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Diffuse and focused low-temperature fluids emanate at 9°33′S (Mid-Atlantic Ridge) and precipitate Fe–Si-
oxyhydroxides that form chimneys, mounds and flat-lying deposits. This extensive vent field, named Lilliput,
lies at the axial zone of a spreading segment with a significantly thickened crust (~11 km). Theoretically much
more heat needs to be removed from a thick-crust spreading center compared to a spreading center with
typical thickness of ~6 km. Therefore, settings with thickened crust should be favourable for supporting very
powerful hydrothermal systems capable of producing large mineral deposits. This is the first report on the
composition of seafloor hydrothermal deposits at abnormally thickened oceanic crust due to hotspot–ridge
interaction. Our studies revealed that generally the Lilliput hydrothermal deposits are very similar in
morphology, structure, composition and lateral extent to other low-temperature hydrothermal deposits of
mid-ocean ridges and intraplate volcanoes. Deposits at the Lilliput vent field are composed of Si-containing
goethite and ferrihydrite, have very low contents of a number of transition and rare earth elements and show
REE distribution patterns with negative Ce and Eu anomalies. The speciation and precipitation of the main
deposit-forming elements, Fe and Si, at the hydrothermal field appear to be partially controlled by live
microbes and exuded organic compounds. The δ18O values of the precipitated silica-containing Fe-
oxyhydroxides point to low-temperature formation and Sr–Nd–Pb–isotope variations suggest that the
hydrothermal precipitates scavenged metals predominantly from the ambient seawater. These findings are in
agreement with the biogeochemical scenario for their precipitation.
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1. Introduction

Seafloor hydrothermal activity at mid-ocean ridges (MOR), intra-
oceanic arcs and hotspots is one of the fundamental processes
controlling the transfer of heat and chemical species between the
lithosphere and the ocean (Elderfield and Schultz, 1996; German and
Von Damm, 2004). Seafloor hydrothermal systems are also of biological
importance because they support unique and rich ecosystems. The
biology in turn can affect precipitation of minerals. The MOR chain
transects all oceanbasins onEarth, and the diverse geological conditions
of submarine tectonic extension generate a great variety of hydrother-
mal vents and deposits. Since their discovery in 1977 (Corliss et al.,
1979; Spiess et al., 1980), scientists have investigated more than 200
seafloor vent fields (Hannington et al., 2005). However, the search for
hydrothermal sites has largely been constrained to thenorthernAtlantic
and Pacific Oceans. Vast segments of the MOR in the South Atlantic,
Indian, and Arctic Oceans remain virtually unexplored for hydrothermal
activity. These underexplored segments of the global MOR system
largely correspond to spreading centers where the tectonic extension
rates are very slow, and where lithospheric extension may be
accommodated by stable fault slip as opposed to volcanic accretion
(e.g., Dick et al., 2003). Based on seismic investigations some of these
slow-spreading centers are known to have thickened crust (~10 km), as
a result of high magma production due to hotspot–ridge interaction.
Therefore, this type of setting may be expected to support very active
and high-power hydrothermal systems, which can generate large
mineral deposits as theoretically,muchmore heat has to be transported
away from a thick-crust spreading center than from a spreading center
with a typical thickness of ~6 km. On the other hand, a crustal thermal
model (Chen, 2003) suggests that the thicker, hotter, more ductile crust
associated with hotspot-affected spreading centers has a substantially
reduced depth of brittle fracturing and consequent depth of seawater
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penetration. Hence, it might be expected that the hotspot stifles
convective hydrothermal cooling.

More than 40 hotspots are known to date (Richards et al., 1988).
Some of them lie as close to a MOR axis (b500 km) as to influence its
morphology (Ito and Lin, 1995). It appears that those ridge stretches
affected by a hotspot represent ~20% of the globalMOR chain, but very
little is still known about hotspot influence on the distribution and
composition of hydrothermal fields along the MOR. Despite intense
exploration efforts seafloor hydrothermal activity has been detected
(plume and deep-towed camera surveys) only on three of these
hotspot–ridge intersections: the Iceland hotspot—Reykjanes Ridge
(German et al., 1994), the Amsterdam–St. Paul hotspot—Southeast
Indian Ridge (Johnson et al., 2000), and the Galápagos hotspot—
Galápagos spreading center (GSC) (Baker et al., 2008). The first two
fields appear unusually deficient in hydrothermal activity compared
Fig. 1. Bathymetric map (AUV high-resolution multi-beam mapping; RESON SEABAT 7125) of t
Verde Fracture Zones (inset map) showing the hydrothermal vent sites and sampling sites a
the parallel fissures east of the ridge and the faulted western rift flank. The five currently kn
interpreted as a young lava flow (Haase et al., 2009).
with that at the GSC with clear evidence for high-temperature
hydrothermal vents. All they have abnormally thickened oceanic
crust: N8 km. However, there are no reports on the composition of
hydrothermal deposits of any of them to date. The surprising rarity of
hydrothermal activity at such spreading centers motivated our efforts
to seek hydrothermal sites hosted by thickened crust in other areas
along the mid-ocean ridges.

The recent discovery of low-temperature hydrothermal venting at
a spreading center near 9°30′S on the slow-spreading Mid-Atlantic
Ridge (MAR) has shown that such thickened (~11 km) oceanic crust
can host hydrothermal systems (Haase et al., 2009; Fig. 1) that might
be different from their thin-crust counterparts.

Here we report on the mineralogy and geochemistry of the low-
temperature deposits from this new hydrothermal system (Lilliput
field, 9°33′S MAR), and propose possible scenarios for their formation.
he volcanically active part of segment A3 of the MAR between the Ascension and Bode
t the Lilliput vent field. Note the row of pillow mounds forming an axial volcanic ridge,
own diffuse hydrothermal vent sites occur east of the volcanic ridge within a flat area
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2. Geological setting

TheMARbetween theAscension and the BodeVerde fracture zones
has been explored for recent volcanic events and related hydrothermal
activity during three cruises of the R/VMeteor (M64/1 in 2005, M68/1
in 2006 andM78/2 in 2009) (Haase et al., 2009). Previous geophysical
studies of the MAR between these major fracture zones estimated
that the full spreading rate is 32–33 mm/yr (DeMets et al., 1994) and
established that the ridge consists of 4 segments termed A1 to A4
(Minshull et al., 1998; Bruguier et al., 2003) (Fig. 1). The considerable
gravity anomalies along these ridge segments have been attributed
(Bruguier et al., 2003) to variations in crustal thickness. The Lilliput
hydrothermal field, which was discovered during hydrothermal
plume exploration, ROV dives and AUV mapping at 9°33´S MAR
(Fig. 1), lies at segment A3. This segment has experienced ridge jumps
since ~1 Ma, it is the shallowest of the 4 segments and is characterized
by a 70 km long axial highwith 2 large off-axis seamounts located east
of the ridge axis (Brozena, 1986). It has a significantly thickened crust
Fig. 2. Lilliput hydrothermal deposits: (A), (B) yellow, clump-like structures on basalt flows;
basalt pillows; (E) area of low-temperature diffuse venting (T~10 °C) in the Main Lilliput field
Si-oxyhydroxides to the right; (F) close-up of panel E showing white bacterial mats on ora
of ~11 km (gravimetric modelling; Bruguier et al., 2003). The size and
shape of segment A3 are similar to the volcanically and hydrother-
mally active CoAxial Segment on the Juan de Fuca Ridge, which lies at
the intersection of the ridge with the Cobb–Eickelberg Seamount
Chain (Canadian-American Seamount Expedition, 1985). The ridge
segment A3 therefore resembles rather a fast spreading centre with a
neovolcanic zone occurring on a shallow ridgewith a narrow cleft than
a deep rift typical for the slow-spreading MAR.

The Lilliput hydrothermal field is located on the northern flank of
the segment A3 axial high (water depth ~1500 m). The plate boundary
at this hydrothermal field is characterized by an ~800 m wide axial
trough bounded by faults with scarps of 10 to 20 m in height. A 100–
200 m wide ridge consisting of numerous small pillow mounds up to
about 30 m high lies in the centre of this trough. The volcanic ridge is
supposed to represent the surface expression of an underlying dike,
which fed the flow (Haase et al., 2009). A depression about 20 mwide
and at least 2 km long occurs at the eastern base of this volcanic ridge
and is often partially buried by the volcanic mounds. The background
(C) red to reddish-brown, bush-like, feathery structures; (D) red-brown deposits among
: note the abundant small mussels and the white bacterial mats associated with the Fe–
nge-red deposit.

image of Fig.�2
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sedimentation rate at this area is ~32 mm/kyr (Ruddiman and Janecek,
1989). Five low-temperature hydrothermal sites (Candelabrum
Meadow, Lustrog, Main Lilliput, Limtoc and Roman City) are currently
known along the eastern flank of this depression (water depths 1494–
1505 m) on a large, young (b100 years old; Haase et al., 2009) lava
flow(Fig. 1). They comprise abundant yellow, clump-like (Fig. 2A, B) to
red-brown, bush-like, feathery structures (Fig. 2C) clustering along
fissures on the basalt flows. Red to red-brown deposits fill the space
among basalt pillows (Fig. 2D) or form small knolls. These deposits are
soft and fragile. White bacterial mats often develop on their surface
(Fig. 2E, F). Venting is low-temperature (4.8°–17.6 °C,measuredwith a
probe inserted by the ROV's manipulator into fissures and small
orifices; Fig. 2E) and diffuse: from both cracks within basalt flows and
vent structures. It is considered to be related to the young diking and
eruption event (Haase et al., 2009). The vent fluids are reducing
and slightly acidic (pH=5.9–7.2). The Mg concentrations in vent
fluids are slightly lower than those in seawater indicating that the
diffuse fluids consist of a few percent of hydrothermal end-member
fluid mixed with ambient seawater. The Si concentrations in them
(0.06–0.54 mmol/l; Haase et al., 2009) are significantly increased
relative to the Si content of the ambient seawater (b0.01 mmol/l).
Dissolved Fe concentrations (0.1–43 μmol/l) correlate with fluid
temperatures. While in most samples total H2S was b50 μmol/l, the
sample with the highest temperature had 341 μmol/l H2S (the
maximum H2S concentrations measured were 500 μmol/l; Perner
et al., 2007). The vent fluids have CH4 concentrations elevated over
the background values and very low H2/CH4 ratios.

Analyses of the bacterial community from the hydrothermal fluids
emanating through mussel patches, which cover the red deposits,
have demonstrated a very high phylogenetic diversity (Perner et al.,
2007). Detected bacteria included Thiomicrospira spp. and Epsilonpro-
teobacteria (Perner et al., 2007), where the closest cultured repre-
sentatives are known to oxidize reduced sulfur compounds (cf.
Campbell et al., 2006; Nakagawa and Takai, 2008). No bacteria were
Table 1
Investigated samples from the Lilliput hydrothermal field (Mid-Atlantic Ridge).

Sample # Locality Latitude
(S)

Longitude
(W)

Depth
(m)

Sampling
device

Hand

Fe–Si-oxyhydroxides
M64/1 200ROV-5 Main Lilliput 09°32.90′ 13°12.50′ 1494 ROV, net Red d

and m
pillow

M64/1 200ROV-7 Main Lilliput 09°32.86′ 13°12.53′ 1495 ROV, shovel Thick

M64/1 209GTV-a Main Lilliput 09°32.86′ 13°12.52′ 1511 TV-grab Red t
of chi

M64/1 209GTV-b Main Lilliput 09°32.86′ 13°12.52′ 1511 TV-grab Yellow
of chi

M64/1 213GTV Main Lilliput 09°32.83′ 13°12.54′ 1513 TV-grab Red t

M64/1 213GTV-3 Main Lilliput 09°32.83′ 13°12.54′ 1513 TV-grab Thin,
M64/

M64/1 214GTV Main Lilliput 09°32.84′ 13°12.53′ 1511 TV-grab Red t

M64/1 214GTV-3 Main Lilliput 09°32.84′ 13°12.53′ 1511 TV-grab Thin,
M64/

M68/1 39ROV-1 Roman City 09°33.15′ 13°12.42′ 1486 ROV, shovel Red s
M68/1 39ROV-7A Limtoc 09°32.96′ 13°12.51′ 1494 ROV, bionet Dark-

conta
and g

M68/1 41ROV-1 Main Lilliput 09°32.85′ 13°12.54′ 1495 ROV, net Red s
micro

M78/2 335ROV-7 Roman City 09°33.13′ 13°12.43′ 1493 ROV, claw Red, f

Basalts
M64/1 194ROV-13 – 09°34.38′ 13°12.36′ 1468 ROV, claw Youn
M64/1 194ROV-4 – 09°34.38′ 13°12.84′ 1429 ROV, claw Old, a
M64/1 200ROV-3 – 09°32.88′ 13°12.72′ 1505 ROV, claw Youn
M64/1 200ROV-1 – 09°33.00′ 13°12.90′ 1469 ROV, claw Old, a
detected, which could be related to species typically known to oxidize
H2, CH4 or Fe2+ (Perner et al., 2007). However, a considerable fraction
of the detected bacteria were only distantly related to cultured
species, with known physiological properties. The macrofauna at the
Lilliput hydrothermal field largely consists of small and apparently
juvenile bivalves and gastropods which did not show any visible
growth during the 4 years of continuing observations (Haase et al.,
2009). This possibly reflects the low and intermittent hydrothermal
activity and was the reason for the name of the field.

3. Materials and methods

We investigated samples from 9 sites of hydrothermal deposition
(vents, mounds and sediment) within 3 hydrothermal areas (Main
Lilliput, Limtoc and Roman City) of the Lilliput field (Table 1; Fig. 1).
One sample (M64/1 209GTV) was split into 2 subsamples (-a and -b)
based on macroscopic differences. The main part of the samples
obtained (Table 1) were fragments of hydrothermal structures
(Fig. 3A). These fragments exhibit complex textures of thin (several
millimeters), fragile, folded crust-like layers forming channel-like and
chamber-like structures (Fig. 3A). Upon drying at room temperature
(~20 °C) for several days they start wasting. Rarely, thin black films
were observed on the surface of these yellow to red fragments. In an
attempt to select and further study these black films we gently
washed the yellow to red material that composes the bulk of the
samples (M64/1 213GTV and M64/1 214GTV) away with distilled
water and got black residues composed of thin, black flakes (M64/1
213GTV-3 andM64/1 214GTV-3; Fig. 3B). Four basalt samples (2 from
young flows close to the axial extrusive zone and 2 from old flows at
some distance from it) (Table 1; Fig. 1) were studied along with the
other samples for Sr–Nd–Pb isotopes only.

Small (~1×1 cm) pieces of wet samples were dried at lab
temperature (~20 °C) for a week, mounted on aluminum stubs using
carbon tapes, coated with Au–Pd and investigated with a Scanning
sample description Mineralogy (XRD data)

eposits (containing small basalt shards
icromorphic bivalves) in between
lava.

X-ray amorphous Fe–Si-oxyhydroxides

, red cover on top of pillow lava. X-ray amorphous Fe–Si-oxyhydroxides,
goethite

o red-orange, fragile crust-like fragments
mney.

X-ray amorphous Fe–Si-oxyhydroxides,
goethite

-orange, soft, fragile crust-like fragments
mney.

goethite, X-ray amorphous Fe–Si-
oxyhydroxides

o orange crust-like fragments of chimney. goethite, X-ray amorphous Fe–Si-
oxyhydroxides

black flakes selected from bulk sample
1 213GTV.

marcasite, pyrite

o orange crust-like fragments of chimney. goethite, X-ray amorphous
Fe–Si-oxyhydroxides

black flakes selected from bulk sample
1 214GTV.

marcasite, pyrite

ediment. X-ray amorphous Fe–Si-oxyhydroxides
red crusts (chimney fragments?)
ining rare micromorphic bivalves
astropods.

X-ray amorphous Fe–Si-oxyhydroxides,
goethite

ediment with small, white particles:
morphic bivalves (?), forams (?).

goethite, X-ray amorphous Fe–Si-
oxyhydroxides

ragile crust-like fragments of chimney. X-ray amorphous Fe–Si-oxyhydroxides

g, aphyric basalt sheet flow. –

phyric pillow basalt. –

g, aphyric basalt lobate flow. –

phyric pillow basalt. –



Fig. 3. Macro- (A, B) and micro-photographs (SEM secondary-electron images; C, D, E, F) of: (A) fragment of typical hydrothermal structure from the Lilliput vent field (M64/1
209GTV); (B) thin, black flakes composing the residue (M64/1 214GTV-3) after washing out the yellow to red material of bulk sample (M64/1 214GTV); (C) spider net-like and
spherical bacterial structures encrusted with FeOOH (EDS data) (M64/1 209GTV); (D) thread-like bacterial structures encrusted with FeOOH (M64/1 209GTV); (E) thread-like
bacterial structures encrusted with Fe-sulfide (M64/1 213GTV-3); (F) close-up of the Fe-sulfide-encrusted bacterial structures shown at panel E. Scale bars at A and B in cm.
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Electron Microscope (SEM) (CamScan CS44, V=15 kV, I=12 nA,
electron beam diameter of 2 μm).

Subsamples (~20 g) from all the samples were dried in an oven
with laminar air flow at 30 °C for 48 h, ground manually in an agate
mortar up to fine powder and used in all the other analyses.

The mineralogy of the samples was studied by: (1) X-ray
diffractometry (XRD) (Philips X-ray diffractometer PW 1710 with
automatic divergence slit and monochromatic Co Kα radiation, 40 kV,
35 mA) of random powder mounts: scans from 5 to 80 °2θ, with 0.01
°2θ step, at 2 s/step; (2) Mössbauer spectroscopy. 57Fe Mössbauer
spectra of powered samples were recorded by conventional Möss-
bauer spectrometers (WISSEL) working in constant acceleration
mode in transmission geometry at 293 K and 85 K in a temperature-
controlled cryostat (Leybold). A closed circuit refrigerator based
cryostat (APD) was used for the measurements between 25 K and
80 K. A 50 mCi activity 57Co(Rh) source supplied the γ rays for the
measurements. The isomer shifts were given relatively to α-Fe. The
evaluation of the Mössbauer spectra was carried out via the least
squares fitting of Lorentzians by the help of the MOSSWINN program
(Klencsár et al., 1996).
The chemical composition of the sampleswas determined by X-ray
fluorescence (XRF) spectrometry and Inductively Coupled Plasma
Mass Spectrometry (ICP-MS). XRF analyses were performed using
Axios XRF spectrometer (3 kW, wavelength dispersive, by PANanly-
tical). Twelve major elements were analyzed quantitatively after
fusion of 0.1 g of samplematerial with 3.6 g of dilithium tetraborate at
1050 °C for ca. 16 min. The quality of the results was controlled using
natural and synthetic certified reference materials (CRM) (i.e., BCR,
Community Bureau of Reference, Brussels). This procedure ensured an
analytical precision better than +/−0.5% relative for major elements
(analytical precision for XRF analyses of certified reference materials).
The trace element and rare earth element (REE) composition of the
samples was determined by ICP-MS using an AGILENT 7500cs
instrument. The samples were dissolved by performing a pressurized
HF–HCl–HNO3-aqua regia attack (Garbe-Schönberg, 1993). The
accuracy of the analyses was monitored using international rock
standards BHVO-2, AGV-2, GSPN-2 and Nod A-1. Our values are
generally within b5% of the recommended values for most elements.
The precision of sample duplicates as well as repeated analyses is
better than 5% for most elements.

image of Fig.�3
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All reagents used for Sr, Nd and Pb isotope sample preparation were
Optima-grade and sample preparation was performed in a class 1000
clean lab, equipped with class 10 laminar flow hoods. Sr, Nd and Pb
isotopes were determined on a “Nu-Plasma” MC-ICP-MS, following
methods described in Kamenov et al. (2008). The reported 87Sr/86Sr
ratios are relative to NBS 987 87Sr/86Sr=0.710246 (+/−0.000030, 2σ).
The reported Nd isotopic compositions are relative to JNdi-1 143Nd/
144Nd=0.512103 (+/−0.000018, 2σ). The Pb isotope data are relative
to the following values of NBS 981: 206Pb/204Pb=16.937 (+/−0.004,
2σ), 207Pb/204Pb=15.490 (+/−0.003, 2σ), and 208Pb/204Pb=36.695
(+/−0.009, 2σ).

Stable O isotope analyses were performed on seven selected bulk
samples. The salt-free washed and ground samples were pre-treated
by vacuum drying as suggested by Bao and Koch (1999), and Yapp
Fig. 4. 295 K Mössbauer spectra of samples M64/1 200ROV-5 (A), M64/1 200ROV-7 (B), M64
39ROV-1 (G), M68/1 39ROV-7A (H), M68/1 41ROV-1 (I), and M78/2 335ROV-7 (J).
(1987). The dried powder is then reacted in a Ni-alloy vessel with ClF3
at 550 °C generally following the method of Clayton and Mayeda
(1963). The released oxygen is converted to CO2 at a carbon rod and
the 18O/16O-ratio of CO2 is then determined with a Thermo Finnigan
MAT 253. The oxygen isotope ratios are given in the δ-notation against
V-SMOW. Reproducibility of the fluorination process and subsequent
mass spectrometric analysis is in the range of ±0.2‰ (Schmidt et al,
1997).

Mat material for biological studies was collected by the fluid
pumping system KIPS (Garbe-Schönberg et al., 2006) from a site
near the mussel field where red deposits were covered by white
filaments (Fig. 2E, F). Thematmaterial (M78/2 319ROV-5)was kept in
formaldehyde (2% final concentration) at 4 °C and cell shapes were
assessed by transmitted lightmicroscopy (Axio ImagerM2, Carl Zeiss).
/1 209GTV-a (C), M64/1 209GTV-b (D), M64/1 213GTV (E), M64/1 214GTV (F), M68/1

image of Fig.�4
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4. Results

4.1. Mineralogy of the deposits

The XRD studies coupled with the EDS investigations showed the
yellow to red Lilliput deposits were composed of goethite and X-ray
amorphous Fe–Si-oxyhydroxides, while the black films on their
surfaces are composed of marcasite and pyrite (Table 1). In order to
shed more light on the nature of the Fe-oxyhydroxide deposits we
performed detailed Mössbauer investigations.

Mössbauer spectra of the Fe-oxyhydroxides recorded at 295 K
(room temperature) show no magnetically split subspectra (Fig. 4).
The Mössbauer parameters (Table 2) of all the spectra (all with a
doublet) are typical for Fe(III) being in paramagnetic state. The isomer
shifts of all spectra are identical within the experimental error. They
are characteristic for ferrihydrite, but also close to those of well
crystalline β-, and γ-Fe(III)-oxyhydroxides (Stevens et al., 1983;
Murad and Johnston, 1987; Murad and Cashion, 2004). The quadru-
pole splitting values have a slight variation within the samples, but
their average value is close to that of ferrihydrite (Stevens et al., 1983;
Murad and Johnston, 1987; Murad and Cashion, 2004). The relative
broad lines indicated with the line-width values are either typical of
ferrihydrite (Cornell and Schwertmann, 2006) or can be due to the
superposition of subspectra of different species. In order to estimate
the possible presence of a superparamagnetic component of any Fe
(III)-oxides or -oxyhydroxides the samples were investigated at 85 K
(Fig. 5; Table 3). In the Mössbauer spectra recorded at 85 K a
magnetically split spectrum component appears besides the doublet
subspectrum in the spectra of 5 samples (M64/1 209GTV-b, M64/1
213GTV, M64/1 214GTV, M68/1 39ROV-7A and M68/1 41ROV-1;
Fig. 5). These spectra have 42–45 T hyperfinemagnetic field,−0.21 to
−0.24 mm/s quadrupole splitting, and a line shape typical of goethite
(Murad and Cashion, 2004). This magnetic component can be
assigned as goethite with small grain size resulting in a super-
paramagnetic behavior. The 85 K spectra of the other studied samples
(M64/1 200ROV-5, M64/1 200ROV-7, M64/1 209GTV-a, M68/1
39ROV-1 and M78/2 335ROV-7) remain doublet, corresponding to
the 295 K spectra, that does not indicate goethite presence. The
Mössbauer spectrum recorded at 25 K for sample M68/1 41ROV-1
(Fig. 6) confirmed the superparamagnetic goethite: the relative
occurrence of the sextet component increases from 60.5% at 85 K to
83.7% at 25 K. The hyperfine field and the quadrupole splitting of the
sextet were 50.5 T and −0.24 mm/s, respectively, in good agreement
with those characteristic of goethite (Murad and Cashion, 2004). The
minor doublet with δ=0.49 mm/s, Δ=0.76 mm/s, W=0.79 mm/s
can correspond to ferrihydrite (Murad and Cashion, 2004).

XRD (Table 1) and Mössbauer (Table 3) data suggest that goethite
(in superparamagnetic state) is the dominant Fe-bearing mineral in
Table 2
295 K Mössbauer parametersa of hydrothermal precipitates from the Lilliput hydro-
thermal field (Mid-Atlantic Ridge).

Sample # A
(%)

δ
(mm/s)

Δ
(mm/s)

W
(mm/s)

M64/1 200ROV-5 100 0.36 0.82 0.71
M64/1 200ROV-7 100 0.36 0.82 0.71
M64/1 209GTV-a 100 0.35 0.77 0.71
M64/1 209GTV-b 100 0.36 0.78 0.86
M64/1 213GTV 100 0.36 0.78 0.74
M64/1 214GTV 100 0.36 0.78 0.71
M68/1 39ROV-1 100 0.36 0.81 0.62
M68/1 39ROV-7A 100 0.35 0.71 0.58
M68/1 41ROV-1 100 0.36 0.72 0.67
M78/2 335ROV-7 100 0.36 0.84 0.66

a A=line area, δ=isomer shift, Δ=quadrupole splitting, W=line-width.
samples M64/1 209GTV-b, M64/1 213GTV and M68/1 41ROV-1.
Superparamagnetic goethite with about the same small grain size as
in the above mentioned samples could not be found in the samples
M64/1 200ROV-5, M64/1 200ROV-7, M64/1 209GTV-a, M68/1 39ROV-
1 and M78/2 335ROV-7. However, a small amount of superparamag-
netic goethite (i.e., having even smaller grain size) which super-
paramagnetic transition temperature lower than 85 K cannot be
entirely excluded exists in the samples where XRD indicated goethite
as minor phase (Table 1). Ferrihydrite is the main Fe-bearing mineral
in the samples M64/1 200ROV-5, M64/1 200ROV-7, M64/1 209GTV-a,
M68/1 39ROV-1 and M78/2 335ROV-7 and occurs as minor phase in
samples M64/1 209GTV-b, M64/1 213GTV, M64/1 214GTV, M68/1
39ROV-7A and M68/1 41ROV-1 (Table 3). The occurrence of another
minor superparamagnetic Fe-oxyhydroxide as well as Fe-containing
silicate cannot be entirely excluded. No Fe(II)-containing mineral
could be detected (Mössbauer data).

4.2. Geochemistry of the deposits

Geochemical studies (Table 4) of the Lilliput hydrothermal
deposits confirmed that the yellow to red precipitates were composed
of Fe- and Si-oxyhydroxides with very low Al, Ti and Mn concentra-
tions. Their Fe/Mn ratios are high and vary over a broad range
(Table 4). Al/(Al+Fe+Mn) ratios are extremely low (b0.005). The
Lilliput hydrothermal deposits are very low in a number of trace
elements (Cr, Sc, Co, Ni, Cu, Zn, Rb, Zr, Y, Nb, Sn, Cd, Sb, Cs, Ba, Hf, Ta,
W, Tl, Pb, and Th) and REE. Only V, Mo and U concentrations are
enriched (Table 4). We have used chondrite-normalized REE
distribution patterns for the Lilliput hydrothermal deposits in order
to easily compare with the possible associated volcanics, hydrother-
mal fluids and seafloor massive sulfides (all generally normalized to
chondrite values). The REE distribution patterns of Lilliput deposits
(Fig. 7) exhibit both negative Ce and negative Eu anomalies, and a
slight enrichment in light REE (LREE) relative to heavy REE (HREE)
(Table 4). The twomacroscopically different subsamples (-a and -b) in
which we split a sample (M64/1 209GTV) show different chemical
compositions: the sample that is richer in Si and slightly depleted in Fe
(M64/1 209GTV-b) has lower concentrations of most of the trace
elements, but a bit higher contents of REE relative to the other sample
(Table 4). The composition of the black films (M64/1 213GTV-3 and
M64/1 214GTV-3) observed on the surface of the yellow to red
deposits differs from that of their yellow to red counterparts (M64/1
213GTV andM64/1 214GTV): the black films are enriched in Li, Co, Ni,
Rb, Mo, Cd, Cs, Tl and depleted in V, Sr, Y, Sb, Ba, REE, W, U relative to
the yellow to red precipitates (Table 4). Their REE distribution
patterns (Fig. 7) show weaker both negative Ce and negative Eu
anomalies than those of their yellow to red counterparts (Table 4).
They are almost flat with very slight enrichment in LREE relative to the
HREE (Table 4).

Sr, Nd, and Pb isotopic compositions of local basalt samples and
hydrothermal oxyhydroxide deposits are presented in Table 5. Local
basalts have Sr–Nd–Pb isotopic systematics typical for Mid-Atlantic
Ridge MORB from the region (Figs. 8 and 9). Sr isotopic compositions
of the Fe–Si-oxyhydroxide deposits are overall indistinguishable from
present-day seawater (87Sr/86Sr=0.70917). The only exception is
sample M64/1 200ROV-7, which has 87Sr/86Sr=0.70312, and there-
fore is more similar to the basalts than seawater. Nd isotopic
compositions of the Fe–Si-oxyhydroxide deposits vary from εNd=
+7.1 to−8.4, indicating possible mixing between seawater/sediment
and basalt-derived Nd (Fig. 8). Pb isotopes of the Fe–Si-oxyhydroxide
deposits show lower 206Pb/204Pb and higher 207Pb/204Pb when
compared to the local basalts and plot primarily in the Atlantic
sediment field (Fig. 9).

The δ18O values, of all measured samples, range between 12.3 and
19.4‰ (Table 5). The SiO2 and Fe2O3 content of these samples range
between 9.5–16.3%, and 53.8–66.6%, respectively (Table 4). A slight



Fig. 5. 85 K Mössbauer spectra of samples M64/1 200ROV-5 (A), M64/1 200ROV-7 (B), M64/1 209GTV-a (C), M64/1 209GTV-b (D), M64/1 213GTV (E), M64/1 214GTV (F), M68/1
39ROV-1 (G), M68/1 39ROV-7A (H), M68/1 41ROV-1 (I), and M78/2 335ROV-7 (J).
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positive correlation between the δ18O and the silica content is
indicated by the measured data (Tables 4 and 5). According to Yapp
(1987), the O isotope fractionation in water of natural samples
consisting mainly of siliceous iron oxides can be calculated by
considering both, the fractionation of goethite-water and amorphous
silica-water. A mean value of 11.6 wt.% SiO2 and 60.2 wt.% Fe2O3,
calculated from the data in Table 4, is used to estimate the ratio of
siliceous oxygen to iron bound oxygen (~1/4). Assuming that iron-
and silica-bound oxygen is the only oxygen fraction in the
precipitated samples, Eq. (1) then defines the isotope value of the
hydrothermal precipitate. However, this is a rough assumption,
considering other XRD-amorphous compounds in the order of some
wt.% (Table 1). The δ18O values in Eq. (1) can be calculated for SiO2 by
Kita et al. (1985) and for FeOOH by Yapp (2007).

δ18Omix = 0:2 × δ18OSiO2 + 0:8xδ18OFeOOH ð1Þ

For δ18OH2O~0‰, and bottomwater temperatures of 3.6 and 20 °C,
a δ18Omix of 16.3 and 12.7‰, respectively, can be calculated.

4.3. Microbiology associated with the deposits

SEM observations revealed that the majority of the studied yellow
to red samples from the Lilliput hydrothermal field are composed of
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Table 3
85 K Mössbauer parametersa of hydrothermal precipitates from the Lilliput hydrothermal field (Mid-Atlantic Ridge).

Sample # Doublet Sextet Mineralogy
(Mössbauer data)

A (%) δ (mm/s) Δ (mm/s) A (%) δ (mm/s) B (T) Δ (mm/s)

M64/1 200ROV-5 100 0.45 0.82 Ferrihydrite
M64/1 200ROV-7 100 0.45 0.80 Ferrihydrite
M64/1 209GTV-a 100 0.46 0.80 Ferrihydrite
M64/1 209GTV-b 49.3 0.46 0.79 50.7 0.51 43.9 −0.23 Goethite, ferrihydrite
M64/1 213GTV 48.7 0.46 0.78 51.3 0.49 42.7 −0.24 Goethite, ferrihydrite
M64/1 214GTV 60.2 0.45 0.79 39.8 0.49 42.1 −0.21 Goethite, ferrihydrite
M68/1 39ROV-1 100 0.45 0.81 Ferrihydrite
M68/1 39ROV-7A 72.8 0.45 0.76 27.2 0.51 41.9 −0.22 Ferrihydrite, goethite
M68/1 41ROV-1 395 0.46 0.80 60.5 0.51 45.2 −0.21 Goethite, ferrihydrite
M78/2 335ROV-7 100 0.46 0.85 Ferrihydrite

a A=line area, δ=isomer shift, B=hyperfine magnetic field, Δ=quadrupole splitting.
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dense, bacteria-like structures [varying from spherical (~1–2 μm
across) to spider net-like (Fig. 3C) and net–like (Fig. 3D)] encrusted
with Fe–Si-oxyhydroxides (EDS data). Similar structures have also
been documented in other oxyhydroxides (Inskeep et al., 2004;
Santelli et al., 2008). The networks (Fig. 3C) bear a resemblance to
those formed by organisms comprising biofilms (Baum et al., 2009).
The bacteria-like filaments are b1 μm in diameter and ~10 μm in
length. The thin, black films on the surfaces of the yellow to red
deposits are also composed of thread-like bacterial structures, but are
encrusted with Fe-sulfides (Fig. 3E, F). However, their dimensions
(diameter of 10–20 μm, length of ~100 μm) differ markedly from
those of the Fe–Si-oxyhydroxide-encrusted bacterial filaments. Fe–Si–
oxyhydroxide mat material collected from the vicinity of the mussel
patch (Fig. 2E, F) encompassed various shapes likely associated
with mineralized microbial surfaces as has been recognized for
distinct Fe2+-oxidizers (Fig. 10). The observed structures included
non-helical filaments (Fig. 10A, B) resembling those known from the
Mariprofundus ferrooxydans strain PV-1 (Emerson et al., 2007), helical
stalks (Fig. 10A, C) likewise found in Galionella ferruginea (Hallbeck
and Pedersen, 1991), some randomly coiled and irregular twisted
branching forms (Fig. 10D, E) and some sheathed shapes (Fig. 10F),
which could be associated with Leptothrix ochracea (Emerson and
Revsbech, 1994).

5. Discussion

5.1. Geochemistry of Lilliput Fe–Si-oxyhydroxide deposits

Low-temperature diffuse venting observed and sampled by ROV
are direct evidence that the yellow to red deposits of the Lilliput field
are hydrothermal precipitates. The hydrothermal origin of these
deposits is supported by their chemical composition: they are rich in
Fe (and Si) and have very low concentrations of Al (and Ti) and
transition elements, which results in extremely low Al/(Al+Fe+Mn)
ratios (bb0.4; Bonatti, 1981) and a plot at the Fe-rich corner of the
Mn–Fe-(Co+Ni+Cu)×10 ternary diagram of seafloor Fe–Mn depos-
its (Fig. 11). High Fe and Si concentrations correlate with significantly
Fig. 6. 25 K Mössbauer spectrum of sample M68/1 41ROV-1.
increased (relative to the ambient seawater) dissolved Fe and Si
concentrations in the vent fluids (Haase et al., 2009). In a
comprehensive study of hydrothermal Fe–Si-oxyhydroxides from
the south Pacific intraplate volcanoes and East Pacific Rise Hekinian
et al. (1993) divided them into four groups based on their geologic
setting, morphology and composition. According to this classification
all the studied Lilliput deposits belong to type 1 (Hekinian et al.,
1993): Fe–Si-oxyhydroxides forming chimneys, mounds and flat-
lying deposits, depleted in trace- and rare earth elements with
Fe=25–50 wt.% and Si=4–10 wt.%. Chondrite-normalized REE dis-
tribution patterns of Lilliput Fe–Si-oxyhydroxide deposits [with both
negative Ce anomalies (Ce/Ce*b1) and negative Eu anomalies (Eu/
Eu*b1); Fig. 7, Table 4] are comparable to that of the Atlantic deep
seawater. These patterns and the very low total REE abundance
indicate a low-temperature hydrothermal origin (Hekinian et al.,
1993; Usui et al., 1997) of the Fe–Si-oxyhydroxides. Most probably
they have precipitated from a fluid composed primarily of ambient
seawater with little proportion of hydrothermal fluid. This conclusion
is supported by the measured venting fluid temperatures (b20 °C)
and Mg concentrations in the vent fluids (slightly lower than those in
seawater; Haase et al., 2009).

The low-temperature formation (~3.6–20 °C) is also supported by
the δ18O-values measured in selected Fe–Si-oxyhydroxides (Table 5).
Themeasured data (12.3–19.4‰) is comparable to the calculated data
(12.7–16.3‰), considering published isotope equilibrium equations
for goethite and amorphous silica (Kita et al., 1985; Yapp, 2007).
Slightly more positive measured δ18O-values (i.e., 19.4‰) of the Fe–
Si-oxyhydroxide mixture in sample M78/2 335ROV-7 can either
reflect the higher silica content of this sample when compared to the
calculated mean value used in Eq. (1) (see 4.) or a higher contribution
of more positive hydrothermal fluid. Furthermore, the calculated
formation temperature range (3.6–20 °C) should be used only as an
indicator, as precise determination of the original δ18O-value of
natural Fe–Si-oxyhydroxides is hard to reach and also published
isotope fractionation equations for FeOOH differ significantly from
each other (see discussion in Yapp, 1987, 2007).

Precipitation of Fe–Si-oxyhydroxides from a fluid composed
primarily of seawater is also supported by the Sr systematics of the
hydrothermal precipitates. Fe–Si-oxyhydroxides 87Sr/86Sr ratios are
overall swamped by seawater Sr, so any contribution from the
underlying basalts is negligible (Fig. 8). Nd, on the other hand, shows
mixed isotopic signature indicating derivation of Nd from seawater/
sediments and local basalts (Fig. 8). As can be seen (Fig. 8), the
oxyhydroxides form a trend from values similar to Atlantic sediments
and/or Southern Component Water (SCW) to higher epsilon values,
suggesting some basaltic influence on the Nd isotopic systematics.
Overall, the Sr–Nd isotopic systematics of the Lilliput Fe–Si-oxyhydr-
oxide deposits are very similar to the isotopic compositions observed
in 12°50′N MAR low-temperature precipitates, where Sr is also
swamped by seawater, and Nd shows mixing relationships between
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Table 4
Chemical composition (XRF and ICP-MS) of hydrothermal precipitates from the Lilliput hydrothermal field (Mid-Atlantic Ridge).

Sample # SiO2 (wt.%) Al2O3 Fe2O3 Cr2O3 MnO TiO2 P2O5 CaO MgO K2O Na2O SO3 L.O.I. Total Al/(Al+Fe+Mn) Fe/Mn Li (ppm) Sc V

M64/1 200ROV-5 13.11 0.11 58.44 0.003 0.374 0.02 1.506 2.11 1.32 0.25 5.17 0.65 16.63 99.69 0.001 141 4.46 b1.51 179
M64/1 200ROV-7 10.87 b0.02 60.78 0.009 0.722 0.02 0.799 1.85 1.38 0.20 3.80 0.58 18.69 99.70 - 76 6.52 b1.51 188
M64/1 209GTV-a 8.92 0.04 67.45 0.003 0.599 0.02 0.240 1.56 1.09 0.14 2.51 0.07 16.99 99.63 0.001 102 7.22 b1.51 11.4
M64/1 209GTV-b 11.04 0.08 66.59 0.005 0.184 0.02 0.410 1.29 0.97 0.14 2.55 0.08 16.36 99.72 0.001 327 4.39 b1.51 51.5
M64/1 213GTV 13.28 0.38 61.23 0.007 0.059 0.02 0.996 0.64 0.77 0.18 5.85 0.11 16.29 99.81 0.005 937 3.17 b1.51 74.4
M64/1 213GTV-3 – – – – – – – – – – – – – – – – 6.99 b1.51 18.2
M64/1 214GTV 11.67 0.27 63.92 0.002 0.109 0.01 0.951 1.07 0.99 0.14 2.72 0.23 17.69 99.77 0.003 530 5.81 b1.51 71.4
M64/1 214GTV-3 – – – – – – – – – – – – – – – – 8.47 b1.51 8.30
M68/1 39ROV-1 10.26 b0.02 60.27 0.005 0.026 0.02 0.231 1.00 1.09 0.25 5.42 0.53 20.68 99.78 – 2093 2.05 b1.51 45.1
M68/1 39ROV-7A 9.49 0.05 63.82 0.005 0.409 0.02 0.563 1.65 1.18 0.18 4.18 0.49 17.70 99.74 0.001 141 5.85 b1.51 63.9
M68/1 41ROV-1 10.07 0.37 53.79 0.003 0.034 0.02 0.804 0.87 0.86 0.19 4.09 7.11 21.57 99.78 0.005 1429 4.02 b1.51 126
M78/2 335ROV-7 16.32 b0.02 57.46 0.001 0.025 0.02 0.450 1.63 1.14 0.29 3.98 0.51 17.98 99.81 – 2076 5.36 b1.51 24.8

a Ce/Ce*=2CeN/(LaN+PrN).
b Eu/Eu*=2EuN/(SmN+GdN).

Table 4 (continued)

Sample # Co (ppm) Ni Cu Zn Rb Sr Y Zr Nb Mo Cd Sn Sb Cs Ba La Ce Pr Nd Sm

M64/1 200ROV-5 3.52 2.76 36.6 138 0.87 413 6.90 3.03 0.160 75.7 0.748 b1.77 2.00 b0.09 53.5 2.97 2.75 0.521 2.30 0.475
M64/1 200ROV-7 48.8 14.5 13.5 18.0 0.83 552 3.48 b2.13 0.052 94.8 0.375 b1.77 3.30 b0.09 52.9 0.818 0.262 0.093 0.409 0.090
M64/1 209GTV-a 9.63 4.43 377 b6.23 0.46 462 2.81 b2.13 0.009 104 0.352 b1.77 3.59 b0.09 36.5 0.824 0.292 0.028 0.109 0.021
M64/1 209GTV-b 7.36 1.79 175 b6.23 0.49 347 2.86 b2.13 0.026 77.9 0.197 b1.77 2.22 b0.09 28.4 1.07 0.701 0.095 0.422 0.071
M64/1 213GTV 1.06 1.01 10.7 10.5 0.59 174 15.1 b2.13 0.075 144 0.154 b1.77 2.70 b0.09 14.7 4.97 7.13 0.960 4.40 0.870
M64/1 213GTV-3 6.22 4.26 12.2 12.4 1.39 10.9 1.05 b2.13 0.198 213 0.345 b1.77 1.53 0.45 3.78 0.400 0.927 0.143 0.670 0.175
M64/1 214GTV 1.32 b0.91 17.9 7.22 0.58 231 9.07 b2.13 0.042 117 0.163 b1.77 3.33 b0.09 20.7 4.17 3.34 0.366 1.53 0.247
M64/1 214GTV-3 1.48 2.99 10.7 6.51 0.74 8.24 0.74 b2.13 0.030 171 0.283 b1.77 1.35 0.34 1.80 0.281 0.594 0.089 0.397 0.099
M68/1 39ROV-1 0.45 1.33 58.5 22.4 1.09 271 7.52 b2.13 0.053 84.7 0.073 b1.77 0.41 b0.09 31.7 4.52 3.54 0.597 2.43 0.461
M68/1 39ROV-7A 14.3 4.04 8.38 37.7 0.60 479 1.21 b2.13 0.019 83.6 0.313 b1.77 4.31 b0.09 39.9 0.185 0.089 0.027 0.127 0.035
M68/1 41ROV-1 0.89 1.47 13.8 7.84 0.94 165 11.4 2.45 0.173 140 0.137 b1.77 3.06 b0.09 23.1 4.15 4.49 0.595 2.70 0.544
M78/2 335ROV-7 b0.19 b0.91 8.12 b6.23 0.99 455 4.40 b2.13 0.042 33.9 0.115 b1.77 0.67 b0.09 25.3 3.30 3.55 0.505 2.23 0.434

Table 4 (continued)

Sample # Eu (ppm) Gd Tb Dy Ho Er Tm Yb Lu ΣREE (Ce/Ce*)a (Eu/Eu*)b LaN/LuN Hf Ta W Tl Pb Th U

M64/1 200ROV-5 0.142 0.690 0.107 0.699 0.169 0.509 0.069 0.447 0.077 11.9 0.50 0.76 4.10 b0.06 b0.46 0.38 0.45 5.93 b0.07 13.2
M64/1 200ROV-7 0.027 0.133 0.022 0.172 0.047 0.157 0.025 0.159 0.028 2.44 0.19 0.76 3.12 b0.06 b0.46 0.65 0.97 b0.32 b0.07 5.70
M64/1 209GTV-a 0.006 0.060 0.009 0.070 0.026 0.087 0.011 0.069 0.014 1.63 0.25 0.49 6.37 b0.06 b0.46 0.35 0.55 b0.32 b0.07 12.2
M64/1 209GTV-b 0.020 0.144 0.024 0.166 0.047 0.151 0.021 0.131 0.024 3.09 0.41 0.60 4.87 b0.06 b0.46 0.37 0.10 b0.32 b0.07 8.53
M64/1 213GTV 0.295 1.61 0.250 1.66 0.413 1.23 0.168 1.05 0.184 25.2 0.75 0.75 2.89 b0.06 b0.46 0.82 0.05 b0.32 b0.07 18.7
M64/1 213GTV-3 0.056 0.218 0.038 0.247 0.054 0.167 0.024 0.166 0.027 3.31 0.95 0.87 1.57 b0.06 b0.46 b0.29 0.17 2.98 b0.07 1.78
M64/1 214GTV 0.086 0.594 0.086 0.603 0.171 0.524 0.064 0.391 0.072 12.2 0.51 0.66 6.21 b0.06 b0.46 0.62 0.11 b0.32 b0.07. 15.3
M64/1 214GTV-3 0.033 0.159 0.024 0.163 0.038 0.109 0.017 0.109 0.018 2.13 0.91 0.81 1.63 b0.06 b0.46 b0.29 0.19 b0.32 b0.07. 1.16
M68/1 39ROV-1 0.140 0.749 0.112 0.725 0.161 0.456 0.059 0.358 0.056 14.4 0.46 0.72 8.73 b0.06 b0.46 b0.29 0.04 b0.32 b0.07 5.16
M68/1 39ROV-7A 0.011 0.042 0.007 0.051 0.014 0.047 0.008 0.051 0.010 0.71 0.27 0.87 2.07 b0.06 b0.46 0.68 0.51 b0.32 b0.07. 10.5
M68/1 41ROV-1 0.175 0.954 0.147 0.993 0.246 0.739 0.099 0.631 0.110 16.6 0.62 0.74 4.04 b0.06 b0.46 0.81 0.14 0.56 b0.07. 11.2
M78/2 335ROV-7 0.129 0.675 0.097 0.603 0.135 0.384 0.051 0.308 0.050 12.4 0.60 0.73 7.08 b0.06 b0.46 b0.29 0.02 b0.32 b0.07 3.99
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Fig. 7. C1 chondrite-normalized (Sun and McDonough, 1989) REE distribution patterns
of the studied Lilliput hydrothermal deposits. Seawater=Atlantic deep seawater
(Douville et al., 1999). Fig. 8. Sr–Nd isotope data for Lilliput Fe–Si-oxyhydroxide deposits compared to

possible sources in the region. Data for Atlantic MORB 0°–20° S after Agranier et al.
(2005), Atlantic sediments after Ben Othman et al. (1989), Southern Component Water
(SCW) and Western North Atlantic Deep Water (WNADW) after Abouchami et al.
(1999). Note that the Sr isotopic compositions of the oxyhydroxides are completely
swamped by seawater Sr and the Nd isotopic compositions form a trend extending from
Atlantic sediments/SCW to more radiogenic values, indicating contribution from local
basalts, for more discussion see the text.

Fig. 9. Pb isotope data for Lilliput Fe–Si-oxyhydroxide deposits compared to possible
sources in the region. Data for Atlantic MORB 0°–20° S after Agranier et al. (2005),
Atlantic sediments after Ben Othman et al. (1989), Southern Component Water (SCW)
andWestern North Atlantic DeepWater (WNADW) after Abouchami et al. (1999). Note
that majority of the samples plot within the Atlantic sediment field suggesting Pb
derivation from the latter, for more discussion see the text.
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seawater/sediments and local basalts (Dekov et al., submitted for
publication). The only sample that shows predominantly basalt-
derived Sr and Nd is M64/1 200ROV-7 (Table 5; Figs. 8, 9). Dekov et al.
(submitted for publication) showed that Fe-oxyhydroxides formed
after primary Fe-sulfides can preserve the protolith isotopic signature.
Therefore, it is possible that the precursor of M64/1 200ROV-7 was a
primary, high-temperature Fe-sulfide that was eventually altered to
ferrihydrite. However, the Pb isotopic composition of M64/1 200ROV-
7 is completely swamped by sediment-derived Pb (Fig. 9) and as this
sample represents a red cover on the top of pillow lava, it is quite
possible that some basalt shards contributed to the observed Sr–Nd
isotopic compositions, without having much effect on the Pb isotopes.

The majority of the Fe–Si-oxyhydroxide samples plot mainly in
the Atlantic sediment field on the Pb–Pb isotopic diagram with
exception of two samples, M64/1 200ROV-5 and M68/1 39ROV-1,
which plot away from the sediment field (Fig. 9; Table 5). The Pb
isotopic systematics of sample M68/1 39ROV-1 can be explained by
mixing of Pb from basaltic and seawater/sedimentary sources,
similar to Nd as described above. Sample M64/1 200ROV-5,
however, has very different Pb isotopic compositions from the
analyzed local MORB and possible seawater/sedimentary sources,
but is similar to the observed Pb isotopic compositions of
regional Atlantic MORB samples (Fig. 9). This sample was collected
slightly to the south of the majority of the Lilliput samples (Fig. 1),
Table 5
Pb, Sr, Nd, and O isotope data for samples from the Lilliput hydrothermal field (Mid-Atlantic Ridge).

Sample # 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 87Sr/86Sr Error 143Nd/144Nd Error εNd δ18O (‰ SMOW)

Fe–Si-oxyhydroxides
M64/1 200ROV-5 17.771 15.446 37.286 0.70916 0.000015 0.512488 0.0000099 −2.9 16.2
M64/1 200ROV-7 18.621 15.629 38.540 0.70312 0.000011 0.513004 0.0000071 7.1 15.9
M64/1 209GTV-a 0.70916
M64/1 209GTV-b 18.810 15.625 38.706 0.70911 0.000012 0.512374 0.000013 −5.2 13.0
M64/1 213GTV 18.604 15.637 38.495 0.70916 0.000013 0.512838 0.0000077 3.9
M64/1 214GTV 18.689 15.628 38.577 0.70915 0.000011 0.512723 0.0000062 1.7
M64/1 214GTV-3 0.70912 0.000014
M68/1 39ROV-1 18.356 15.570 38.107 0.70917 0.000010 0.512409 0.0000051 −4.5 15.2
M68/1 39ROV-7A 18.842 15.618 38.682 0.70917 0.000010 0.512206 0.000022 −8.4 15.9
M68/1 41ROV-1 18.690 15.631 38.582 0.70917 0.000012 0.512748 0.0000072 2.2 12.3
M78/2 335ROV-7 18.512 15.625 38.377 0.70917 0.000010 0.512685 0.0000059 0.9 19.4

Basalts
M64/1 194ROV-13 19.036 15.608 38.841 0.70270 0.000014 0.513033 0.0000057 7.7
M64/1 194ROV-4 19.113 15.582 38.829 0.70274 0.000010 0.513048 0.0000071 8.0
M64/1 200ROV-3 19.055 15.606 38.865 0.70280 0.000010 0.51306 0.0000077 8.2
M64/1 200ROV-1 19.067 15.632 38.944
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Fig. 10. Transmitted light microscopy of white fluffy and reddish mat material covering Fe–Si-oxyhydroxides (Fig. 2E, F) collected from site M78/2 319ROV-5 at the Lilliput
hydrothermal field. Different microbial-like structures in these samples resemble those produced by known Fe2+-oxidizers. (A, B) non-helical filaments resembling those of
Mariprofundus ferrooxydans strain PV-1 (Emerson et al., 2007); (C) helical stalks similar to those found around Galionella ferruginea (Hallbeck and Pedersen, 1991); (D, E) randomly
coiled and irregular twisted branching forms; (F) sheathed shapes that could be associated with Leptothrix ochracea (Emerson and Revsbech, 1994). Scale bars equal to 10 μm.
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therefore it is possible that it formed over primary Fe-sulfides (cf.
Dekov et al., submitted for publication) and reflects heterogeneity
in the Pb isotopic compositions of the local MORB. The observed
overall Pb isotopic similarity between the majority of the Lilliput
hydrothermal deposits and Atlantic sediments suggest Pb is
controlled by the latter. In addition, as can be seen from the
Fig. 9, few samples also show similarity to the SCW. Kamenov et al.
(2009) showed that Pb isotope systematics in low-temperature
hydrothermal precipitates are predominantly controlled by Pb
scavenged from the local seawater, which itself can be controlled
by regional atmospheric input. Most probably significant part of
the seawater Pb available for scavenging by precipitating Fe–Si-
oxyhydroxides in the Lilliput area is released from the sedimentary
input in this part of the Atlantic Ocean, evident in the isotopic
similarity between the former and the latter (Fig. 9).
5.2. Mechanisms of Fe precipitation at Lilliput hydrothermal field

Two types of Fe-deposits occur at the Lilliput hydrothermal field:
Fe–Si-oxyhydroxides and Fe-sulfides. The Fe–Si-oxyhydroxide pre-
cipitates comprise the majority of the Lilliput hydrothermal deposits,
while the Fe-sulfides constitute roughly 1% of all the Fe formations. In
both types of deposits we observed pervasive microbial structures
encrusted by Fe-containing precipitates. There are three alternative
ways of how these deposits formed. Precipitation can be related to: (i)
microbially mediated processes; (ii) abiogenic processes (microbes
are simply embedded in the precipitate matrix); or (iii) a combination
of both abiogenic and biogenic processes.

It is well known that the microbial mats are complex ecosystems,
which inhabit a wide range of environments (caves, salt marshes,
lagoons, cold seeps, seafloor hydrothermal vents, etc.) (Franks and
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Fig. 11. Mn–Fe–(Co+Ni+Cu)x10 ternary diagram of seafloor Fe–Mn deposits (after
Bonatti et al., 1972): A=hydrogenetic, B=diagenetic, C=hydrothermal. Closed
circles=Lilliput hydrothermal deposits.
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Stolz, 2009). Submarine hydrothermal sites provide habitats for
various microbial communities and filamentous microorganisms are
widely observed at them (Jannasch and Wirsen, 1981; Baross and
Deming, 1985; Karl, 1995; Juniper et al., 1998; Cowen et al., 1999;
Glazer and Rouxel, 2009; Davis et al., 2009; Sudek et al., 2009; Takai
et al., 2009).

The low-temperature hydrothermal fluids of the Lilliput vent field
emanate considerable amounts of reduced Fe2+ (Perner et al., 2007;
Haase et al., 2009). When Fe2+ comes into contact with the
oxygenated ambient seawater it is oxidized to Fe3+, which is then
hydrolyzed and precipitated to form poorly ordered Fe-oxyhydr-
oxides, like 2-line ferrihydrite or goethite (Schwertmann and Murad,
1983; Jambor and Dutrizac, 1998). The rate controlling mechanism for
the Fe-bearing mineral formation is the oxidation of Fe2+, rather than
the rapid Fe3+ hydrolysis and precipitation (see references in Kasama
and Murakami, 2001). However, microbially mediated Fe2+ oxidation
can proceed faster than abiogenic Fe2+ oxidation (Kasama and
Murakami, 2001). Indeed, neutrophilic Fe2+-oxidizers have been
detected in several hydrothermally influenced environments and
their importance for Fe-oxyhydroxide deposition has been subjected
to particular attention (e.g., Boyd and Scott, 2001; Emerson and
Moyer, 2002; Kennedy et al., 2003b; Hodges and Olson, 2009; Toner et
al., 2009).
5.2.1. Fe–Si-oxyhydroxide formation
Microstructures (spherical and web-like) similar to those we

observed in the Lilliput Fe–Si-oxyhydroxides (Fig. 3C, D) have
previously been documented from Fe-rich environments, where
microbially mediated Fe2+-oxidation has been suggested as the
dominant metabolism and where Fe3+-mineral deposition has been
linked to microbial activity (Inskeep et al., 2004; Santelli et al., 2008).
Additionally, in the red Fe-oxyhydroxide mat material we identified
morphological shapes, which strongly resemble those produced by
distinct Fe2+-oxidizers (Fig. 10). The non-helical filaments bear
similarity to those known from the M. ferrooxydans strain PV-1
(Emerson et al., 2007). The helical stalks are comparable to those
produced by G. ferruginea (Hallbeck and Pedersen, 1991). Some
sheathed shapes appear similar to those associated with Leptothrix
ochracea (Emerson and Revsbech, 1994). These types of structures
as well as other shapes, which have not been classified to date, but
which are present in our samples too (Fig. 10) have been repetitively
identified in distinct hydrothermally influenced environments, where
Fe-oxyhydroxides were present (e.g., Boyd and Scott, 2001; Edwards
et al., 2003b; Kennedy et al., 2003a).
Bacteria can secrete extracellular polymer substrates (EPS) for
attachment and protection from environmental conditions, thereby
forming biofilms. These EPS act as reactive geochemical surfaces for
poorly ordered Fe–Si-oxyhydroxides (Fortin et al., 1998; Ueshima and
Tazaki, 2001; Phoenix et al., 2003; Yee et al., 2003; Lalonde et al.,
2005). The precipitation of Fe-oxyhydroxides is supposed to be
initiated by direct binding of the dissolved Fe2+ from the vent fluids to
reactive sites (e.g., COOH−, PO4

3−, and OH− groups) present within
the bacterial cell wall and the exopolymers (Fortin et al., 1998), since
metal ions have been shown to have a high affinity for bacterial cell
wall components (Fein et al., 1997). Dissolved silicate anions (SiO4

4−)
can adhere to positively charged R-NH3

+ groups present within the
cell wall and initiate silica nucleation. SiO4

4− anions can also adhere to
negatively charged binding sites (COOH− and PO4

3− groups) through a
metal cation bridging, as a result of electrostatic interactions (Urrutia
and Beveridge, 1994). The presence of Fe3+-coated bacteria signifi-
cantly increases silica sorption/precipitation rates, and the extent of Si
sorption/precipitation increases with increasing Fe3+ concentrations,
i.e., a metal cation (Fe), is necessary for the sorption/precipitation of Si
onto bacterial surfaces (Urrutia and Beveridge, 1994).

It has been pointed out before that most likely a great deal of Fe2+-
oxidizers are not being recognized when using culture independent
methods because of their close phylogenetic association with certain
heterotrophic species (cf. Edwards et al., 2003a). Hence, despite the
lack of genetic evidence for the presence of typical Fe2+-oxidizers in
the Lilliput hydrothermal emissions (Perner et al., 2007), the
pervasive microbial structures encrusted by Fe–Si-oxyhydroxides
(SEM-EDS) (Figs. 3C, D; and 10) resemble textures known to be
produced by Fe2+-oxidizers. We therefore argue that while some of
the microbes detected in the Lilliput oxyhydroxide deposits are surely
just embedded in the Fe–Si-precipitates, a considerable part
encrusted by Fe–Si-oxyhydroxides appears to be responsible for the
Fe–Si-oxyhydroxide precipitation at the Lilliput field.

5.2.2. Fe-sulfide (black films) formation
A very negligible part (by volume, ~1%) of the Lilliput deposits is

the black films scarcely staining the (internal?) surfaces of the
oxyhydroxide chimneys. Their sulfide composition (Tables 1 and 4)
suggests depositional environment contrasting to that of the bulk Fe–
Si-oxyhydroxidematrix. These pyrite–marcasite stains have obviously
formed in a reducing microenvironment. We see two possible genetic
scenarios for their formation: (1) biological precipitation by sulfate-
reducing bacteria; and (2) dissolution of primary Fe-oxyhydroxides
and re-precipitation of pyrite-marcasite.

The first mechanism is very similar to FeS2 deposition in anoxic
sediments (cf. Konhauser, 1998) where the FeS2 precipitation is
associated with the activity of sulfate-reducing bacteria, which couple
the oxidation of organic compounds to sulfate reduction thereby
producing sulfide. The released sulfide can then react with Fe-
oxyhydroxides whereby FeS and S0 are formed. To transform FeS to
pyrite oxidized sulfur species act as oxidants. In fluids containing both
high concentrations of Fe2+ and SO4

2−, biological pyrite fixation,
which is mediated by sulfate-reducing bacteria, is possible (Bottrell
and Morton, 1992). The Lilliput hydrothermal fluids contain elevated
Fe2+ concentrations and likely high amounts of SO4

2−. The latter is
related to the fact that a high proportion of ambient seawater is
admixed to the vent fluids (Perner et al., 2007). Whatever the sulfur
source is (derived from hydrothermal fluids or sulfate-reducing
bacterial activity), biological pyrite precipitation in the Lilliput vents
is a potential mechanism for the black FeS2 films staining the
(internal?) walls of the chimney channels.

We cannot rule out the second scenario of black film formation:
dissolution of primary Fe-oxyhydroxides and re-precipitation of
pyrite-marcasite in a reduced microenvironment. The CH4 concentra-
tions in the Lilliput vent fluids (or the organic substances of the
decayed bacterial cells from the internal parts of the chimneys) might
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indeed be high enough to locally reduce the Fe-oxyhydroxides. The
released Fe2+ could re-precipitated as Fe-sulfide (pyrite and marca-
site) in case of sufficient fS (H2S concentration) in the fluid. The main
geochemical consequence of this dissolution/re-precipitation process
is modification of the trace- and rare earth element signature of the
ultimate phase (sulfide) relative to that of the precursor (Fe-
oxyhydroxide) (see 4.): gain and loss of elements from/to the fluid.
These processes are most expressive in the REE distribution patterns
of the pairs yellow to red Fe–Si-oxyhydroxide precipitates—black
sulfide films (Fig. 7). The proposed mechanism of dissolution/re-
precipitation has led to a general depletion in REE of the ultimate
phase (black films) and erasure of the Ce and Eu anomalies of the
precursor (oxyhydroxides).
6. Conclusions

Our investigations of the low-temperature hydrothermal deposits
of the Lilliput field do not support the assumption that a thickened
oceanic crust fuels hydrothermal systems different from their thin-
crust counterparts. Lilliput hydrothermal deposits do not differ
principally in composition, structure and morphology from the
other low-temperature hydrothermal deposits of mid-ocean ridges
and hotspot volcanoes. They are composed of Fe-oxyhydroxides rich
in silica, goethite and ferrihydrite, have very low concentrations of a
number of micro- and rare earth elements and show REE distribution
patterns with both negative Ce and negative Eu anomalies, and a
slight enrichment in LREE relative to HREE. The Fe speciation (Fe2+

and Fe3+), precipitation (sulfides and oxyhydroxides), and preserva-
tion at the Lilliput hydrothermal field appears to be mainly
organically-controlled (organic compounds and live microbes).
(Bio)minerals precipitate at low-temperature conditions (δ18O) and
the observed Sr–Nd–Pb isotopic variations suggest that the Fe–Si-
oxyhydroxides scavenged metals predominantly from the ambient
seawater.

The MAR over the Ascension hotspot resembles the GSC (over the
Galápagos hotspot), Reykjanes Ridge (over the Iceland hotspot) and
Southeast Indian Ridge (over the Amsterdam–St. Paul hotspot) as
location of reduced hydrothermal venting. On the basis of our studies
of the Lilliput hydrothermal field we may infer that the low-
temperature, diffuse venting seems to be the most important cooling
agent at the hotspot-affected ridges. We are not able to estimate if the
composition and extent of a seafloor hydrothermal deposit is a
function of the crust thickness just on the basis of the few studies of
seafloor hydrothermal deposits on thickened crust. Understanding
these variables of the hydrothermal deposits at spreading centers
with different crust thickness is particularly important for the global
picture of transfer of heat and matter from the lithosphere to the
ocean.
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