipitation of metal rich-sulphides and
oxides (Edmond et al., 1982; German et al., 1993; Mills
et al., 1993; Lupton, 1995; Mills and Elderfield, 1995a;
Feely et al., 1998; Metz and Trefry, 1998). Hydro-
thermal sediments in the vicinity of active vents sinks for
elements leached from the underlying rocks.Metalliferous
sediments have been demonstrated to form via three
processes: (1) sulphide mass wasting and debris flow, (2)
plume formation, dispersal and fall-out and, (3) low-
temperature fluid flow andmineralization (Dymond, 1981;
Metz et al., 1988; German et al., 1993; Mills et al., 1993;
Mills and Elderfield, 1995a). The relative importance of
these three processes controls the impact of hydrotherm-
alism on the local environment, and ultimately the fate of
the vent site mineralization on the seafloor. For example, at
the TAG hydrothermal site (26°N, Mid-Atlantic Ridge) a
significant accumulation of sulphide mineralization has
occurred along the eastern rift valley wall resulting in
extensive debris flows intermixed with plume fall-out
(Mills et al., 1993). Other sites such as Broken Spur (29°N,
Mid-Atlantic Ridge) consists of little or no sediment cover
with active chimney growth leading to small lenses of
sulphide debris but no mound generation (Lukashin et al.,
2000).
The Lucky Strike (LS) hydrothermal site (Langmuir
et al., 1997) is located on the Mid-Atlantic Ridge
(MAR) at 37°N. The geochemistry and isotopic
composition of LS basalts, vents, slabs and vent fluids
have been investigated in some detail (Costa et al., 1995;
Klinkhammer et al., 1995; Costa et al., 1997; Langmuir
et al., 1997; Von Damm et al., 1998; Charlou et al.,
2000; Cooper et al., 2000; Rouxel et al., 2004). LS
basalts are enriched in incompatible elements compared
with other MAR sites (e.g. TAG, Broken Spur). This
influences the composition of LS vent fluids, which are
enriched in Ba and in light rare earth elements (LREE,
Langmuir et al., 1997). As a consequence, vent site
mineralization contains abundant barite, atypical for MAR
sites. LS hydrothermal deposits were classified by Rouxel
et al. (2004) into three types based on vent structures,
mineral abundance and zonation. Type A deposits (Cu-
rich) precipitate directly from black smokers formed at a
high temperature (TN300 °C). These chimneys are
dominated by chalcopyrite and anhydrite within the inner
and outer walls, respectively, with minor sphalerite and
pyrite/marcasite. Type B deposits (Fe–Ba-rich) are formed
as a consequence of low-temperature discharges (chimneys
and diffusers), characterized by low velocity and metal-
depleted fluids. The major minerals that form in these
deposits are Fe sulphides and barite. Type C deposits (Ba–
Zn-rich) are formed near the base of spires, where
hydrothermal fluids with temperatures between 180 °C
and 220 °C become trapped under horizontal structures.
Type C deposits are characterized by abundant barite that
constitutes the matrix of sulphide minerals, with sphalerite
being the dominant sulphide phase.

Previous studies of LS sediments have described and
mapped sediment distribution at the site (Langmuir et al.,
1997; Ondréas et al., 1997; Humphris et al., 2002; Barriga
et al., 2003), although no elemental and isotopic analyses
of the sediments have been performed. Thus geochemical
data for LS vent fluids and basalts are available but there is
no information on LS sediment geochemistry. In order to
fill this gap, the mineralogy, geochemistry and Pb and Nd
isotopic composition of a near-vent sediment core from LS
hydrothermal site was studied. The sedimentary data are
compared with published data for LS hydrothermal fluids
and basalts in order to understand the interaction between
these three reservoirs. Relevant geochemical data from
other hydrothermal sediments were also used for compar-
ison in order to interpret hydrothermal processes ongoing at
LS and assess the history of hydrothermalism at this site.
Therefore this study contributes to the understanding of
hydrothermal processes by integrating geochemical
sediment data with published data from active vents and
basalts from LS hydrothermal field.
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2. Geological setting

The LS hydrothermal field is located 600 km south of
the Azores (Fig. 1), between the Pico (38°N) and
Oceanographer Fracture Zones (35°50'N). This section
comprises six second order segments, referred to as PO1
to PO6, separated by left lateral non-transform offsets
(NTOs; Fig. 1) (Parson et al., 2000). The LS second
order segment (37°17'N; 32°17'W), extends for 65 km
with a constant width of about 11–12 km and the axial
seafloor depth varies between 3000 and 1500 m. The
crustal thickness along the LS segment was estimated by
Detrick et al. (1995) to be 9 km. This is substantially
thicker than normal ocean crust, and similar to the 10 km
model crustal thickness estimated for the centre of the
Azores platform (Sinha and Louden, 1983), reflecting
the influence of the Azores hot spot. The most dominant
feature of the LS segment is a prominent seamount in
the centre of the rift valley. The seamount, at 37° 17'N,
has an area of approximately 50 km2 and consists of
three cones rising 150 m above a central depression
where a lava lake is located (Fouquet et al., 1995).

Hydrothermal activity at LS surrounds the lava lake
(Fig. 2) and is characterized by active and inactive vents,
flanges and diffuse activity (Fouquet et al., 1995; Langmuir
et al., 1997; Cooper et al., 2000; Humphris et al., 2002;
Barriga et al., 2003).
Fig. 1. Area between the Pico Fracture Zone (PFZ) and the Oceanographer F
Azores Triple Point (ATZ) showing the Lucky Strike segment (PO1) and hy
The Northern region of the site is characterized by
scarce sediment coverage and consists mainly of (1) low-
temperature (b200 °C) diffuse flow and flanges formed
essentially by barite, pyrite and sphalerite; (2) inactive
vents formed by pyrite, chalcopyrite, atacamite and
nontronite and; (3) active vents (e.g. Statue of Liberty
and Sintra) with fluid temperatures ranging from 157 to
212 °C, lined with marcasite and minor amounts of
chalcopyrite and sphalerite. The outer walls of these
chimneys are composed bymarcasite, barite and sphalerite.

The Southern region has the most focused flow with
high-temperature (300–333 °C) black smoker vents (e.g.
Eiffel Tower, Markers 5–7 and 2607–8 vents). The
interior of the chimneys walls consists of massive chalco-
pyrite and sphalerite and the outer walls by pyrite and
minor amounts of sphalerite and marcasite. Some vents
also have bornite, covellite, digenite, amorphous silica
and barite (Langmuir et al., 1997). In this area, LS hydro-
thermal deposits consist mainly of high-temperature sul-
phide minerals such as chalcopyrite, sphalerite and pyrite,
but other minerals such as barite and anhydrite also occur.
The area between the more vigorous black smokers is
characterized by inactive vents and diffuse flow, aswell as
by active white smokers (e.g. Mário Soares, Tony Blair
and Isabel vents) with flanges formation that grow
through sulphide deposits and slabs. The Southern region,
especially between the two volcanic summits, is where the
racture Zone (OFZ) along the Mid-Atlantic Ridge (MAR), south of the
drothermal field.



Fig. 2. Bathymetric map of Lucky Strike site area showing the location of the L151 sediment core (star). The hydrothermal vents adjacent to the L151
core location are also shown. White smokers are identified by white text boxes and black smokers by black text boxes.
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sedimentary cover is most significant and where the
sediment core studied in this work was collected.

3. Sampling and methods

Sampling was carried out in the MOMAR region,
during SEAHMAcruise (Barriga et al., 2003) in July 2002.
A 30 cm “push-corer” deployed by ROV Victor recovered
a 22 cm core (herein referred to as L151) of hydrothermal
sediment. The core did not suffer any apparentmodification
during sampling and was collected intact and stored
vertically until subsectioning.

During the ROV Victor dive several vigorously active
white smoker vents and fluid diffusers were observed. To
ensure that the collected sediment could be related to
specific LS hydrothermal feature, a sedimented area in
close vicinity to the vents was selected for sampling. The
core was collected in an area located between slabs, at the
base of Mário Soares vent (37°17.41'N; 32°16.58'W), an
area characterized by low-temperature (103 °C, measured
during SEAHMA cruise) white smoker vents and diffuse
activity. The nearest black smoker vents are located 300m
northeast (Sintra and Statue of Liberty) and 200 m
southeast (Eiffel Tower) of the coring site (Fig. 2).

The core was split longitudinally and the working half
sliced into 2-cm horizontal sections for petrographic and
geochemical analyses. Sediment sub-sampleswere impreg-
nated in epoxy resin and polished for mineral identification
by reflected and transmitted light microscopy.

Major, minor and REE concentrations were determined
by inductively coupled plasma optical emission spectro-
metry (ICP-OES), inductively coupled plasma mass
spectrometry (ICP-MS) and instrumental neutron activa-
tion analysis (INAA) (Appendix A). Geochemical analyses
were carried out at “Activation Laboratories, Ltd”
(ACTLABS, Ontario, Canada) following standard proce-
dures. The standards used were: SY3, MRG1,W2, DNC1,
BIR2, G2, NBS, STM, IF-G and AC-E; and for REE:
MAG1, BIR1, DNC1, GXR2, LKSD3, MICA-Fe, GXR1,
SY3, STM and IFG1. The precision was better than ±1–
2% for major oxides, 5% for REE and 5–10% for the other
elements.

Radiogenic isotopes (Pb and Nd) were measured at
the National Oceanographic Centre, Southampton
(NOCS). 0.25 g of dried, powdered sample was digested
by a four-step procedure: (1) 6 M HCl; (2) a mixture of
3 ml HCl and 1 ml of HNO3; (3) 3 ml HF and, finally, (4)
1.5 ml HBr. At the end of each digestion step the samples
were dried on a hotplate. Separation of Pb isotopes was
achieved using a routine column ion-exchange techni-
que, where cations including Nd, Sr, Hf, and Zn were
first removed using a mixture of 0.25 M HBr+0.5 M
HNO3, followed by elution of Pb from the column with
6 M HCl.
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For the Nd isotope analyses, the solution recovered
from the Pb columns was dried down in a Teflon vial
and the residue was dissolved in 2 ml 2.2 M HCl before
separation on the Nd columns. Nd was separated using a
routine two column ion-exchange technique, which first
extracts REE through a cation exchange column using
6 M HNO3, followed by a separation of Nd through a
second column, using 6 M HCl.

Nd and Pb isotopes were measured on a Micromass
IsoProbe MC-ICP-MS. Nd isotope ratios were determined
as the average of N80 ratios by measuring ion intensities in
static collection mode. Average ion beam intensities were
N2.0×10−11A 144Nd for all measurements. Isotope ratios
were normalized to 146Nd/144Nd=0.7219. The measured
value for JNdi during this study was 143Nd/144Nd=
0.512042±16 (n=11) during the run period and samples
were corrected to JNdi=0.512115. Lead isotopes were
corrected for mass bias using a Tl-spike. Reproducibility of
NBS 981 (±2σ; n=16) for 206Pb/204Pb, 207Pb/204Pb and
208Pb/204Pb was better than 0.0072, 0.0040 and 0.0120,
respectively. Pb blanks were b50 pg and are considered
negligible. The ɛNd(0) values were determined by
comparison to the chondritic uniform reservoir (CHUR)
for the present day, where (143Nd/144Nd)CHUR=0.512638.

4. Results and discussion

4.1. Petrographic description

The L151 sediment core consists of greyish unconso-
lidated sediment comprisingmillimeter-sized sulphide and
sulphate grains. Petrographic observations (Table 1) reveal
that the mineralogy is dominated by sphalerite, chalcopyr-
Table 1
Brief description and summary of mineralization for Lucky Strike sediment

Core section
(cmbsf)

General description

0–2 Dominated by well crystallized barite forming the matrix
Micro-chimney structures were observed, with chalcopyrite
being filled by sphalerite. Pyrite is present as grains dissem

4–6 Crystals of barite and disseminated sulphide minerals.
observed. Millimetric aggregations of sulphide grains are a

6–8 Mainly disseminated sulphide minerals and crystals of bar

8–10 Mainly disseminated sulphide minerals and crystals of bar

10–12 Mainly disseminated sulphide minerals. Some millimetric

12–16 Mainly disseminated sulphide minerals with significant o
basalts were observed.

18–22 Sulphides (b30% of total) are disseminated in an oxide mat
present.

Brt=barite; Sph=sphalerite; Cpy=chalcopyrite; Py=pyrite.
ite, pyrite and barite. Barite is themost abundantmineral in
the upper layers (0–5 cm below seafloor (cmbsf)). This
mineral forms a matrix within which sulphide minerals
occur as millimeter-sized aggregates and also forming
micro-chimneys. Chalcopyrite fills the interior of these
conduits while sphalerite appears in the outer part.
Sulphide phases are predominant below 5 cmbsf and
occur in an aggregated form, with pyrite as the minor
sulphide phase. A slight oxidation of sulphides was
observed below 11 cmbsf, indicated by an intense orange
colouration of the sediment. Below 18–20 cmbsf altered
basalt fragments (b1 cm in size) are visible. According to
the classification described for LS deposits (Rouxel et al.,
2004), the L151 sediment core layers can be classified as
forming from type B and C deposits related to lower
temperature venting (b220 °C) and diffuse flows (Rouxel
et al., 2004). Core L151 was collected at the base of a low-
temperature white smoker (Mário Soares; T=103 °C;
Fig. 2) where an abundant diffuse flow was observed.

4.2. Downcore distribution of elements

The geochemistry of core L151 is tabulated inAppendix
A. The Fe content is relatively enriched throughout
(N4.2%) and maxima occur at 0–2, 5–6 and 13–
16 cmbsf with values of 7.7, 7.5 and, 10.8% respectively.
The close correlation between Fe and S content downcore
(Spearman correlation, rs=0.93, N=8, Pb0.001) suggests
that these elements are incorporated in sulphide phases.
Copper concentrations are low (b0.8%) when compared
with other near-vent metalliferous sediments from seafloor
hydrothermal systems: for the OBS site (East Pacific Rise)
the average Cu concentration is 17% (German et al., 1999);
core (L151)

Mineralization

, with microscopic aggregates of sulphide minerals.
filling the inner parts of the channels and the outer part
inated in the matrix.

Brt+Sph+
Cpy+Py

Sulphide veins and micro-chimney structures were
lso present.

Btr+Sph+
Cpy+Py

ite. Sph+Cpy+
Brt±Py

ite. Sph+Cpy+
Brt±Py

fragments of altered basalt fragments were observed. Sph+Cpy±
Py±Brt

xide content. Some millimetric fragments of altered Sph+Cpy±
Py−Brt

rix. Significant numbers of altered basalt fragments are Sph+Cpy±
Py
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for TAG (MAR) it ranges from 0.5 to 4% (German et al.,
1993; Mills et al., 1993). The higher Cu concentrations
occurred at 5–6 and 11–12 cmbsf (0.6 and 0.8%, respec-
tively). The Cu/Fe ratio is consequently higher in these two
layers (0.08 and 0.1%, respectively), implying the presence
of Cu contain minerals. Petrographic observations reveal
sphalerite and chalcopyrite as the dominant sulphide phases
between 4 and 12 cmbsf and no oxidation was evident.

Downcore distribution of Pb follows the same trend as
Fe and S. Vertical profiles of Cu+Fe+Pb and S (Fig. 3)
are highly correlated (rs=0.95, N=8, Pb0.001). This
implies that Pb is incorporated into sulphide phases. The
sediment is extremely Zn-rich with concentrations
N10,000 ppm (upper detection limit) and this is consistent
with the presence of significant amounts of sphalerite
throughout the core.

Manganese and Mg concentrations are very low.
Manganese concentration does not vary downcore and
has an average content of 0.003%. The Fe/Mn ratio
downcore is high and ranges from 1134 to 3218 which is
consistent with the near-vent setting with minimal oxidised
Mn inputs. These ratios are similar to those reported for
OBS (900–2400) and TAG (900–2000) near-vent sedi-
ments (German et al., 1999) and much higher than local
pelagic sediments (e.g. BOFS Fe/Mn ∼17, Cave et al.,
2002). Magnesium has an average content of 1.8% with
significant variation downcore (Fig. 3), with maximum
values at 7–10 and 20–22 cmbsf, and with an opposite
trend to the Cu+Fe+Pb profile. The Mg content of core
L151 is controlled by stronger seawater input to the
sediment or could result from rock forming minerals being
more abundant in these layers.

The Al and Ca concentrations are low suggesting
negligible detrital and biogenic inputs. However, a slight
increase in these elements at the deepest layer was
observed, suggesting a larger contribution of non-hydro-
Fig. 3. Downcore distribution of S, Cu+Fe+Pb and Mg in the Lucky
Strike L151 sediment core.
thermal sources. Lithoclastic fragments of altered basalts
were found in the deepest layer, probably contributing to
the observed Al and Ca enrichment.

Uranium enrichment is observed in the deeper part of
the core (N7 cmbsf: UN10 ppm), especially between 9 and
12 cmbsf (U=14–15 ppm). High U/Fe ratios (2.2–
2.6×10−4) occur in this interval, but also at the deepest
layer (20–22 cmbsf, U/Fe=2.2×10−4). In sediments con-
taining sulphidic phases (e.g. TAG), the highU/Fe ratio has
been explained by the uptake of seawater U into sulphide
phases during oxidation processes resulting from seawater
diffusion through the sediments after sulphide precipitation
(e.g. German et al., 1993; Mills et al., 1993; German et al.,
1995). The highest U/Fe ratios in L151 occur in layers
dominated by sulphide phases without pelagic components
andwhere oxidation of the sulphideminerals is observed.U
is inferred to be taken up from seawater during sulphide
alteration in this setting. The V/Fe is positively correlated
with the U/Fe ratio (V/Fe, rs=0.78, N=8, P=0.02) sug-
gesting that V uptake from seawater is also occurring
during sulphide oxidation (c.f. Escanaba Trough, German
et al., 1995 and TAG, German et al., 1993; Mills et al.,
1993).

In order to understand the relative contribution of
hydrothermal fluids and seawater to the composition to
the L151 sediment, some major and trace elements from
the core and the LS fluids were normalized to LS standard
seawater (Von Damm et al., 1998; Charlou et al., 2000)
(Fig. 4). The pattern for seawater normalized elements of
L151 sediment is clearly similar to LS fluids, showing
significant enrichment of Fe, Cu, Zn and Si contents
relatively to seawater, suggesting a hydrothermal origin
for these elements. LS sediments are enriched in Na, Mg,
K and Ca relative to seawater, while LS vent fluids are
depleted in these elements. Thus we infer a detrital origin
for these elements within LS sediments, consistent with
the observed altered basalt fragments in the sediment core.

4.3. REE distribution

REE concentrations (Table 2) have been normalized to
the chondrite values (Taylor and McLennan, 1985). The
deviations of Eu andCe from their neighbourswere defined
by Eu and Ce anomalies (Eu/Eu⁎=(Eu/Euchond.) / [(Sm/
Smchond.+Gd/Gdchond.) /2] and Ce/Ce⁎=(Ce/Cechond.) /
[(La/Lachond.+Pr/Prchond.) /2]) (Table 2).

Chondrite-normalized REE distribution patterns show
pronounced vent fluid characteristics: strong enrichment
in LREE, positive Eu anomaly (Eu/Eu⁎=1.35–8.89) and
weak negative Ce anomaly (Ce/Ce⁎=0.70–0.88)
(Fig. 5A). REE patterns for the upper sediment core (0–
2 and 3–4 cmbsf ) exhibit a pronounced positive Eu



Fig. 4. Average values of Na, Mg, Si, Ca, Mn, Fe, Cu, Zn in the Lucky
Strike sediment core (L151) and Lucky Strike vent fluids normalized
to LS seawater. Lucky Strike vent fluids and seawater data from Von
Damm et al. (1998) and Charlou et al. (2000).
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anomaly (Eu/Eu⁎=5.85 and 8.89) and a strong enrichment
in LREE, with a Lan/Ndn ratio of 4.5 and 3.3, respectively.
These patterns are very similar to those of LS vent fluids
(Klinkhammer et al., 1995;Douville et al., 1999) (Fig. 5B).
The similarity to hydrothermal fluids and an absence of a
significant Ce anomaly indicates that the upper core is
derived directly from hydrothermal sources.

The upper core has a distinctive REE pattern with a
pronounced Eu anomaly and an enrichment in LREE, with
an average Lan/Smn of 10.38, much higher than in the
underlying layers (mean Lan/Smn=3.63). This is directly
related to the mineralogy which is characterized by abun-
dant, well crystallized barite. Hydrothermal barite has a
characteristic REE pattern related to preferential substitu-
tion of the smaller LREE and Eu2+ into the BaSO4 lattice
(Guichard et al., 1979; Morgan and Wandless, 1980).

Below 5 cmbsf the REE patterns exhibit a less pro-
nounced positive Eu anomaly (mean Eu/Eu⁎=1.60) and a
heavy REE (HREE) enrichment (Fig. 5B), which is a
consistent feature of altered sulphidic hydrothermal sedi-
Table 2
Lucky Strike sediment core (L151) REE concentrations

(ppm) La Ce Pr Nd Sm Eu Gd Tb D

L151
(cmbsf)

(0–2) 7.10 8.80 0.93 3.10 0.36 0.87 0.57 0.11 0.
(3–4) 5.97 8.20 0.95 3.50 0.45 1.60 0.67 0.14 0.
(5–6) 6.78 11.0 1.34 5.21 1.23 0.70 1.03 0.19 1.
(7–8) 6.13 11.4 1.44 5.71 1.41 0.71 1.20 0.21 1.
(9–10) 6.17 10.6 1.33 5.00 1.24 0.72 1.22 0.22 1.
(11–12) 9.82 14.4 1.69 5.76 1.25 0.56 1.25 0.23 1.
(13–16) 11.9 19.2 2.44 9.30 2.09 1.09 2.42 0.41 2.
(20–22) 19.30 31.2 3.65 13.60 3.12 1.56 2.98 0.48 3.
Mean 9.15 14.4 1.72 6.40 1.39 0.98 1.42 0.25 1.
ments from other sites (e.g. TAG; Mills and Elderfield,
1995b).

A stronger hydrothermal input to the upper part of the
core is evident from the REE patterns, with a strong Eu
positive anomaly and lowREE content. This suggests that
the sediment is composed ofminerals directly precipitated
from the vent fluids, negligibly mixed with seawater. The
progressive decrease in the Eu anomaly and the increase
in REE concentrations down core suggest a more
significant seawater REE contribution in deeper layers.
The same evidence could be expressed as REE/Fe, once
this ratio has a downcore increase. Studies on hydro-
thermal sediments fromOBS and TAGhave also revealed
an increase in REE/Fe ratio as a result of strong seawater
influence (German et al., 1990; German et al., 1999).

Previous studies on metalliferous sediments from the
TAG field (German et al., 1993; Mills et al., 1993) have
revealed REE patterns similar to that of the L151 core
(Fig. 5B), with positive Eu anomalies and negligible Ce
anomalies, also being interpreted as vent fluid derived. The
particular REE pattern revealed by the presence of barite in
L151 is comparable with patters observed in TAG hydro-
thermal sediments (Mills and Elderfield, 1995b). In this
case a similar patter occurs due to anhydrite presence
which has similar crystallographic control as barite.

4.4. Pb isotope composition

In hydrothermal sediments, Pb may derive from the
upper oceanic crust, from pelagic sediments or from un-
modified seawater. The Pb isotopic composition provides a
powerful tool to determine the relative contribution of
crustal (non-radiogenic) or pelagic (radiogenic) sources. Pb
isotope data for core L151 are listed in Table 2. In order to
interpret the distribution of Pb isotopes, data were plotted
on the conventional inter-isotopic ratio diagrams (Fig. 6).
LS isotope Pb ratios were plotted together with: (1)
Northern Hemisphere Reference Line (NHRL) according
y Ho Er Tm Yb Lu Ce/
Ce⁎

Eu/
Eu⁎

Lan/
smn

Ndn/
Ybn

REE/Fe
(×10−5)

70 0.15 0.45 0.00 0.48 0.06 0.70 5.85 12.41 2.25 3.09
86 0.17 0.50 0.00 0.52 0.08 0.74 8.89 8.35 2.35 5.63
23 0.26 0.77 0.12 0.78 0.11 0.81 1.85 3.47 2.33 4.11
43 0.30 0.90 0.14 0.9 0.12 0.88 1.63 2.74 2.21 4.61
41 0.30 0.91 0.14 0.86 0.13 0.84 1.77 3.13 2.03 5.57
48 0.30 0.89 0.13 0.93 0.13 0.77 1.36 4.94 2.16 5.73
82 0.61 1.78 0.27 1.75 0.26 0.80 1.48 3.58 1.85 5.21
02 0.63 1.81 0.26 1.64 0.25 0.82 1.54 3.89 2.89 18.95
62 0.34 1.00 0.13 0.98 0.14 0.79 3.05 5.32 2.26 6.61



Fig. 5. Chondrite-normalized (Taylor and McLennan, 1985) REE
distribution patterns for: (A) sediment layers of the Lucky Strike L151
core; (B) average L151 top, middle and bottom layers, average Lucky
Strike vent fluids (Klinkhammer et al., 1995; Douville et al., 1999),
average deep seawater (1500–2500 m: Elderfield and Greaves, 1982) and
TAG hydrothermal sediments (German et al., 1993; Mills et al., 1993).

Fig. 6. Diagrams of (A) 206Pb/204Pb versus 207Pb/204Pb and (B)
206Pb/204Pb versus 208Pb/204Pb for Lucky Strike L151 sediment core.
Shown for comparison: Pb isotope ratios from double-spike corrected
data of Lucky Strike basaltic rocks defined by Ferreira (2006) as G1
and G2 (rocks collected in the central part of the LS segment) and G3
(rocks collected in the segment borders); Lucky Strike basalts (B) from
Dosso et al. (1999); TAG metalliferous sediments and sulphides and
OBS hydrothermal sediments (German et al., 1993; Mills et al., 1993;
Andrieu et al., 1998; German et al., 1999). The NHRL represents the
“Northern Hemisphere Reference Line” defined by Hart (1984) from
mid-ocean ridge normal basalts of the northern hemisphere; the NASL
represents the “North Atlantic Sediment Line” defined by Atlantic
sediments Pb isotope ratios of Mn nodules, pelagic, terrigenous and
biogenic sediments (Ben Othman et al., 1989).
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to Hart, (1984); (2) North Atlantic Sediment Line (NASL)
defined by Atlantic sediments Pb isotope ratios of Mn
nodules, pelagic, terrigenous and biogenic sediments (Ben
Othman et al., 1989) and; (3) a broad area defined by Pb
isotope ratios from LS basalts (Dosso et al., 1999; Ferreira,
2006). LS basalts studied by Ferreira (2006) are projected
as G1, G2 and G3. The last group was collected in the
extremities of the LS segment and the first two at the central
part of the segment,where the hydrothermal field is located.
The Pb isotopic ratios of LS sediments are homo-
geneous, with 206Pb/204Pb=18.987–19.010; 207Pb/204Pb=
15.562–15.572 and 208Pb/204Pb=38.579–38.624. Data
plot on the NHRL domain enclosed within the field of the
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Pb isotopic ratios for LS basalts (Fig. 6). When compared
with NASL, L151 is less radiogenic than background
North Atlantic sediments and is significantly influenced
byMORB derived Pb. The L151 Pb isotopic composition
is closest to LS basalt domain G1 and G2 (Ferreira, 2006).
This suggests that the L151 minerals precipitated from
hydrothermal fluids that percolated through basaltic rocks
in the central part of the spreading segment. In comparison
with TAG and OBS hydrothermal sediments (German
et al., 1993; Mills et al., 1993; Andrieu et al., 1998;
German et al., 1999), LS sediments are much more
radiogenic, reflecting the influence of the Azores hot spot.
Dosso et al. (1999) studied themantle heterogeneity along
the Mid-Atlantic Ridge between 31°N and 41°N and
showed that ridge segments closer to the Azores Triple
Junction are the most radiogenic, being the least radio-
genic found furthest from the Azores, south of the Hayes
Fig. 7. (A) Relative frequency of 143Nd/144Nd ratios for sediments from the
(Ferreira, 2006) and B (Dosso et al., 1999). Seawater (Piepgras and Jacobsen
represented for comparison; (B) Eu anomalies versus ɛNd(0) diagram; (C) ɛN
TAG metalliferous sediments (Mills et al., 1993) is also shown for comparis
Fracture Zone, where TAG hydrothermal field is situated.
These data support the hypothesis that variability in the
basalt Pb isotope ratio is responsible for the differences
observed at sediments along the MAR.

4.5. Nd isotope composition

143Nd/144Nd isotope ratios and ɛNd(0) values from core
L151 are listed in Table 2 and plotted in Fig. 7. Data from
local basalts (Dosso et al., 1999; Ferreira, 2006), modern
seawater values (Piepgras and Jacobsen, 1992) and hydro-
thermal sediments from TAG are also plotted for
comparison. Samples from L151 exhibit slightly less ra-
diogenic 143Nd/144Nd ratios (143Nd/144Nd=0.5129–
0.5130; ɛNd(0)=0.45–0.73) than LS basalts from G3
and G2 (143Nd/144Nd=0.5130–0.5131; ɛNd(0)aver-
age=0.88), but similar values to G1 basalts (143Nd/
L151 core. Nd isotope ratios from Lucky Strike basalts G1, G2, G3
, 1992) and TAG metalliferous sediments (Mills et al., 1993) are also
d(0) data versus 1/Nd diagram for sediments from L151 layers. Data for
on.
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144Nd=0.5130; ɛNd(0)mean=0.72). Only two of the L151
core sediment samples from deeper layers (12–15 cmbsf)
have lower Nd ratios (143Nd/144Nd=0.5129; ɛNd(0)
=0.45–0.57) than all the LS basalt groups (Fig. 7A). The
less radiogenicNdvalues of the lower core are explained by
seawater/normal pelagic sediment contributions, especially
below 11 cmbsf, supporting the REE data and bulk
geochemical evidences. Nd isotopes data are consistent
with the inference from the Pb isotopes which suggest that
the hydrothermal fluid has circulated through basalts with
geochemical characteristics similar to the central part of the
LS segment basalts (G1; Ferreira, 2006). Two distinct
groups of samples are evident in the plot of Eu anomalies
versus ɛNd(0) values (Fig. 7B). The upper sediment core
has large Eu anomaly and more radiogenic Nd isotopes,
suggesting that the minerals have precipitated directly from
hydrothermal fluidswithout seawater REE contribution. At
depth in the core (below 11 cmbsf), the Eu anomaly is less
pronounced and the seawater input is more evident. There
are significant, differences between LS and TAG sediments
(Fig. 7C), interpreted to result from different seawater
contributions to the sediments at each site. The interpreta-
tion for the low ɛNd(0) for the TAG metalliferous
sediments is the intense REE scavenging from seawater
during sulphide alteration (Mills et al., 1993). This
comparison between TAG and LS shows, once again, the
weak interaction of seawater with the LS sediment core.

5. Conclusions

Sediment core L151 was collected from the LS hydro-
thermal field in an area where white smokers and diffuse
flow are the dominant forms of hydrothermal activity. The
sediment consists mainly of hydrothermal minerals: sphal-
erite, chalcopyrite, pyrite and barite. The described
mineralogy is similar to that of the Ba-rich deposits (type
B and C) studied by Rouxel et al. (2004). Barite dominates
in the upper layer (0–5 cmbsf) and sulphide minerals are
mainly present below this layer. Elemental geochemistry
revealed that the L151 core is rich in metals that have
precipitated directly fromLS vent fluids. Cu, Zn, Fe and Pb
are mainly incorporated in sulphide phases and Fe/Mn
ratios confirm the near-vent provenance. Petrographic ob-
servations and geochemistry of the deeper layers indicate
more significant oxidation. Geochemical evidence for ox-
idation and seawater influence includes higher REE
content, higher U/Fe andV/Fe ratios and lower Nd isotopic
ratio. Altered basalts are also more abundant in the deeper
layers, leading to higher contents of Al, Mg, Ti, Na, K and
Ca and lower contents of transition metals and S.

Chondrite normalizedREEpatterns for the upper part of
the core are similar to LS hydrothermal vent fluid patterns,
with a strong Eu anomaly and negligible Ce anomalies,
suggesting that REE have been deposited from vent fluids
with negligible interaction with seawater. In the deeper
layers, the REE concentrations are higher and exhibit REE
distribution patterns which may reflect seawater input or
more extensive alteration of the sulphide mineralization.
Sediments from deeper layers most probably have under-
gone interaction with seawater before being buried by the
overlying barite rich sediments. REE patterns in the upper
layers are strongly controlled by mineralogy, with the
strong positive Eu anomaly and the high Lan/Smn ratios
being a consequence of abundant barite.

Pb isotopic compositions for the L151 metalliferous
sediment coincide with local basalts from the centre of the
segment and are non-radiogenic when compared to
pelagic sediments. Pb has been leached from LS basalts
by hot fluids and precipitated within the minerals forming
the LS metalliferous sediments. Pb isotopic ratios are
more radiogenic, than other MAR sediments, as LS
basalts are also more radiogenic due to their proximity to
the Azores hot spot. The Pb and Nd isotopic composition
of LS sediment core and LS basalts reveals that
hydrothermal fluids have circulated through LS un-
derlying rocks and allows, within the range of basalts
sampled along the LS segment, to identify the source
basalt for this deposit (G1).

Geochemical data show that minerals from L151
sediment core have precipitated directly from hydrothermal
fluids circulating through the underlying rocks, and that no
time for extensive seawater–sediment reactions has
occurred. However, the data suggest stronger seawater
input within the deeper layers. This could be explained by
variable activity of the hydrothermal system during the
sediment formation, suggesting different pulses of activity
of the LS hydrothermal system.
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Appendix A. Lucky Strike sediment core (L151) oxides concentrations

Element
L151
(cmbsf)

(%)
Detection
limit

SiO2

0.01
Al2O3

0.01
Fe2O3

(T)
0.01

MnO
0.001

MgO
0.01

CaO
0.01

Na2O
0.01

K2O
0.01

TiO2

0.002
P2O5

0.01

(0–2) 30.72 11.60 10.94 0.005 2.54 0.27 1.85 0.12 0.630 0.00
(3–4) 33.13 13.37 6.00 0.003 2.87 0.19 1.99 0.10 0.767 0.00
(5–6) 34.44 14.01 10.69 0.003 3.01 0.24 2.09 0.13 0.787 0.00
(7–8) 39.73 15.99 9.93 0.003 3.56 0.24 2.38 0.18 0.901 0.00
(9–10) 38.58 15.65 7.77 0.003 3.43 0.24 2.37 0.18 0.897 0.00
(11–12) 36.70 15.16 9.68 0.003 3.16 0.31 2.26 0.16 0.981 0.00
(13–16) 34.81 14.11 15.46 0.005 2.46 0.23 1.82 0.19 0.441 0.00
(20–22) 43.41 21.31 6.30 0.005 3.24 2.68 1.91 0.14 1.004 0.19
Mean 36.44 15.15 9.60 0.004 3.03 0.55 2.08 0.15 0.801 0.02
SD 4.04 2.85 3.04 0.001 0.40 0.86 0.23 0.03 0.190 0.07

Appendix B. Lucky Strike sediment core (L151) elements concentrations

L151 (cmdbf)

Element (ppm) Detection limit (0–2) (3–4) (5–6) (7–8) (9–10) (11–12) (13–16) (20–22) Mean

S (%) 0.001 10.700 8.060 10.800 9.260 8.740 9.730 18.000 6.610 10.237
Ti 0.05 3776.90 4598.23 4718.13 5401.57 5377.59 5881.18 2643.83 6019.06 4802.06
Sc 0.01 22.2 26.6 25.7 31.4 35.7 32.5 15.8 34.5 28.05
V 5 303 310 320 346 335 380 346 354 336.75
Cr 0.5 269 330 337 424 522 433 167 470 369
Co 0.1 17.5 15.6 18.2 24.3 28.7 28.5 56.7 39.7 28.7
Ni 1 46 41 49 61 60 63 152 113 73
Cu 1 1960 1850 5920 3710 3940 7850 3270 1790 3786
Zn 1 N10,000 N10,000 N10,000 N10,000 N10,000 N10,000 N10,000 N10,000 N10,000
Ga 1 25 21 23 19 19 21 57 29 27
Ge 0.5 1.0 1.0 1.1 0.7 1.1 1.3 0.8 0.8 1.0
As 1 53 28 46 77 74 76 100 22 60
Br 0.5 42.1 43.5 45.9 57.7 68.3 54.7 51.3 33.7 49.7
Sr 2 2198 1365 636 315 544 475 422 71 753
Y 1 4 5 7 8 8 8 18 20 10
Zr 1 38 48 47 54 53 62 40 64 51
Nb 0.2 9.3 11.6 11.8 13.7 13.4 15.8 10.3 24.1 13.8
Mo 2 29 18 26 25 28 25 56 30 30
Ag 0.5 13.3 8.7 15.9 14.5 12.6 16.8 9.8 6.5 12.3
Cd 0.5 359 392 368 250 260 237 689 295 356
Sb 0.1 4.9 4.1 7.2 8.1 7.6 11 8.1 3.7 6.8
Ba 1 106,700 83,740 49,830 17,190 30,970 31,110 27,290 1037 43,483
Au (ppb) 1 106 61 84 82 88 84 82 32 77
Pb 5 137 69 136 211 161 182 263 89 156
Th 0.05 0.75 0.83 0.93 1.09 1.07 1.15 1.16 1.86 1.11
U 0.05 6.64 7.79 9.59 12.8 14.1 15.00 10.3 9.62 10.73
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