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[1] The Giggenbach submarine volcano, which forms part of the Kermadec active arc
front, is located �780 km NNE of the North Island of New Zealand. Samples collected
from chimneys associated with seafloor hydrothermal vents on this volcano, at a depth of
160–180 m, contain silicified microbes and microbes entombed in reticular Fe-rich
precipitates. The mineralized biota includes filamentous, rod-shaped, and rare coccoid
microbes. In the absence of organic carbon for rDNA analysis or preserved cells,
the taxonomic affinity of these microbes, in terms of extant taxa, remains questionable
because of their architectural simplicity and the paucity of taxonomically significant
features. The three-dimensional preservation of the microbes indicates rapid
mineralization with a steady supply of supersaturated fluids to the nucleation sites
present on the surfaces of the microbes. The mineralization styles evident in the microbes
from the Giggenbach submarine volcano are similar to those associated with mineralized
microbes found in terrestrial hot spring deposits in New Zealand, Iceland, Yellowstone,
and Kenya. These similarities exist even though the microbes are probably different and
the fluids become supersaturated with respect to opal-A by different mechanisms. For
ancient rocks it means that interpretations of the depositional settings cannot be based
solely on the silicified microbes or their style of silicification.

Citation: Jones, B., C. E. J. de Ronde, and R. W. Renaut (2008), Mineralized microbes from Giggenbach submarine volcano,

J. Geophys. Res., 113, B08S05, doi:10.1029/2007JB005482.

1. Introduction

[2] Microbes, irrespective of where they live, commonly
act as templates for the nucleation and precipitation of
opal-A and other minerals because of the reactive sites that
exist on their surfaces [e.g., Ferris et al., 1986; Urrutia and
Beveridge, 1994; Schultze-Lam et al., 1995; Fortin and
Beveridge, 1997]. Although the microbes are generally
assumed to play a passive role in opal-A precipitation [White
et al., 1956; Konhauser et al., 1993; Phoenix et al., 2003; Yee
et al., 2003], there are indications that some microbes may
exert some control over the initial coatings of opal-A [Jones
et al., 2004a, 2004b]. Microbial mineralization is commonly
associated with hydrothermal waters that emerge from vents
located on land [Weed, 1890], on lake floors [Remsen et al.,
1990], and on the seafloor in shallow [Canet et al., 2005]
or deep [Stüben et al., 1994; Halbach et al., 2002] water
settings.
[3] Silicification of microbes around terrestrial hot

springs and oceanic vents takes place in significantly
different environments, even though both are fed by thermal
waters that circulate in the shallow upper crust. Subaerial

silicification around terrestrial hot springs takes place at
atmospheric pressure, usually in well-illuminated conditions
(except at high latitudes such as Iceland) where water
temperature, pH, and mineral saturation levels are influ-
enced by ambient air temperatures and the influx of rain-
water. In stark contrast, microbial silicification around most
seafloor vents takes place in relatively high-pressure, typi-
cally dark environs where water temperature, pH, and
saturation levels are influenced primarily by the degree of
mixing of the silica-laden hydrothermal fluid with ambient
(cold) seawater. By comparing silicified microbes from
these different settings it should be possible to determine
if the environmental setting plays any role in microbial
silicification and hence, add to the debate regarding the role
that microbes may play in their own silicification.
[4] Giggenbach volcano, located �780 km NNE of the

North Island of New Zealand, is one of numerous submarine
volcanoes along the Kermadec arc (Figure 1a) that discharge
hydrothermal fluids into the surrounding oceans [de Ronde
et al., 2001, 2007], and is part of the much larger convergent
plate boundary that marks the ‘‘Pacific Ring of Fire’’ [de
Ronde et al., 2003]. Giggenbach is a simple volcanic cone
that rises about 1000 m from the seafloor and has a �1-km-
wide crater at its summit which in turn has a small, �100-m-
high cone in the center that rises to within 80 m of the sea
surface (Figure 1b). A hydrothermal system, hosted in its
summit, is dominated by diffuse, relatively low temperature
(�200�C) venting. Evidence for focused venting is given by
numerous, inactive, 1- to 2-m-tall chimney structures (see
below) which, in contrast to the high-temperature (�300�C),
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metal-rich chimneys seen elsewhere along the arc (e.g.,
Brothers volcano [de Ronde et al., 2005]), are composed
mainly of silica.
[5] This paper is based on three samples collected from

localities A, B, and C that are at depths of 180–190 m on
the Giggenbach volcano (Figure 1b). The samples from
localities A and B were collected by the deep diving
submersible Pisces V during the April–May 2005 NZAS-
RoF cruise, with the R/V Ka’imikai-o-Kanaloa. The pre-
cise location of locality C is unknown because the sample
was dredged from the south side of the volcano summit
during the May 2002 NZAPLUME II cruise while aboard
the R/V Tangaroa [de Ronde et al., 2007]. The dredge
started in a water depth of �162 m, suggesting that it was
near the rim of the summit crater (Figure 1b). This study
focuses primarily on silicified microbes found in these
samples. After describing and illustrating their morphology,
assessing their biogenicity, and determining their pattern of

mineralization, these silicified marine microbes are com-
pared with silicified microbes found in terrestrial spring
deposits. These comparisons provide a basis for assessing
the role that environmental settings play in microbial
silicification.

2. Methodology

[6] Small fractured pieces, broken from each sample,
were mounted on stubs and sputter coated with a very thin
layer of gold before being examined on a JOEL 6301FE
scanning electron microscope (SEM) at an accelerating
voltage of 5 kV. This study is based mostly on the 325
SEM photomicrographs that were taken from these samples.
Mineral identification relied on the morphology of the
precipitates and elemental analyses as determined from
energy dispersive X-ray (EDX) analysis on the SEM that

Figure 1. Location maps. (a) Location of Giggenbach submarine volcano. (b) Bathymetric map of
Giggenbach showing localities A (30�02.2510S, 178�42.8360W), B (30�02.2970S, 178�42.9940W), and C
which was collected along the indicated dredge line (start at 30�02.3090S, 178�42.8430W, end at
30�02.4110S, 178�42.9300W).
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were conducted with an accelerating voltage of 20 kV. The
small sample size precluded XRD analysis.
[7] Adobe Photoshop CS2 # was used to enhance the

contrast and brightness of the underwater digital images and
SEM photomicrographs used in this study.

3. Samples

3.1. Sample From Locality A

[8] This sample, from a depth of 183 m (see Figure 1b),
represents the uppermost 15 cm of a silica chimney, of
which there were many in this general area (Figure 2a).
Figure 2b shows the �2-m-tall chimney from which this
sample was collected. This sample is composed mainly of
silica and has a mostly black, translucent interior, with some
whiter patches included. The chimney interior is filled with
silica, apart from scattered pores, �1 mm in diameter. Rare
pyrite grains are present in the sample and a �1-mm-thick
crust of Fe-oxide occurs on the exterior surface of the
sample. Relatively isolated diffuse vents are seen in the
general summit crater area, where this sample was collected,
especially in the southern and eastern parts (e.g., Figure 2c).
[9] The mineralized microbial mats in this sample are

formed of at least three types of microbes (Figure 3). Long,
small-diameter filamentous microbes (Figures 3a–3g) are
common whereas rod-shaped microbes (Figures 3h–3l) are
found locally. Coccoid microbes are widely scattered
throughout the sample.
[10] The filamentous microbes are >20 mm long with a

diameter of 0.5–1.0 mm (Figures 3a–3e). Although many
microbes are apparent only as hollow tubes (Figures 3b and
3d), walls <0.1 mm thick and possible septa (Figures 3c and
3d) are present in some specimens. The preservation style is
highly variable, even among filaments lying close together.
Thus, some filaments are ensheathed by layers of featureless
opal-A that are up to 40 mm thick (Figures 3b, 3d, and 3e),
whereas others are decorated with opal-A spheres up to
0.4 mm in diameter (Figures 3h and 3i). In some areas, the
silicified filaments were subsequently encased by individual
and merged opal-A spheres that are up to 3 mm in diameter
(Figures 3h and 3i).
[11] Rod-shaped microbes are up to 5 mm long with an

external diameter of�1mm (Figures 3j–3l). Transverse cross
sections through some filaments show that they have an
open lumen encased by a wall, �0.25 mm thick, that is
formed of two thin layers of opal-A (Figure 3k). Some rod-
shaped microbes appear to have been crushed between the
larger opal-A spheres (Figure 3l).
[12] EDX analysis indicates that the silicified microbes

are formed largely of Si and O as no other elements were

detected. Locally, small clusters of acicular crystals up to
10 mm long and 0.3 mm wide are formed of As and S.
Elsewhere, small blade-shaped barite crystals are present.

3.2. Sample From Locality B

[13] This locality, �250 m west of locality A, is at a depth
of 164 m (Figure 1b). The sample is a �2-cm-thick crust
rich in Fe oxides and silica. Diffuse venting nearby at
marker 10 reached temperatures of �72�C (see Figure 2c).
The exterior of the sample was covered by what appeared to
be mostly Mn, underlain by orange colored Fe-rich silica.
The �5-mm-thick interior contained whitish material that
was interlayered with apple green colored layers. Both were
soft and spongy to the touch immediately after recovery.
Indeed, water could be squeezed from the sample. This
sample is very similar to that collected 3 years earlier at the
nearby locality ‘‘C.’’
[14] Sample B consists of an orange crust that is overlain

by a white crust. The orange and white crusts were
examined separately so that the types of microbes and
composition of each crust could be ascertained.
3.2.1. Orange Crust
[15] The orange crust is a microbial mat formed of

densely interwoven filamentous microbes each of which
are >1 mm long with an external diameter of �2 mm
(Figures 4a–4f). The mineralized core (Figure 4d) or open
lumen (Figure 4f), which may represent the diameter of the
original microbe, is 0.15–0.45 mm in diameter. Although
some microbes appear to branch, thick mineral precipitates
commonly mask the filaments and make it impossible to
determine if they are true branches or merely two filaments
crossing one another (e.g., Figure 4c). There are no indica-
tions of sheathes or septa.
[16] The filaments are coated with a reticulate precipitate

(Figures 4d–4f) that is commonly more compact in the
cores than in the peripheral regions (Figure 4f). EDX
analyses of numerous spots show that these coatings are
composed mainly of Fe and Si with a trace of Mg.
Variations in the peak heights on the EDX scan suggest
that the amount of Fe, Si, and Mg is highly variable on a
microscale.
3.2.2. White Crust
[17] The white crust is a microbial mat formed of fila-

mentous microbes that are either interwoven or lie parallel
to each other (Figures 4g–4i). The mats are difficult to
delineate accurately because they are commonly hidden
beneath opal-A precipitates (Figures 4g–4l). Although there
may be more than one type of microbe in the white crust,
long, straight, branching microbes that lie parallel to each
other dominate (Figures 4h and 4i). These filaments are

Figure 2. Underwater photographs of silica-rich chimneys on Giggenbach volcano taken from the deep diving
submersible Pisces V. (a) Alignment of Fe-silica-rich chimneys on the east side of the central cone that has grown from the
center of the summit crater, at a similar depth to locality B. (b) Tall (�2 m) silica-rich chimney with two smaller chimneys
in background. Sample A was broken off from the upper part of the chimney shown in foreground, at a depth of 183 m.
(c) Photograph of typical diffuse venting on the south side of volcano summit, immediately south of the cone, at Pisces V
marker 10. Maximum temperature recorded for venting here was 72.3�C. The white material is mostly bacterial mat; the
yellowish material is elemental sulfur. Some vent-related mussels can be seen near the vent site. Sample C was collected
from this same general area.
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Figure 3
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>5 mm long, up to 0.75 mm in diameter, and commonly
appear to branch (Figure 4i). The filaments are typically
hollow with walls �0.1 mm thick and open lumens �0.5 mm
in diameter (Figures 4j–4l). The walls of the microbes are
formed of featureless opal-A (Figure 4i). The exteriors of
the silicified microbes are adorned with spheres of opal-A
up to 0.4 mm in diameter (Figure 4i). Locally, small clusters
of merged opal-A spheres completely encase the silicified
filaments (Figures 4g–4i).
[18] Intermixed with the long, straight branching fila-

ments are clusters formed of silicified microbes that exhibit
complex branching patterns (Figures 4j and 4k). Their
diameter and wall structure, however, is similar to that of
the straight filaments (Figure 4l).

3.3. Sample From Locality C

[19] Material dredged during this transect included hy-
drothermally altered volcaniclastic material, dominated by
fist-sized pieces of pumice which was locally mineralized
by pyrite and clays. Some of this material was steaming
when recovered on deck; temperatures up to 54�C were
measured by inserting a temperature probe into the most
highly altered material. A large (�14 cm long) black, squat
looking vent-related mussel was also retrieved. Pronounced
colloidal, or agate-like features characterized the sample of
silica sinter found among the dredged material. Red fibrous
material seen in a cavity inside the crust was thought to be
‘organic’. Locally, the mostly white silica crust had an apple
green coloration.
[20] This sample from locality A is formed of silicified

microbial mats and thin intercalated layers (<1 mm thick) of
solid, featureless opal-A (Figure 5a). At least two types of
mineralized microbes are present in the silicified mats.
Filamentous microbes, >250 mm long with an external
diameter up to 25 mm (Figures 5a–5e), dominate the
silicified microbial mats. Transverse cross sections through
these filaments generally show no structures other than open
lumens that are up to 2 mm in diameter (Figure 5d and 5e).
The possibility that the filaments may branch is difficult to
verify because the thick encrusting opal-A effectively dis-
guises them.
[21] In some areas of the microbial mats there are

distinctive microbial structures that have their outer wall
preserved and/or Fe-rich reticulate coatings (Figures 5f–5l).
The microbes are encased by opal-A that is up to 15 mm
thick (Figures 5e–5g). These microbes have an external
diameter <55 mm, walls 1–2 mm thick, and an open lumen
15–20 mm in diameter (Figures 5f–5i). The walls, which

commonly appear to be formed of two layers, are composed
primarily of opal-A and, in some specimens, minor amounts
of Fe. Other microbial tubes of similar size lack the well-
defined walls. They are, however, commonly lined with a
Fe-rich reticulate coating that also contains S and locally,
traces of Mg, Na, K, and Ca (Figures 5k and 5l). Small
(<10 mm) pyrite framboids are locally associated with the
Fe-rich reticulate coatings. It is unclear, however, if the
opal-A and/or reticulate Fe-rich coating replaced the sheath
and/or cell wall of the original microbe, or if these precip-
itates are a cement that coated the walls of the tube that
formed after the organic materials of the original microbe
had decayed.

4. Biogenic or Abiogenic Origin?

[22] DNA analyses of the samples produced inconclusive
results (M. Stott, personal communication, 2008). Thus, the
biogenicity of the microbe-like structures (Figures 3–5) in
samples A, B, and C could be debated [cf. Reysenbach and
Cady, 2001; Garcı́a-Ruiz et al., 2002, 2003; Little et al.,
2004]. This question is pertinent given that Garcı́a-Ruiz et
al. [2003] experimentally precipitated abiogenic witherite
(barium carbonate) with a filamentous appearance that
appeared to mimic filamentous microbes.
[23] Under conditions of high supersaturation, opal-A

may precipitate homogeneously as nanospheres and micro-
spheres in the water column, or may form heterogeneously
on a solid substrate under lower levels of saturation [Iler,
1979]. In each case, the opal-A will usually precipitate as
solid, internally laminated microspheres. The filamentous,
rod-shaped, and coccoid structures preserved in the opal-A
deposits from the Giggenbach seamount are considered to be
biogenic because (1) abiogenic opal-A precipitation produ-
ces microspheres, not filamentous, rod-shaped, or coccoid
masses, (2) different morphologies (e.g., filamentous, rod-
shaped) are present in the same sample, (3) each morphotype
is consistent in terms of size and shape, (4) some contain
features that appear to represent septa (Figures 3b and 3c),
sheaths (Figure 3f), and/or double walls (Figures 4h and 4i),
(5) it is difficult to explain how an isodiametric, hollow tube
could develop inside linked and intergrown abiogenically
precipitated opal-A microspheres given the manner in
which opal-A is normally precipitated from a fluid, (6) some
of the rod-shaped structures (Figures 3j–3l) are discrete and
significantly smaller than the opal-A microspheres that
surround them, and (7) structures within the opal-A clearly
show that they must have originally been precipitated

Figure 3. SEM photomicrographs of silicified microbes, sample A from depth of �180 m (Figure 1b). (a) General view
of silicified microbial mats. (b) Cross section through silicified microbe showing small-diameter microbe encased by thick
layer of opal-A. (c) Enlarged view of small-diameter filamentous microbe, from Figure 3b, showing thin wall, and possible
microbial cells. (d) Group of small-diameter filaments embedded in opal-A. (e) Cross section through opal-A mass showing
small-diameter filamentous microbe in core. Note small opal-A spheres on outer surface. (f) Enlarged view of small-
diameter filamentous microbe from core of opal-A mass shown in Figure 3e. (g) General view of silicified filamentous
microbes and opal-A sheets. (h) Mammilated opal-A substrate with small-diameter rod-shaped silicified microbes resting
on surface. (i) Silicified rod-shaped microbes coated with opal-A and scattered opal-A spheres. (j) Silicified rod-shaped
microbes resting on mammilated opal-A substrate. (k) Silicified rod-shaped microbe showing thin wall around open lumen
and small opal-A spheres on outer surface. (l) Silicified rod-shaped microbes sandwiched between opal-A spheres.
Distortion of microbe indicates that it was crushed between the two opal-A spheres.

B08S05 JONES ET AL.: SILICIFIED MICROBES

6 of 13

B08S05



Figure 4

B08S05 JONES ET AL.: SILICIFIED MICROBES

7 of 13

B08S05



heterogeneously around a solid substrate (Figures 3i and 5i).
Furthermore, the microbe-like structures evident in the opal-
A from the Giggenbach seamount are similar to silicified
microbes found in terrestrial geyser and hot spring systems
[e.g., Jones et al., 1997].
[24] Despite the lack of organic components, the mor-

phological evidence derived from the silicified structures
clearly points to a biogenic origin.

5. Microbe Affinities

[25] Solely on the basis of morphology, the biota in the
samples includes the following morphotypes:
[26] 1. Morphotype A consists of long, branching fila-

mentous microbes, preserved in opal-A, that are <1 mm in
diameter, with a thin (0.1–0.2 mm) wall, and an open lumen
(Figures 3a-3d, 4g–4j, and 5a–5d). One specimen from
locality B shows that they may be septate (Figure 3c).
[27] 2. Morphotype B consists of long, branching(?)

filamentous microbes replaced and encased by reticulate
Fe-rich precipitates in locality A that are >1 mm long, with
an external diameter of �2 mm, and a mineralized core or
open lumen 0.15–0.45 mm in diameter (Figures 4c–4e).
There are no indications of a sheath or septa. The differ-
ences between this microbe and morphotype A may reflect
differences in mineralization rather than true taxonomic
variance.
[28] 3. Morphotype C consists of rod-shaped microbes,

<5 mm long, �1 mm in diameter, and a wall (�250 nm
thick) that encases an open lumen (Figures 3j–3l).
[29] 4. Morphotype D consists of long filamentous

microbes with an external diameter <55 mm, walls 1–2 mm
thick, and open lumen 15–20 mm in diameter (Figures 5f–
5i). The molds of the microbes are commonly lined with Fe-
rich reticulate coatings (Figures 5k and 5l).
[30] Differences in the morphology and size of the

mineralized microbes indicate that more than one taxon is
present in the biota. Determining the taxonomic affinities of
these mineralized microbes, however, is virtually impossi-
ble because they are architecturally simple, lack organic
carbon from which DNA could be extracted, and lack any
distinctive morphological features of taxonomic value [cf.
Jones et al., 2001c, 2004b]. Moreover, the taxonomic status
of many microbes found around seafloor vents is in a state
of flux. Some taxa, including Leptothrix and Gallionella,
have been identified by their morphology and association
with Fe oxides [e.g., Bogdanov et al., 1997; Boyd and Scott,
2001] but have yet to be characterized by DNA molecular
analysis. Conversely, recent rDNA analyses are providing
more information about the microbes found around subma-
rine vents [e.g., Emerson et al., 2007] but little or no

information is being provided about the morphologies of
the microbes from which the rDNA originated. Such dia-
metrically opposed approaches to the characterization of
these microbes makes it virtually impossible to ally miner-
alized microbes with extant taxa.

6. Comparison With Other Mineralized Microbes
Associated With Seafloor Hydrothermal Vents

[31] Filamentous structures, which have been allied to
filamentous microbes, have been found in Si and Mn-rich
Fe oxides and oxyhydroxides, Fe silicates, metal sulfides,
nontronite, jasper, and chert deposits associated with modern
hydrothermal vents on the floors of the Pacific Ocean, the
Indian Ocean, the Atlantic Ocean, and the Mediterranean
[Little et al., 2004, Table 1]. Specific examples include those
found in the Mariana Trough in the west Pacific Ocean
[Stüben et al., 1994], the Galapagos Spreading Center
[Herzig et al., 1988], the Magic Mountain hydrothermal
deposit on the Southern Explorer Ridge in the northeast
Pacific Ocean [Fortin et al., 1998], the TAG hydrothermal
complex on the Mid-Atlantic Ridge [Al-Hanbali et al.,
2001], and the MESO zone in the central Indian Ocean
[Halbach et al., 2002].
[32] Silicified filamentous microbes found in the MESO

zone in the central Indian Ocean are formed of aligned opal-
A spheres (2–50 mm diameter) that are pierced by a central
canal, <0.2 mm in diameter [e.g., Herzig et al., 1988, Figure
5; Stüben et al., 1994, Figures 5a and 5b; Halbach et al.,
2002, Figure 5]. Al-Hanbali et al. [2001, Figure 2] de-
scribed half spheroidal structures, 2–3 mm in diameter, that
formed clusters and chains that resembled bacteria colonies.
In some deep-sea vent deposits, filamentous microbes were
encased with iron hydroxide prior to being encrusted by
opal-A [Halbach et al., 2002, Figures 2b and 2c].
[33] Filamentous structures are commonly found in Fe

oxides and oxyhydroxides around hydrothermal vents [e.g.,
Alt, 1988; Juniper and Fouquet, 1988; Hekinian et al.,
1993; Binns et al., 1993; Bogdanov et al., 1997; Iizasa et
al., 1998; Fortin et al., 1998; Boyd and Scott, 2001; Little et
al., 2004; Emerson et al., 2007]. SEM analyses typically
reveal sinuous, apparently branching or bundled filaments
that are 5–15 mm long and 0.8–2.0 mm wide. Stalk-like
structures, formed mainly of amorphous iron oxyhydroxide
are commonly associated with the filaments. Such structures
have typically been allied with Leptothrix or Gallionella
even though they have not been conclusively identified
through culturing or molecular analysis [Little et al., 2004],
largely because of the lack of organic carbon or preserved
cells in these structures [e.g., Boyd and Scott, 2001; Little et
al., 2004]. Emerson and Moyer [2002] did, however, culture

Figure 4. SEM photomicrographs of silicified microbes, sample B from depth of �165 m (Figure 1b). (a) General view of
silicified microbial mats. (b, c) Enlarged views of microbes forming mat shown in Figure 4a. (d) Traverse cross section
through filamentous microbe showing core formed of opal-A encased by outer layer formed of reticulate Fe-rich
precipitates. (e) Filamentous microbe encased in reticulate Fe-rich precipitates. (f) Enlarged view of end of filamentous
microbe, from Figure 4e, showing open lumen surrounded by reticulate Fe-rich precipitates. (g) Substrate covered with
silicified microbes and opal-A spheres. (h) Enlarged view of substrate shown in Figure 4g. (i) Silicified filamentous
microbes and scattered opal-A spheres. (j, k) Silicified filamentous microbes. (l) Traverse cross section through filamentous
microbe showing open lumen and thin silicified wall. Note opal-A spheres on surrounding substrates.
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a novel strain of bacterium from the Loihi seamount and
Emerson et al. [2007], through molecular analysis, showed
that two strains of microbes from that site belonged to the
Proteobacteria. These microbes, assigned to the new genus
Mariprofundus, are obligate, lithotropic Fe-oxidizing bac-
teria [Emerson et al., 2007].
[34] The well-preserved mineralized microbes from Gig-

genbach volcano include at least four different morphotypes
(Figures 3–5). Although the style of silicification is similar
to that seen in the silicified filamentous microbes described
by Herzig et al. [1988], Stüben et al. [1994], Al-Hanbali et
al. [2001], and Halbach et al. [2002], it is impossible to
determine if the original microbes were the same in all
cases. As might be expected, the silicified filamentous
microbes from the Giggenbach volcano differ from those
microbes that have been preserved in Fe oxides and oxy-
hydroxides at other seamounts. It is unclear, however, if this
merely reflects the style of preservation or if the original
microbes were different. The latter seems reasonable given
the differences in the chemistry of the hydrothermal fluids
that must have existed in the iron-precipitating as opposed
to the Si-precipitating sites.

7. Discussion

[35] By virtue of their soft body nature, microbe silicifi-
cation is a balance between the rate of organic decay and the
rate of opal-A replacement and/or encrustation. Microbes
will only maintain their three-dimensional form if their
tissue is replaced and/or encased before it decays [e.g.,
Oehler and Schopf, 1971; Oehler, 1976a, 1976b; Francis et
al., 1978; Bartley, 1996; Phoenix and Konhauser, 1999]. In
terrestrial settings, complete decay and loss of microbes can
occur within a few days of their death [Bartley, 1996].
Indeed, where the water T is >20�C, organic material
usually decays before it is replaced by silica [Walter et
al., 1998]. The rate of decay of microbes around submarine
vents is unknown. At terrestrial hot springs, silicification of
microbes commonly begins while they are alive [Walter,
1976; Cassie and Cooper, 1989; Schultze-Lam et al., 1995;
Jones et al., 2001c]. Whether or not this also happens with
microbes growing around oceanic vents, such as those
associated with Giggenbach volcano, is unknown. Never-
theless, the three-dimensional form of the Giggenbach
microbes and preservation of mats formed of loosely but
complexly intertwined filamentous microbes imply rapid in
situ silicification. This assertion is also supported by the fact
that some of the samples were also soft when first collected.
[36] Silicification of microbes, irrespective of their set-

ting, requires the presence of nucleation sites and the steady
delivery of solute to those nucleation sites. Many studies

have shown that ligands (e.g., hyroxyl groups) on the
surfaces of the microbes provide the nucleation sites for
silica precipitation [e.g., Ferris et al., 1986; Schultze-Lam et
al., 1995; Konhauser and Ferris, 1996; Konhauser et al.,
2004; Konhauser, 2007]. Nevertheless, experimental work
seems to indicate that some microbes are more favorably
disposed to silicification than others [e.g., Oehler, 1976a;
Westall et al., 1995; Toporski et al., 2002].
[37] Continued precipitation of opal-A depends on the

availability of fluids that are supersaturated with respect to
opal-A and their delivery to nucleation sites. The SiO2

content of hydrothermal fluids expelled from terrestrial
springs with high enthalpy is commonly between 200 ppm
(e.g., Pohutu, New Zealand [Jones et al., 2001b, Table 1])
and 500 ppm (e.g., Geysir, Iceland [Jones et al., 2007,
Table 1]). Nevertheless, precipitation of opal-A is usually
achieved only after the supersaturated waters have under-
gone cooling, evaporation, or a change in pH [e.g., White et
al., 1956; Rimstidt and Cole, 1983; Fournier, 1985; Renaut
and Owen, 1988; White et al., 1988; Jones et al., 1998].
Hydrothermal fluids expelled from submarine vents com-
monly contain �500 ppm SiO2 [e.g., Tivey and Delaney,
1986], usually as a result of seawater-basalt interactions at
elevated temperature [e.g., Edmond, 1980; Mottl, 1983]. By
comparison, the host rocks of the Giggenbach hydrothermal
system have more silica-rich compositions, such as dacite. At
the marker 10 vent site at Giggenbach (Figure 2c), diffuse
fluids of 72�C have near-neutral pH (6.3 to 6.6), low total
gases (4–5 mM/L) including low H2S (�100 mM/L), and
contain relatively few metals (e.g., 0.5 to 9.0 mM/L for both
Fe and Mn). The highest dissolved SiO2 concentration
recorded was 1034 mM/L (D. A. Butterfield, personal
communication, 2007), in keeping with the SiO2-dominant
matrix of the nearby chimneys.
[38] Janecky and Shanks [1984] showed that amorphous

silica will not precipitate if the temperature decrease of the
fluid is due solely to simple mixing with seawater because
‘‘. . .the mixing line of such a fluid does not intersect the
saturation curve for amorphous silica’’ [Stüben et al., 1994,
p. 290]. In other words, the dilution of the thermal fluids by
seawater may override the effects of rapid cooling on the
silica saturation levels. Opal-A may precipitate if additional
cooling is achieved by conductive heat removal [Tivey and
Delaney, 1986; Alt, 1988; Hannington and Scott, 1988;
Herzig et al., 1988; Stüben et al., 1994; Halbach et al.,
2002]. Interestingly, Tivey et al. [1995] argued that micro-
bial mats might promote conductive cooling as they pre-
vent, or slow down, mixing between the hydrothermal
fluids and seawater. Renaut et al. [2002] used similar
arguments to explain silica precipitation around sublacus-
trine thermal vents. The silica concentration for the marker

Figure 5. SEM photomicrographs of silicified microbes, sample C from depth of �160 m (Figure 1b). (a) General view of
silicified microbial mats and opal-A sheets. (b) Enlarged view of interwoven silicified filamentous microbes. (c) Silicified
filamentous microbe. (d) Transverse cross section through silicified filamentous microbe showing minute opening in core
that may be part of original microbe. (e) Group of large filamentous microbes, lined with Fe-rich precipitate and encased
with opal-A. (f) Enlarged view from Figure 5F showing Fe-rich precipitate lining open lumen of a filamentous microbe.
(g–i) Large diameter filamentous microbes, each lined with Fe-rich precipitate that commonly appears to be formed of two
layers. (j) Group of filamentous microbes with open lumens lined with reticulate Fe-rich precipitate. (k–l) Fe-rich reticulate
precipitate lining walls of open lumens in filamentous microbes.
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10 vent fluids equates to a temperature of �113�C prior to
mixing with ambient seawater (D. A. Butterfield, personal
communication, 2007). Irrespective of the mechanism, the
coatings of opal-A around the microbes clearly show that
solutes supersaturated with respect to opal-A were actively
infusing the microbial mats.
[39] The silicified microbes from Giggenbach are mor-

phologically alike many of the silicified microbes found in
opal-A deposits that have formed around modern terrestrial
hot springs [e.g., Weed, 1889a, 1889b; Cady and Farmer,
1996; Jones et al., 1997, 2001a, 2001c, 2004b]. Likewise,
the Giggenbach microbes preserved in the Fe-rich precip-
itates are akin to those found in Fe-rich precipitates that are
associated with modern terrestrial hot springs. The Fe
hydroxide filaments illustrated by Halbach et al. [2002,
Figures 2b and 2c], for example, are very similar to the
filamentous microbes preserved in hydrous ferric oxides
found in the acidic waters of Orange Spring on the North
Island of NewZealand [Jones and Renaut, 2007, Figures 2e–
2g]. Similarly, the reticulate Fe-rich precipitates associated
with some microbes from Giggenbach volcano (Figures 5k
and 5l) are comparable to reticulate precipitates found in hot
spring deposits associated with Loburu at Lake Bogoria in
Kenya [Jones and Renaut, 1996, Figures 2f–2l], the Waikite
hot springs on the North Island of New Zealand [Jones and
Renaut, 1996, Figure 4c], and the Tokaanu geyser vent
on the North Island of New Zealand [Jones et al., 2003,
Figures 6a–6g]. Filamentous microbes from Tokaanu, for
example, are covered with a reticulate coating that appears
to be morphologically identical to that found around some
of the filamentous microbes from Giggenbach.
[40] The similarity between the styles of microbial min-

eralization associated with submarine vents and terrestrial
springs indicate that microbe mineralization is independent
of environmental settings and is simply controlled by the
availability of nucleation sites and supply of a solute that is
supersaturated with respect to a particular mineral phase.
Thus, if the ligands on the microbe surfaces provide
appropriate nucleation sites, various minerals including
oxides, silicates, carbonates, and sulfides will form [e.g.,
Beveridge, 1981; Mullen et al., 1989; Fortin and Beveridge,
1997; Fortin et al., 1997; Fortin et al., 1998]. Furthermore,
it also seems that the style of such precipitates is indepen-
dent of the habitat. Silicification of microbes, for example,
involves the precipitation of opal-A microspheres that coat
or encase the host microbe, irrespective of their location on
land or on the seafloor. Likewise, the multiple episodes of
opal-A microspheres evident on some of the filamentous
microbes from locality B on Giggenbach volcano (Figure
5i) are directly comparable to the multiple episodes of opal-
A microspheres found on microbes from Iodine Pool [Jones
et al., 2004a, Figures 8h and 9] a terrestrial hot spring on the
North Island of New Zealand.

8. Conclusions

[41] Analysis of mineralized microbes collected 160–
180 m below sea level in the deeper part of the photic zone
of the submarine Giggenbach submarine volcano has yielded
the following conclusions.
[42] 1. The microbes were preserved through silicification

and by entombment in reticulate Fe-rich precipitates.

[43] 2. The general morphology, consistency in size and
shape, and the presence of features akin to known microbial
structures (e.g., septa, sheath) points to a biological origin as
opposed to abiogenic precipitates.
[44] 3. Preservation of the three-dimensional forms of the

microbes indicates that mineralization was probably rapid as
in many terrestrial hot spring systems.
[45] 4. In the absence of rDNA analysis, identification of

the mineralized microbes in terms of extant taxa is prob-
lematical. This situation common to most of the mineralized
microbes that have been described from submarine hydro-
thermal vents.
[46] 5. The mineralization styles of the Giggenbach

microbes are the same as those associated with mineralized
microbes found in terrestrial hot spring deposits in New
Zealand, Kenya, Iceland and Yellowstone: such similarities
exist despite the vastly different environmental settings.
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