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ABSTRACT

We have studied mineralogical characteristics of Fe-Si oxide precipitates from hydrothermal
fields of the Valu Fa Ridge, Lau Basin, especially the role that the neutrophilic Fe-oxidizing
bacteria played in their formation, using a variety of analytical techniques (XRD, SEM, EPMA,
TG/DTA and FTIR). According to this examination, the Fe-Si oxide formation can be divided into
two stages. At the initial stage, the Fe-oxidizing bacteria bound and oxidized Fe’* into Fe*' in
order to fix CO,, triggering precipitation of Fe-oxyhydroxide (ferrihydrite) and construction of a
loose network of Fe-rich filaments. Subsequently, the decreased porosity of the network resulting
from the gradual growth of the filaments led to a decline in the mixing between seawater and the
hydrothermal fluids. Then the conductive cooling of the network resulted in saturation of the
dissolved Si with respect to amorphous silica. As a result, significant precipitation of opal-A
occurred through inorganic polymerization. However, part of the silica was immobilized by
bonding to Fe-OH functional groups and yielded unpolymerized silica which is characterized by
Fe-O-Si bond. Owing to the incorporation of Si into the ferrihydrite structure and its adsorption on

the ferrihydrite surface, the modern hydrothermal Fe-Si oxides are thermally stable. DSC
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measurements indicate the full segregation of cristobalite from hematite at about 800 °C in an O,
atmosphere. These observations indicate that primary alternating Si- and Fe-rich layers may be
absent in the Archean ocean and thus provide potential clue to unravel the precipitation and
diagenetic mechanisms of Precambrian banded iron formations (BIF).

Keywords Lau Basin; hydrothermal Fe-Si oxides; banded iron formations; neutrophilic

Fe-oxidizing bacteria
Introduction

Fe-Si oxide/oxyhydroxide (hereafter referred to as Fe-Si oxide) is identified as a common
constituent of modern seafloor hydrothermal vent systems. It occurs as chimneys, irregularly
shaped edifices, mounds and interstitial precipitates filling cracks between lava flows (Hekinian et
al., 1993). Following the discovery of modern hydrothermal vents in late 1970s (Corliss et al.,
1979), Fe-Si oxide precipitates have been documented in hydrothermal systems globally. Previous
studies have shown that Fe-Si oxide precipitates are favored by relatively low-temperatures (<100
°C) in chimney structures and under diffuse flow conditions. This type of precipitate is probably
comprised of amorphous silica and poorly crystalline phases of which ferrihydrite is the most
pervasive. Sometimes crystalline iron-rich silicates such as nontronite are also found in these
precipitates. Fe-Si oxide deposits are now considered to be a result of either hydrothermal plume
fallout of Fe-Si oxyhydroxide precipitates or the mass wasting and erosion of primary submarine
massive sulfides. Textural and molecular biological evidences also suggest that microorganisms

(for instance iron-oxidizing bacteria) are essential in both these processes (e.g., Boyd and Scott,
2001; Edwards et al., 2003, 2004, 2011 ;Little et al., 2004 ;Kato et al., 2009 ;Langley et al., 2009;

Toner et al., 2009).

Three main neutrophilic Fe-oxidizing bacteria have been identified by molecular analysis

from modern hydrothermal Fe-Si oxyhydroxide deposits (Emerson et al., 2007 ;Davis et al., 2008 ;

Hodges et al., 2009 ; Kato et al., 2009 ; Langley et al., 2009). Although abiogenic mechanisms for

Fe-Si filament formation have been proposed (Hopkinson et al., 1998) and similar structures of
filaments have even formed under abiogenic conditions (Garcia-Ruiz et al. 2002, 2003), several

questions still remain unsolved. For example, abiogenic mechanisms alone cannot explain the
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formation of hollow cylinders in the Fe oxides, the straight, twisted and branching morphologies
of the filaments, the internal septate structures and the occurrence of terminal knobs (Little et al.,
2004). Rather, these complex microstructures indicate that the precipitation of Fe oxide is a
complex process, probably involving both biotic and abiotic pathways. In addition, some studies
have been carried out to determine the silica precipitation (Juniper and Fouquet., 1988; Herzig et
al., 1988; Kristall., 2006) and Fe-Si coprecipitation of hydrothermal fluids (Fein et al., 2002; Yee
et al., 2003; Konhauser et al., 2007; Posth et al., 2008) to investigate the possible affinity and
relationship of these deposits to the Precambrian banded iron formation (BIF).

It is noteworthy that in natural environment, Fe-Si oxide is not a simple mixture of
Fe-oxyhydroxide and amorphous or poorly crystalline silica. As Si has a high affinity for the
Fe-OH functional group of Fe oxides, it is likely that Si interacts with the growth of Fe oxide
crystals, resulting in the formation of Si-containing ferrihydrites (Campbell et al., 2002). A
number of studies have shown that much of the Si may have been incorporated into the
ferrihydrite structure (Eggleton and Fitzpatrick, 1988; Waychunas, 1991; Jambor and Dutrizac,
1998; Boyd and Scott, 1999), probably replacing Fe in tetrahedral site up to 0.214 mol% in many
natural ferrihydrites (Carlson and Schwertmann, 1981; Childs et al., 1993). However, debates still
exist about this structure model. For instance, several investigators have argued that the Si in
ferrihydrite is adsorbed on its surface from the surrounding aqueous solution, probably as the
anion HSiO43' (Zhao et al., 1994; Cismasu et al., 2011). The main reason is the considerable
difference in ionic radii between Si*" and Fe*" (0.26 A for VSi** and 0.49 A for "VFe*"; Shannon
1976) and the limited number of tetrahedral sites in the average ferrihydrite structure (ideally 20%
of the total Fe sites; Cismasu et al., 2011). According to this model, Si was suggested to hinder the
growth of ferrihydrite crystallites by attaching to newly formed iron oligomers during
polymerization and by inhibiting the cross-linking of edge-sharing Fe oligomers, whereas at
higher concentrations, silica is thought to polymerize and form a shell around the ferrihydrite
(Seehra et al., 2004). In this paper, the term “Si-ferrihydrite” is reserved for ferrihydrites
containing unpolymerized Si.

Previous research on hydrothermal Fe-Si oxide precipitates was mostly aimed at identifying
microorganisms involved in the precipitation. By contrast, detailed mineralogical and geochemical

characteristics of modern hydrothermal Fe-Si deposits still need further investigation; our present
3
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knowledge of Fe-Si oxide relies mainly on previous analyses of analogs in freshwater, soils and
terrestrial hot springs. In addition, the amorphous or poorly crystalline nature of Fe-Si
oxyhydroxide precipitates makes X-ray diffraction (XRD) studies alone insufficient for their
characterization (Zhao et al., 1994; Garcia-Valles et al., 2008). Other analytical methods need to
be employed.

The main goal of this work is to characterize the mineralogical and geochemical nature of
Fe-Si oxide precipitates from the hydrothermal fields of the Valu Fa Ridge, Lau Basin.
Specifically, we have used XRD, scanning electron microscopy (SEM), thermogravimetry and
differential thermal analysis (TG-DTA), Fourier Transform infrared spectroscopy (FTIR),
electron probe micro-analysis (EPMA) and energy dispersive spectral (EDS) analyses to
determine the factors controlling the precipitation and thermal stability of modern hydrothermal
Fe-Si oxides and particularly to address the biogenic mechanism of deposition of Fe-Si oxides. In

addition, the obtained results may have implications for BIF formation.

2. Geological Setting

The Lau Basin is a triangular depression over 1000 km long and approximately 450 km wide
in the north (at 15°S), narrowing to about 200 km in the south (25°S). This active back-arc basin
has been opening over the last 6 Ma (Hawkins, 1995) through rapid clockwise rotation (7°/Ma) of
the Tonga Arc; the Euler pole of the motion for the rotation lies at about 24°S (Bevis et al., 1995).
The basin is bordered to the east by the Tonga Ridge and to the west by the Lau Ridge. The Lau
Ridge is a remnant volcanic arc abandoned by spreading in the Lau Basin and was active between
the mid-Miocene and early Pliocene (approximately 15-5 Ma; Hawkins, 1995). The Lau Basin is
composed of three major active spreading ridges: the Central Lau Spreading Center (CLSC), the
Eastern Lau Spreading Center (ELSC), and the southernmost part of the Valu Fa Ridge (VFR)
south of 21°20'S (Jenner et al., 1987). The VFR extends for at least 165 km, is 5 to 6 km wide,
with ridge flanks rising about 600 m above the surrounding seafloor (Taylor et al., 1996).

Since the early 1990s, a series of hydrothermal fields have been discovered along the VFR
extensional zone (Fouquet et al., 1991a,b; 1993; Ishibashi et al., 2006; Reysenbach et al., 2006).
According to Fouquet et al. (1993), two different volcanic and tectonic stages have been

recognized from the southern and northern VFR. The Hine Hina hydrothermal field on the
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southern VFR is in a volcanic stage and is characterized by diffuse discharge (~40 °C, Fouquet et
al., 1993; Lécuyer et al., 1999; Baker et al., 2005) through highly porous volcaniclastic material,
which results in the formation of extensive Fe-Mn-oxyhydroxide crusts covering sulfide deposits
within the volcanic material (Fouquet et al. 1993; Lécuyer et al., 1999; Fretzdorff et al., 2006).
The Vai Lili and Mariner fields have been found in the central VFR (Fouquet et al., 1991a,b;
Baker et al.,, 2005, 2006; Martinez et al., 2006) and are now in the volcanic/tectonic stage
(Fouquet et al., 1993). In these two fields, there are numerous black and white smokers
discharging fluids up to 400°C in the Vai Lili and ~365°C in the Mariner field (Takai et al., 2008).
Nonetheless, diffuse discharge of Fe-Si-Mn oxide is still occurring in this area (Lécuyer et al.,
1999). The White Church field in the northern VFR is in the tectonic stage and there is no
evidence for widespread Fe-Si-Mn oxide deposits there (Fouquet et al. 1993; Lécuyer et al., 1999)
except for the presence of a large number of barite chimneys and small Mn-oxide chimneys
controlled by major faults (Lécuyer et al., 1999). A new hydrothermal field at 176 °11'W, 20 °40'S
was discovered by Video Camera with deep tow at about 4 km south of the ABE hydrothermal
field in May 2007 during the expedition of R/V DaYang YiHao (Zhou et al., 2008). It was shown
that the newly discovered CDE hydrothermal field consists of at least 7 groups of chimneys
distributed along a deep tow transect from SW to NE for a length of more than 300 m at water
depths from 2199 to 2256 m (Fig. 1, Table 1). Significant amounts of anemones, crab, fish and
white microbial mats were associated with inactive chimneys in the hydrothermal field. Most of
the sulfides exist as pillars with a height ranging from < 1 m to > 5 m estimated from the length of

the rope with the deep tow camera. The largest chimney group had a height of about 12 m.

3. Materialsand M ethods

Twelve samples were collected from ELSC and VFR of Lau Basin during the expedition of
R/V DaYang YiHao in May 2007. Sampling was performed in four hydrothermal fields: Samples
LI9Y1, L9Y2 and L9Y3 came from the Mariner hydrothermal field; samples L81, L82 and L83
from the Vai Lili hydrothermal field; samples L5Y 1, L5Y2, L6Y1 and L6Y2 from the Hine Hina
hydrothermal field; and 13Y'1, 13Y2 and13Y3 from the newly discovered CDE hydrothermal field.
Sampling details and original sample descriptions are listed in Table 1. The samples were frozen

and stored at -20 °C prior to laboratory studies.
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The hydrothermal samples were impregnated with epoxy resin, carved and sectioned for
petrographic observation and dehydrated by freeze drying. The dried samples were impregnated
with a polyester resin mix under vacuum and 12 polished thin sections were made following the
method of Camuti and McGuire (1999). The thin sections were then examined using a transmitted
light microscope equipped with a Zeiss camera.

Mineralogical characterization of the hydrothermal Fe-Si samples included XRD,
TG-DTA-DSC and FTIR analyses, all of which were made on powdered samples. Microstructural
observations were carried out using a JEOL J 3M-840 scanning electron microscope (SEM)
equipped with an energy dispersive energy spectrometer (EDS). The microscope was operated at a
voltage of 10 keV and a range of beam currents of 18-22 mA.

XRD analysis was carried out using a PANalytical X Pert system. Diffraction patterns in the
2.5-80° 20 range were obtained in the step scan mode with a step of 0.02° 26 and a counting time
of 50 s per step. Operating conditions were 40 keV and 28 mA, using CuKa radiation and a
graphite monochromator. XRD analysis was performed after the sample was heated at RT, 200 °C,
450 °C, 600 °C, 800 °C and 1000 °C for 2 hours in an oxygen atmosphere.

Simultaneous TG-DTA-DSC analyses were carried out with a Netzsch STA 409 instrument,
using ~50 mg of sample ground to <100 um in an Al,O; crucible in a dry air atmosphere with a
flow rate of 80 mL/min. Al,O; powder (Perkin-Elmer 0419-0197) was used as the standard. The
experiment consisted of heating the sample from room temperature (RT) to 1200°C at a heating
rate of 20°C/min.

The distribution of major and trace elements in the samples was determined by electron
microprobe analysis (JEOL JXA-8100) at a 15 keV acceleration voltage, 35 nA current beam with
a 1-2um beam size. Prior to the analysis, a 10-20 nm thick carbon layer was splutter-coated on the
samples. Standards used include synthetic oxide set (K,0, Fe;03;, MnO,, TiO,, Cr,0;) for K, Fe
and Mn, Ti, Cr, respectively; apatite for Ca and P; barite for Ba and S, olivine for Mg, Na, SrSO4
for S. Counting times were 60 s.

FTIR spectra were recorded using a Nicolet 380 spectrometer. The spectra was recorded in
the 4000 to 400cm ' range and were collected after 256 scans at a resolution of 4 cm™'. A KBr disc
was used for sample preparation. The KBr (FTIR grade, Fluka) was dried at 200 °C for 24 h. To

prepare KBr pellets, 1 mg of RM sample (derived from the RM-As (V) samples at pH 4, 7 and 10
6
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of the last point of isotherms, and coming from the extraction procedure steps of RM-As (V)
samples at pH 4) was ground for 1-2 min together with 200 mg of KBr. The pellets were made
using 90mg of the KBr-RM mixture. This mixture was then pressed in a die under vacuum for 4-6
min at 12t pressure to produce transparent disks about 1 mm thick and 13 mm in diameter. An

empty KBr pellet was used as the reference and its spectrum was subtracted from the sample

spectrum to suppress spectral artifacts caused by KBr impurities and water.

4. Results

4.1 XRD analysis

XRD results indicate the ubiquitous occurrence of amorphous opal-A and poorly crystalline
Si-ferrihydritein in our samples. Minor amounts of halite (NaCl) and birnessite (6-MnQO,) are also
present. Opal-A is a common phase in the Lau Basin hydrothermal Fe-Si oxide precipitates. Its
XRD pattern is characterized by a broad band at d = 4.0-4.1 A, corresponding to a 26 range of

17-26° centered at approximately 22.2°. Pure ferrihydrite is absent in all the samples. The

dominant phase is Si-ferrihydrite characterized by a major broad band around d (110) = 3.0 A (Fig.

2), which is shifted from that of pure ferrihydrite (ca. 2.54 A; Karim 1984; Vempati and Loeppert
1989). In addition, the common 1.5 A band (a double line with maxima at d(115) = 1.53 A and d
(300) = 1.48 A) is poorly resolved (Carlson and Schwertmann, 1981) and can hardly be detected.
This has been attributed to the incorporation of Si into the ferrihydrite structure (Vempati and

Loeppert, 1989; Campbell et al., 2002).
4.2 Optical microscopy and SEM observations

Most of the Fe-Si oxide samples consist of a porous network of dendritic and filamentous
structures which probably represent microbial growth forms (Fig. 3A-3D). The diameters of these
filaments range from 5 to 10um, and the lengths are commonly 30-500um or even longer. In all
the samples, the filaments constitute up to 40-70 vol% of the Fe-Si oxide precipitates. No other
material was identified inside the mesh weaved by the filaments. In some samples, filament
assemblages show vertically oriented fabrics, often originating from laminae or central points. A
septate structure which could indicate the biogenic origin of the filaments was also identified in

this Fe-Si sample which was very similar to that found in the previous studies (Little et al., 2004)

7
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(Fig. 3C). A proportion of the filaments have a distinctive twisted morphology. The branched
filaments often recombine at intervals to form loose networks, most of which have a random
orientation. In addition to the filaments, many spherules and larger amorphous aggregates were
observed which were apparently contemporaneous with the filaments (Fig. 4).

SEM observations reveal an overwhelming presence of distinct bacterial forms as seen in Fig.
5. The filamentous, straight rod-like, short rod-like and twisted strands are commonly
characterized by smooth surface. According to previous studies, the straight rod-like fragments are
characteristic of Leptothrix ochracea (Kennedy et al., 2003a,c), while the distinctive helical
structure is representative of the Gallionella ferruginea stalk (Hallbeck and Pederson, 1991). Oval
and spherical features also occur in some samples. The spheres often have small diameters ranging
from 0.1-1um and encrust the precursor filaments. Most features of these microbes are hidden
under the small sphere that has encrusted them. Major elements detected by EDS (Fig. 6) on the
surface of the filaments include Fe, Si, P, Na, Cl and O but the small sphere contains only Si and O,

indicating that it consists only of pure opal-A.

4.3 Thermal analysis ( TG-DTG-DSC )

As shown in the TG-DTG curves (Fig. 7), two sharp mass loss events occurred at 25-260°C
and 800-1030°C, which correspond to the endothermic peaks at 106-138 °C and 918-968 °C,
respectively, on the DTG curves. The mass loss corresponding to the first endothermic peak
accounts for 6.3-11.2 wt%, whereas the second endothermic accounts for 5.0-8.4 wt%. Overall,
the total mass loss of all three studied samples is within the range of 19.9~24.3 wt% (Fig. 7),
which mainly result from dehydration of two types of water present in Fe-Si oxides, i.e., the
isolated non-hydrogen bonded molecules and hydroxyl groups trapped in the structure as fluid
inclusions, and the strongly hydrogen-bonded accumulations of water molecules or hydroxyls
either within the structure or on external and internal surfaces. The DSC curves are consistent with
the TG-DTG results with an endothermic peak at about 110-140°C and a broader endothermic
peak at 800-1050°C. The most striking feature of the DSC curves is the absence of the sharp peaks.
The moderate endothermic peaks at 408°C and 558°C of sample L9Y3 can probably be attributed
to the presence of birnessite, which starts to transform to well-crystallized phases at 400-600°C

when heated in air (Golden, et al., 1986). According to the mass losses shown in TG curves (Fig.
8
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7), the endothermic peak at ca. 106-138°C can be attributed to the loss of absorbed water and the
endothermic peak at 918-968°C to dehydroxylation.

To further investigate the thermal process, we carried out XRD after a series of stepwise
heating of the Fe-Si oxide sample (Fig. 8). No obvious transformation could be observed below
600 °C. The presence of hematite is commonly observed at ca. 800 °C with its maximum at
1000 °C. In addition, Opal-A begins to transform to opal-CT at ca. 800°C and shows increasing
degrees of crystallinity. When heated to 1000°C, Fe-oxyhydroxide completely transforms to

hematite and the opal-CT to cristobalite.
44FTIR

FTIR was used to characterize the water and hydroxyl groups as well as chemical bonds in
the structures of Fe-Si oxides. All the analyzed samples display similar FTIR spectral features,
which are summarized in Table 2. Infrared absorption spectra (Fig. 9) display distinct features at
3390-3440 cm™ and ca.1640 cm™ which which can be assigned to the stretching vibration of ~OH

and to the bending vibration of water absorbed, respectively (Koji and Solomon, 1977).

The asymmetric Si-O stretching mode at 1002-1108 ¢cm™ is derived from the vibrations of
SiO, tetrahedra with three or four bridge oxygens (Lazarev, 1972; Farmer, 1974). The obvious
shift of the band from about 1000 cm™ (1002 cm™ for L6Y1 and 1010 cm™ for L5Y2) to higher
wave numbers (1103 cm™ for L13Y1 and 1108 cm™ for L9Y2) may reflect the presence of
unpolymerized, partially unpolymerized up to fully polymerized silica (Carlson and Schwertmann,
1981). A medium intensity band at 942 cm™ can be assigned to the Si-O-Fe stretching (Carlson
and Schwertmann, 1981). The 786 cm™ band is assigned to the Si-O stretching of the SiOy ring
structure. This is usually correlated with fully condensed Si atoms surrounded by four Si-O-Si
linkages (Landmesser et al., 1997). The absorption bands around 647 cm™ and 470 cm™ may result
from the stretching vibration of Fe-O (Vempati and Loeppert, 1989; Ying et al., 2007), suggesting

the presence of ferrihydrite (Vempati et al., 1990).
45 EMPA

Two types of Fe-Si oxides were identified by Electron Microprobe Analysis. Type I is rich in

Fe with an average content up to 44.33 wt % (Fe,Os). This type of Fe-Si oxide corresponds to

9
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Si-ferrihydrite with d(110) = 3.0 A. Minor Fe was found in the type II Fe-Si oxide with the Fe,O3
content ranging from 0.15 to 6.60 wt%. This type corresponds to the opal-A identified by XRD
with d(110) = ca. 2.5 A. Type 1 Fe-Si oxide has a Si content between 30.31-66.01 wt% (mean
46.67 wt % SiO;) with a Si:Fe molar ratio of 0.72-3.08 (mean 1.51). By contrast, type II Fe-Si
oxide contains a much higher Si content, up to 66.8-88.5 wt% (mean 83.1 wt% SiO,) with the
Si:Fe molar ratio of 16.7-785 (mean 207.5). However, other elements such as P, Ca, Mg and Na
show higher contents in the type I sample, indicating these elements are more associated with
Si-ferrihydrite. The higher P content may possibly be attributed to the adsorption of phosphor on
Fe oxide surface (Konhauser et al., 2007). One analysis point in the type II sample has the highest
Al content (up to 12.63 wt %), which may be due to occasional addition of volcanic fragments.

It is noted that the EPMA totals are significantly smaller than 100%, ranging from 86.2 to
96.4 wt%. This is probably due to evaporation of water from the samples under electron beam
irradiation. However, the water contents of the samples (19.9-24.3 wt%), are much larger than

those deduced from the EMPA analysis (3.6-13.8 wt%), suggesting partial water evaporation.

5 Discussions

5.1 Precipitation of Fe oxides in modern hydrothermal vents

Microbial activity is commonly involved in Fe-Si oxide formation in modern hydrothermal

vents (e.g., Emerson and Moyer, 2002, Emerson et al.,2007; Kennedy et al., 2003a,b,c; Chan et al.,
2009; Kato et al., 2009 ; Langley et al., 2009 ; Edwards et al., 2011). In this study, we have

observed many variants of stalks, sheaths and other mineralized structures generally attributed to
Gallionella ferruginea, Leptothrix ochracea and Mariprofundus ferrooxydans. Based on the SEM
and light microscopic results, we infer that the microbial Fe oxide occurs as a mass of filaments
which often combine together to form a loose network. These networks are characterized by high
porosities, and fluids can migrate through them relatively freely. The neutrophilic Fe-oxidizing
bacteria use energy from Fe** oxidation to fix CO,, a metabolic process which leads to the
deposition of ferrihydrite (Emerson, 2000; Kennedy 2003a). As a result, the electronegative
surfaces of the cells and extracellular polymers which contain functional groups (such as carboxyl

and phosphate) play an important role in the Fe oxide formation. The groups themselves are
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highly reactive and can bind Fe*" when the reduced acidic fluids are discharged into an oxidizing
neutral environment. Microbial cell surfaces are also effective adsorbents of pre-existing nano-
and micro-sized iron oxide phases (Langley et al., 2009). The initially precipitated iron can also
act as a catalyst for the accelerated auto-catalytic hydrothermal deposition of Fe-oxyhydroxides
(Boyd and Scott, 2001). Biogenetic Fe-oxyhydroxide therefore precipitates on the surface of cells
and forms filaments at the stage when hydrothermal fluids can mix freely with seawater.

However, the precipitation mechanism of Fe in hydrothermal vent is fairly complex. A
challenge is how to evaluate the exact role of biotic vs. abiotic precipitation in the formation of
Fe-Si oxides. These phases generally precipitate at an oxic—anoxic interface where the rapid rate
of abiotic Fe(Il) oxidation coupled with oxygen reduction can outpace biotic oxidation in iron
microbial mats (James and Ferris, 2004; Druschel et al., 2008). Nonetheless, competition between
the kinetics of microbial and abiotic oxidation has not been established. The observation of many
spherules and larger amorphous aggregates in our samples may provide an important clue in the
explanation of this mechanism. The presence of amorphous aggregates in particular is a strong
indication that abiogenic precipitation plays an important role in the Fe-oxyhydroxide formation,
supporting the conclusion of Boyd and Scott (2001) that amorphous Fe-oxyhydroxides precipitate
hydrothermally as abiogenic products. However, it is difficult to estimate the relative proportions
of abiogenic and bacteriogenic Fe oxide precipitation from our observations as metabolic activity
of even small colonies of Fe oxidizing bacteria may alter the local physiochemical conditions to
increase the precipitation of Fe oxides more than would occur by abiogenic processes alone
(Emerson and Moyer 2002; Kennedy et al., 2003a,b,c). To resolve this issue, quantitative

experiments using living Fe oxidizing bacteria need to be performed.
5.2 Silicification pattern of the mat

Our EMPA analyses show that silica has the highest concentrations in Fe-Si oxide mats,
indicating that silica precipitation (mainly opal-A) ultimately dominates during the hydrothermal
Fe-Si oxide formation. As stated earlier, variants of filaments coated with ferrihydrite gradually
weave together to form a loose network whereas silica precipitates inside the network during the
first growth stage. It can therefore be hypothesized that the precipitation of silica onto the surface

of the ferrihydrite encrustation or into the porous network will lead to a continuing decrease in the
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porosity of the filament network. As a result, mixing between seawater and hydrothermal fluid
will be restricted or even end. In other words, once silica starts to precipitate, there is no niche
inside the mat for Fe-oxidizing bacteria to live, and the biomineralization of the Fe declines
accordingly.

There are at least two chemically distinct processes involved in H4SiO4 association with

ferrihydrite and the importance of each process depends on the amount of HsSiO4 present at the

ferrihydrite surface, i.e. the molar ratio of Si:Fe in the ferrihydrite. When the Si: Fe ratio is low
(<0.05), H4Si0,4 appears to be associated with monomeric silica (Swedlund and Webster, 1999).

However, when the Si:Fe ratio is increased to 0.05-0.2, the H4SiOy is associated with ferrihydrite
via a siloxane linkage (Si-O-Si), essentially resulting in polymerization to form a separate silica
phase (Swedlund and Webster, 1999). In fluids supersaturated with amorphous silica, hydroxyl
groups on the silicic acid molecule combine to form siloxane bonds, resulting in spontaneous
polymerization of monomeric Si to form polymeric Si clusters and three-dimensional
nanoparticles 1-2 nm in diameter (Iler, 1979). Our FTIR results show that the Si-O-Si bond
indicative of [SiO4] polymerization is very common. Moreover, the Si:Fe molar ratios of all the
Fe-Si oxide samples are greater than 0.2, indicating the dominant role of fully polymerized silica
in the mat silicification. However, unpolymerized silica or partially polymerized silica still exists
in the natural Fe-Si oxide. For instance, the band at 942cm™ in sample L13 is indicative of a
Fe-O-Si bond and is a consequence of binding Si to Fe-OH functional groups on the ferrihydrite
surface. Furthermore, the band at 942 cm™' rather than at 925-935cm™ for unpolymerized Si can
hardly be due to a contribution from the band at ca. 1100cm™ for fully polymerized silica. The
position of the band therefore suggests that, in addition to unpolymerized Si, partially polymerized
Si is also present. Thus silicification of the mat is probably a multistage and dynamic process. To
summarize, the silicification process may correspond to a distinct stage when mixing between
hydrothermal fluid and seawater is relatively free, the solution is undersaturated with respect to
amorphous silica and the Si bound to Fe-OH functional groups at the surface and form the
unpolymerized silica. The decrease in the porosity in the filament network leads to gradual
restriction of the mixing between seawater and the hydrothermal fluid. Consequently, the solution

become supersaturated with respect to amorphous silica as a result of the conductive cooling and
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initiates spontaneous Si polymerization. The presence of the highly intense Si-O-Si bond at 786
cm’ indicates that the inorganic polymerization reaction is most important in the Fe-Si oxide
precipitation. This study therefore demonstrates that ferrihydrite filaments form by neutral Fe
oxidizing bacteria and display a strong affinity for Si and can readily accumulate silica from
hydrothermal fluids. Monomeric species can bind directly onto ferrihydrite surface sites and form
stable surface complexes. In addition, at high Si concentrations, the ferrihydrite surfaces can act as
a template for silica polymerization (Carlson and Schwertmann, 1981; Swedlund and Webster,
1999; Yee et al., 2003). Moreover, biomineralization process of the mats has been investigated in
modern hydrothermal vent systems (Juniper and Fouquet., 1988; Toner et al., 2009; Peng et al.,
2010; Edwards et al., 2011). In a recent study of Fe-Si deposits from the Edmond hydrothermal
vent, Peng et al. (2010) demonstrated that cells are commonly enclosed in a matrix of amorphous
silica, whereas acicular Fe oxide precipitates intracellularly in the cytoplasm inside the cell and

extracellularly on the surfaces of cell wall and silica matrix.
5.3 Thermal stability and implications of hydrothermal Fe-Si oxide deposition

Ferrihydrite is a metastable phase and eventually transforms to more stable iron oxides, such
as goethite, lepidocrocite and/or hematite (Boyd and Scott, 1999; Langley et al., 2009; Parenteau
and Cady, 2010). Similarly, the water-bearing opal-A progressively transforms to opal-CT/C or
even microcrystalline quartz with the polymorphs showing increasing degrees of structural order
and crystallinity (Lee, Garcia-Valles et al., 2008). However, transformations and diagenesis of
Fe-Si oxide precipitates in modern hydrothermal vents are limited. Most Fe-Si oxides still occur as
Fe-bearing opal-A or Si-ferrihydrite. Our thermal analysis results reveal that after the first
dehydration of trapped/absorbed water between 25 and 260°C, the Fe-Si oxide can remain stable
up to 800 °C, at which it transforms to hematite while silica to opal-CT. This transformation
ultimately ends at ca. 970 °C, reflecting the high thermal stability of the modern hydrothermal
Fe-Si oxide precipitate.

According to Carlson and Schwertmann (1981), a simple mixture of pure ferrihydrite and
amorphous silica does not promote thermal stability of both minerals. This probably reflects the
presence of microbial cells and detrital organic material, as described by Kennedy et al. (2004).

These authors hypothesized that the binding of ferric iron and nucleation of ferrihydrite to
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bacterial surface functional groups (i.e., carboxyl and phosphoryl groups) would constrain the
rotation of the nanoparticles, thereby inhibiting subsequent aggregation and crystal growth
(Banfield et al. 2000). However, the amount of organic material in Fe-Si oxide is very low (< 0.1
wt%, unpublished data) because of rapid decomposition of the organic matter (cells and
extracellular polymeric substance (EPS)) when exposed to oxygenic seawater after its death or due
to mineralization (such as silicification) which occurs while the cell is still alive (Guidry and
Chafetz, 2003; Konhauser et al., 2004). In fact, several studies have shown that most Fe-Si oxide
precipitates (especially silica sinters) do not usually contain residual organic matter (e.g.,
Konhauser et al., 2004; Hofmann et al., 2008). Moreover, inorganic polymerized silica dominates
the volume in the Fe-Si oxide precipitates in our samples. The inhibitory effect of functional
groups on the surface of the organism is a minor factor in retarding the transformation of Fe-Si
oxide.

Considerably higher temperatures are needed for the thermal conversion of ferrihydrite to
hematite if ferrihydrite contains foreign elements such as Si, P, Al. Previous DTA experiments
show that an increase in the Si/(Si+Fe) ratio from 0 to 0.153 in the synthetic 2-line ferrihydrite
produced by coprecipitation can shift the exothermic peak from 331 to 778 °C while reducing its
intensity significantly (Carlson and Schwertmann, 1981, Campbell et al. 2002). Similarly, a 2-line
ferrihydrite with a Si/(Si+Fe) ratio of 0.11 remained essentially unchanged after being heated to
600 °C but was completely converted to hematite at 850 °C (Glasauer et al. 2000). As mentioned
above, several authors have attributed the high thermal stability of Si-rich ferrihydrite to the
surface effects of Si such as the formation of Si-O-Fe bonds that hinder the dehydroxylation and
subsequent atomic rearrangement to hematite (Zhao et al., 1994; Cismasu et al., 2011). However,
another possibility is that Si substitution increases the stability of ferrihydrite. For example,
Vempati et al. (1990) postulate that Si forms a structured bond (Si-O-Fe) in ferrihydrite based on
X-ray photoelectron spectroscopy (XPS) data. Unit cell measurements (XRD) of Si-containing
hematite heated to 672 °C in a DTA instrument show that a and c¢ increase as the Si/(Si+Fe) ratio
increases from 0 to 0.07, indicating that small amounts of Si are incorporated into the structure,
probably compensating for the Fe(Ill) deficiency (Campbell et al. 2002). All the results described
above are based on studies of synthetic ferrihydrite.

Our studies show that natural Fe-Si oxide samples from modern hydrothermal vents behave
14
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similarly up to the conversion temperature, 970 °C. Although the ferrihyrite-hematite
transformation has not been fully understood, the incorporation of Si into the structure appears to
lead to its higher thermal stability. The hydrothermal fluid in the Mariner field has a Si:Fe ratio of
1.19-1.41, whereas the Si:Fe ratio for the fluid in the southward Vai Lili field can be as high as
7.86 (average value, Takai et al., 2008). This implies that significant Si may be incorporated into
the ferrihydrite structure or adsorb on the ferrihydrite surface. In order for Si-ferrihydrite to
transform to hematite, Fe-O-Si bonds must be broken prior to the formation of Fe-O-Fe bonds.
With an increasing concentration of Si, higher temperatures are needed for the ferrihydrite-
hematite transformation. For instance, previous study has shown that synthetic Si-ferrihydrite does
not transform to hematite below 800 °C (Campbell et al. 2002), which is also in accordance with
our result. Furthermore, the presence of slightly abundant P (mean content 1.01wt% for type I
Fe-Si oxide) is also expected to increase the transformation temperature (Quin et al., 1988;
Zachara et al., 2011).

Most evidences suggest that chemical components of BIF were sourced from hydrothermal
systems that contained abundant Fe and SiO, (Morris 1993). Moreover, it is generally accepted
that microbes played a significant role in the formation of ancient BIFs (Cloud, 1965; Brown et al.,
1995; Konhauser et al., 2002, 2011; Posth et al., 2008; Parenteau and Cady, 2010; Li et al., 2011).
Our results thus have some implications to the formation process of BIFs. Most of our samples
from the modern hydrothermal vent system consist of a natural intermixture of Si-ferrihydrite and
opal-A rather than a single mineral. Then it can be assumed that, in the presence of saturated silica,
biogenic Fe oxide cannot precipitate separately because of the binding effect of biogenic Fe oxide
on dissolved silica. According to the commonly accepted temperature of the Archean Ocean
(10-85°C, Posth et al., 2008), the occurrence of segregated crystalline Fe and Si oxides is
impossible. Primary alternating Si- and Fe-rich layers were therefore absent in the Archean ocean,
even at a micro-meter scale. A plausible explanation for the alternating BIF deposits is the later
diagenetic maturation of Fe-Si oxides that can separate into pure crystalline silica and iron oxides
in an oxygenated environment. Following with the relatively abundant water (19.9~24.3 wt%,
according to our thermal analysis result) escaping from the Fe-Si deposits during digenetic process,
the Si-rich thin band alternated with the Fe-rich thin band was possibly expected to form.

Although this hypothesis still needs further work to support because the real condition that the
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Fe-Si oxide deposits has experienced during an extreme long period might outrun our imagination,

the findings presented here at least provide another different perspective to reconsider the

continuing BIF enigma.
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712

713
714
715
716
717
718
719
720 Table 1. Description of Fe-Si oxide samples from the Lau basin
721
Hydrothermal Depth
Sample Lat. (S) Long. (W) Sample descriptions
field (m)
Mariner L9Y1 9 22010'53" 176°36'06" 1922 Orange, loose, non-bedded
Mariner L9Y2 9 22°10'53" 176°36'06" 1922 Bright yellow, loose, non-bedded
Mariner LI9Y3 9 22°10'53" 176°36'06" 1922 Yellow, loose, non-bedded
Vai Lili L81 8 22°12'57" 176°36'26" 1744 Brown, layered, semi-consolidated
Vai Lili L82 8 22012'57" 176°36'26" 1744 Grey, loose, non-bedded
Vai Lili L83 8 22°012'57" 176°36'26" 1744 White to grey, semi-consolidated
Hine Hina L5Y1 5 22°32'01" 176°42'39" 1906 Yellow, layered, semi-consolidated
Hine Hina L5Y2 5 22°032'01" 176°42'39" 1906 Yellow to brown, layered, semi-consolidated
Hine Hina L6Y1 6 22031'54" 176°42'56" 1877 Yellow, layered, semi-consolidated
Hine Hina L6Y2 6 22031'54" 176°42'56" 1877 Bright yellow, layered, semi-consolidated
CDE L13Y1 13 20°41'11" 176°11'01" 2244 Red to brown, consolidated
CDE L13Y2 13 20°41'11" 176°11'01" 2244 Bright yellow, semi-consolidated
CDE L13Y3 13 20°41'11" 176°11'01" 2244 Orange, layered, semi-consolidated
722
723
724
725 Table 2. Frequencies and band assignments for the characteristic vibrations found in the IR
726 spectra of Fe-Si oxide precipitates, Lau basin
Band Wavenumbers (cm™) Assignments®
1 3545 vy Fe-OH
2 3390-3440 v Si-OH
3 2360 v C-0-C
4 1640 SH-O-H
5 1002-1108 v,Si-O/Si-OH
6 942 v Fe-O-Si
7 786 v, Si-O-Si
8 647 v, Fe-OH
9 460-472 V4 Fe-O
727  *v=stretching; 0=bending; as=asymmetric, s=symmetric
728
729
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730
731
732
733
734
735
736
737
738
739 Table 3. Chemical compositions of the Fe-Si oxide deposits from Lau Basin analyzed by EMPA*
740

Type I Type 11

Oxide 1 2 3 4 5 6 Mean 7 8 9 10 11 12 Mean
SiO, 63.64 5233 3347 66.01 3426 3031 46.67 81.63  69.84 88.54 88.64 82.8 87.15 83.1

P,0s 0.89 0.85 0.16 0.08 1.38 2.71 1.01 0.09 0.09 0.06 0.01 0.09 0.01 0.06
SO; 0.3 0.25 0.19 0.08 0.2 0.48 0.25 0.07 0.02 0.05 0.21 0.1 0.03 0.08

Na,O 0.21 0.31 0.39 0.08 0.21 0.36 0.26 0.06 0.32 0.13 0.13 0.23 0.11 0.16
MgO 0.3 0.37 0.21 0.41 0.17 0.46 0.32 0.05 0.59 <0.01 n.d. 0.01 0 0.11
AlLO; 0.01 0.03 0.02 <0.01 n.d. 0.05 0.02 0.1 12.63 0.02 0.02 0.01 0.02 2.13
K0 0.14 0.19 0.22 0.17 0.23 0.28 0.2 0.13 1.13 0.08 0.09 0.12 0.05 0.27

CaO 0.1 0.25 0.22 0.11 0.54 0.9 0.35 0.08 3.17 0.07 n.d. 0.1 0.11 0.59

TiO, n.d. n.d. n.d. 0.06 0.01 n.d. 0.01 0.15 0.5 n.d. n.d. n.d. n.d. 0.11
Cr,05 0.17 0.1 0.24 0.06 0.01 n.d. 0.1 0.06 0.05 0.24 n.d. 0.06 0.07 0.08
MnO, 0.03 0 0 0.05 0.82 0.04 0.16 n.d. 0.2 0.05 n.d. 0.12 n.d. 0.06
Fe, 05 2742 41.63  56.26 27.94 56.71 56 44.33 3.79 4.57 2.72 0.15 6.6 0.33 3.03
NiO n.d. 0.04 0.08 n.d. 0.01 n.d. 0.02 0.01 0.02 n.d. n.d. <0.01 0.04 0.01

Total 93.21 96.36  91.47 95.06 94.55  91.57 93.7 86.21 93.11 91.95 89.25 90.21 87.9 89.77
Si:Fe? 3.08 1.67 0.79 3.14 0.8 0.72 1.7 28.62  20.31 43.25 785.23 16.67 35092 2075

741 *: 1) n.d.-not detected; 2) molar ratios.
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Figure Captions

Fig. 1. Regional bathymetric map and the study area along the Lau basin taken. Gridded
bathymetric data sets are taken from British Oceanographic Data Centre
( https://www.bodc.ac.uk/data/online_delivery/gebco/), using Global mapper v9.01 software.

Fig. 2. Selected XRD pattern of Fe-Si oxide (sample L6Y2). The numbers in brackets represent
d-spacings in Angstroms. The green hump is the simulated main diffraction peak of opal-A, and
the blue hump the simulated (110) diffraction peak of 2-line-ferrihydrite. The dash line represents

the measurement baseline.

Fig. 3. Transmitted light photomicrographs of filamentous structures and bacterial meshes. (A)
Filamentous Fe-Si oxides, sample L5Y2; (B) Orientated filaments roughly perpendicular to laminae,
sample L6Y1; (C) Mesh of twisted and rod-like filaments with a septate structure (yellow arrows),
sample L9Y1; (D) Mesh weaved by dendritic filaments, sample L13Y2.

Fig. 4. (A) Fe oxides occur as tiny spherules and as part of the larger amorphous mass indicative
of the abiogenic precipitation, sample L5Y2. (B) Abiogenic spherules and amorphous masses
apparently formed by biogenic filaments in the modern hydrothermal Fe-Si oxide deposit, sample
L9Y3.

Fig. 5. SEM images of hydrothermal Fe-Si oxides. The yellow dots mark the EDS points (Fig. 6).
(A) Filamentous structure of Fe-Si oxide, sample L5Y2; (B) Leptothrix-like straight sheaths,
sample L6Y1; (C) Si-rich short rod-like filaments, sample L9Y2; (D) Gallionella-like twisted
stalks, sample L81; (E) Cluster of Si-rich short rod-like or spherical structures, sample L9Y1; (F)
Aggregates of tiny opal-A spheres encrusting the precursor filaments, L9Y2.

Fig. 6. Energy dispersive spectra of various Fe-Si oxides shown in Fig. 5. (A) filamentous Fe-Si
oxide (Fig. 5A); (B) Leptothrix-like straight sheaths (Fig. 5SB); (C) Gallionella-like twisted stalks
(Fig. 5D); (D) Tiny sphere aggregate (Fig. 5F).

Fig. 7. TG-DTG-DSC curves of hydrothermal Fe-Si oxides from Lau Basin. (A) Sample L5Y2; (B)
Sample L9Y?2; (C) Sample L9Y3.

Fig. 8. XRD patterns of Fe-Si oxide (sample L5Y?2) after being heated at 200, 450, 600, 800 and
1000 °C.

Fig .9. FTIR spectra of Fe-Si oxides. Samples numbers correspond to those in Table 1, and
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799  numbers in parentheses represent bands, as assigned in Table 2.
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