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Abstract

The alteration of submarine basaltic glass that has been attributed to microbial activity was investigated via
transmission electron microscopy in order to document glass alteration and to understand the chemical reactions that
bacteria could utilize. The features that were examined occur within fresh glass at the alteration front and consist of 0.1^
2.3 Wm patches or tubes of phyllosilicates rimmed by 0.1^0.3 Wm wide zones of altered glass. The altered glass has lost
significant Mg, Fe, Ca and Na, slight amounts of Al and Mn, and exhibits an order of magnitude increase of K. This
incongruent dissolution occurred at neutral to acid pH and temperatures 6 90³C. Phyllosilicates consist of
montmorillonite^saponite with berthierine interlayers, plus a mica component. The phyllosilicates directly replace
altered glass along the perimeters of the phyllosilicate areas, but the centers of many of these areas may be filled pore
space formerly occupied by microbes that facilitated glass alteration. If so, the sizes of the bacteria ranged to less than
0.1 Wm and into the range of nano-organisms. Iron in secondary products is essentially all ferrous, and is most likely
mobilized from glass as the ferrous ion, possibly with the reduction of minor primary ferric iron in the glass. Small
amounts of sulfide in secondary pyrite associated with altered glass may be derived from microbial reactions or from the
glass itself. Net bulk chemical changes for altered glass plus phyllosilicates include losses of Si, Al, Fe, Mn, Ca and Na,
plus possible slight losses of Ti. This material is redistributed into fracture-filling smectite along with significant K and
Mg from seawater. The uptake of K requires the circulation of large amounts of seawater through fractures in the glass
(s 100 fracture volumes), which may be important for the supply of nutrients for microbial activity. ß 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Alteration features observed in basaltic glass of

submarine pillow lavas have been attributed to
microbial activity, leading to the inference that
an extensive subsurface biosphere exists within
the uppermost ocean crust [1^9]. It has been sug-
gested that if microbes mediate the dissolution
and alteration of basaltic glass, then this may
play an important role in chemical exchange be-
tween seawater and the crust [2,7].
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Alteration attributed to microbial activity in
submarine basalt glass occurs in irregular patches
that line cracks in the glass, with various evidence
indicating the presence of microbes in these zones
[1^9]. (1) The sizes and textures of many of these
alteration features are similar to those produced
by microbes in laboratory experiments with basal-
tic glass [1,2,7]. In the natural samples these com-
prise pits or spherules of varying sizes (0.3^10 Wm)
within fresh glass, as well as tubes or vermicular
channels, 1^10 Wm wide by up to 100 Wm long,
that extend into the glass. The tubes may be open
or ¢lled with secondary material. (2) The altered
glass areas contain DNA and RNA speci¢c to
bacteria and archaea [3,4,6]. (3) The altered glass
areas have elevated contents of C, N, P and K,
which are attributed to the presence of microbial
cells [4,6]. (4) Carbonate disseminated in altered
glass rocks has N13C values that are lower than
that of fresh basalt, consistent with the presence
of oxidized organic carbon [6,9].

Volcanic glass can alter by di¡erent processes,
depending on pH, temperature, solution composi-
tion and £uid/rock ratio [10^14]. Depending upon
conditions, dissolution can be stoichiometric, or it
may be incongruent with the formation of a hy-
drated and leached layer. The composition of al-
tered basaltic glass associated with microbial ac-
tivity appears highly variable and the associated
secondary minerals are poorly documented [3^6].
A detailed study of glass alteration and rigorous
identi¢cation of secondary minerals would help to
determine the conditions of alteration and the
chemical reactions associated with microbial ac-
tivity in basalt glass, with a potential to identify
what reactions microbes may utilize during glass
alteration (e.g. Fe, Mn and/or S redox have been
suggested [3,4,6]).

We have examined altered submarine basaltic
glass using several techniques, including optical
microscopy, scanning electron microscopy
(SEM), transmission electron microscopy
(TEM), analytical electron microscopy (AEM)
and selected area electron di¡raction (SAED) in
order to document glass alteration and identify
secondary products that have been attributed to
microbial activity. Our objectives are to under-
stand the chemistry and processes of glass alter-

ation and how these relate to microbial activity in
the ocean crust.

2. Sampling and methods

We examined several samples of glassy basalt
pillow rims by optical microscopy and SEM from
ODP Holes 504B and 896A, located in 6 Ma crust
of the eastern Paci¢c [15] and selected one for
detailed analyses (Sample 504B 21R4, 101^102,
No. 1250, from 152 m subbasement). Microbial
e¡ects in altered glass have previously been de-
scribed in great detail from these sites [3,4,6,8],
and Furnes et al. [9] provide data for a piece of
glass adjacent to our sample 1250. Furnes and
Staudigel [8] suggest that V75% of the glass al-
teration in this shallow region of the crust is mi-
crobial in origin.

Polished thin sections were made for prelimi-
nary observations by optical microscopy. SEM
observations using back-scattered electron (BSE)
imaging were performed on both polished thin
sections and ion-milled specimens using an Hita-
chi S-3200N SEM, equipped with a Noran X-ray
energy-dispersive system (EDS), and operated at
20 kV. Following optical and BSE examination,
selected areas were removed from sticky wax thin
sections, ion-milled and carbon-coated. Ion-milled
samples were then re-examined by optical micros-
copy and SEM^BSE in order to map out altera-
tion textures and directly relate subsequent TEM
data to the other scales of observation. TEM ob-
servations and AEM analyses were obtained with
a Philips CM12 scanning-transmission electron
microscope, operated at an accelerating voltage
of 120 kV and a beam current of V10 WA. Lattice
fringe images of phyllosilicates were obtained us-
ing 001 re£ections. The initial focus was con-
trolled manually by minimizing contrast, and im-
ages were taken at over-focus conditions (1000 Aî )
[16].

X-ray EDS spectra were obtained using a Ke-
vex Quantum detector. A raster (2000U2000 Aî

maximum size) in scanning mode was used to
minimize alkali di¡usion and volatilization.
Quantitative AEM chemical analyses were calcu-
lated from spectra using ion-milled standards of
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paragonite, muscovite, albite, clinochlore, fayalite,
rhodonite and titanite to derive k-ratios, following
the procedure of Jiang et al. [17]. Peacor [18]
presents a detailed discussion of AEM analytical
techniques and errors, showing that AEM and
electron microprobe analyses (EMPA) should
give comparable results. The AEM analyses in
Table 1, however, have somewhat larger errors
than EMPA, which are typically within 2% for
major and 5% for minor elements. At the very
low K2O content of fresh glass, the AEM analysis
is high relative to that of EMPA, but at the higher
K2O concentrations characteristic of the altered
glass and phyllosilicates the accuracy of the
AEM analyses should be much greater and com-
parable to EMPA analyses (Table 1) [18]. The
MgO content of glass by AEM is slightly low
compared to EMPA, which could slightly a¡ect
mineral formulas, but this does not a¡ect relative

chemical changes determined by the comparison
of AEM analyses of fresh and altered glass.

3. Results

3.1. Textures

Glass alteration textures in all the samples we
examined are typical of those previously described
and attributed to microbial alteration of glass [1^
3,5,6]. Large areas of glass are pristine and opti-
cally isotropic, but fractures in the glass are lined
with irregular altered zones (Fig. 1). Irregular or
vermicular tubes and channels, 1^5 Wm wide, ex-
tend up to tens of Wm into the adjacent unaltered
glass and are ¢lled with secondary material. Also
present are 0.3^2.5 Wm spots concentrated in the
unaltered glass near the alteration front. These

Table 1
Representative AEM analyses of fresh and altered glass and phyllosilicates

Wt% oxide Glass Altered glass Phyllosilicates

EMPAa AEMb 1c bO703-9 bO759-1 bO759-P sO657-5 sO721 sO727 sO732

SiO2 50.43 50.13 2.73 56.68 70.79 65.76 41.22 56.33 58.30 46.59
Al2O3 15.15 15.74 0.47 19.18 13.93 16.49 16.16 15.18 14.15 16.88
MgO 8.67 7.04 0.90 3.82 0.99 1.50 12.68 8.32 8.83 13.26
FeO 9.45 9.39 0.63 4.21 1.27 2.65 16.53 7.53 8.93 12.63
TiO2 1.05 0.76 0.09 0.77 1.20 1.07 0.71 1.25 1.64 0.85
MnO 0.14 0.29 0.19 0.00 0.00 0.00 1.10 0.57 0.00 0.94
CaO 12.98 13.38 0.82 6.44 1.97 2.61 1.37 1.48 0.80 1.09
Na2O 2.14 2.74 0.32 2.65 2.52 1.34 1.57 2.80 1.25 2.20
K2O 0.03 0.12 0.17 1.24 2.33 3.58 3.67 1.55 1.09 0.55
Formulas
Si 6.00 7.47 7.66 6.44
Al(IV) 2.00 0.53 0.34 1.56
Al(VI) 0.78 1.85 1.85 1.19
Mg 2.75 1.65 1.73 2.73
Fe 2.01 0.83 0.98 1.46
Ti 0.08 0.13 0.16 0.09
Mn 0.14 0.06 0.00 0.11
VI Total 5.76 4.52 4.72 5.58
Ca 0.21 0.21 0.11 0.16
Na 0.44 0.72 0.32 0.59
K 0.68 0.26 0.18 0.10
Interlayer 1.33 1.19 0.61 0.85

AEM analysis of fresh glass normalized to 100%, altered glass and phyllosilicates normalized to 95% (see text). Formulas based
on 22 oxygens, all Fe as Fe2�.
aEMPA from M. Fisk (personal communication).
bAverage of ¢ve AEM analyses.
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features are circular to elliptical and irregular in
cross-section. Furnes et al. [3] referred to these
spots as spherical bodies, but three dimensionally
they may be ¢lled or solid tubular features, and
there appears to be a continuum from the tiny
spots to the larger tubes and channels. Fracture
¢llings can be identi¢ed by their sharp, parallel
outlines and ¢brous, crystalline nature in trans-
mitted light and in BSE images. Secondary pyrite
is common in small amounts as 6 1^5 Wm cubes
and irregular grains scattered throughout altered
glass areas and in smectite veins. Secondary pyrite
contains trace amounts of Ni, but is clearly dis-
tinct texturally and compositionally from igneous
sul¢des, which have a globular morphology and
contain signi¢cant Cu and Ni. Trace iron oxy-
hydroxide is present along a fracture associated
with secondary pyrite in sample 1250, and may
be a late oxidation product of pyrite. Other
phases in this sample include saponite replacing
olivine, and trace phillipsite ¢lling the center of a
saponite-lined fracture. Secondary phases in other
basalts in the upper 300 m of basement include

Fig. 1. BSE image of typical glass alteration textures. Fresh
glass (FG), altered glass (AG) and formerly open fracture
(F) ¢lled with secondary smectite are indicated. The contact
between fresh and altered glass is characteristically irregular,
with small spherulitic and vermicular bodies extending into
the fresh glass. The asymmetric development of altered glass
around the fracture is typical of microbial e¡ects [8]. This al-
tered glass material is identical to that in other samples from
Hole 504B and from nearby Hole 896A that contain DNA
and RNA and high contents of P, N and C [4,6,9].
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smectite, celadonite, aragonite, calcite, phillipsite,
iron oxyhydroxides and minor pyrite [15].

Three types of material have been recognized
through a combination of TEM imaging, SAED
patterns and AEM analyses: fresh and altered
glass and phyllosilicates. Fresh glass has uniform
contrast and composition, and exhibits no elec-
tron di¡raction pattern, consistent with amor-
phous material. Altered glass is also amorphous
and displays no di¡raction pattern, but it di¡ers
signi¢cantly in contrast and composition from
fresh glass and is easily damaged under the elec-
tron beam.

With TEM we examined 31 of the alteration
features set in unaltered glass. These consist of a
0.1^0.3 Wm wide rim of altered glass surrounding
a core of secondary phyllosilicates (Fig. 2A).
Along the margins of the phyllosilicate areas,
the phyllosilicates display generally curved and
concentric layers that re£ect the overall circular
to elliptical structure. High resolution TEM imag-
ing of a subset of these features show a continu-
ous transition between the surrounding altered
glass and the crystalline phyllosilicates (Fig. 2B).
Individual phyllosilicate layers can be traced
along their length to end in altered glass and the
layer silicates grade outward into the enclosing
altered glass. These textures indicate that the
phyllosilicates formed by direct replacement of
altered glass. The central portions of these phyl-
losilicate areas, however, commonly have di¡erent
textures. Such changes in contrast in TEM images
can be the result of di¡erent orientations of smec-

tite crystals, which may re£ect precipitation from
solution into open pores (Fig. 2A,B). If these lat-
ter textures represent formerly open pores, their
sizes ranged from 0.04 to about 2 Wm.

Closer to the former open fracture the altera-
tion features are more abundant and coalesce,
with phyllosilicate aggregates set in a matrix of
variably altered glass (Fig. 2C). Much of what
appears by optical microscopy or SEM to be al-
tered glass or phyllosilicate replacement of glass
(altered glass in Fig. 1) consists of this mixture of
altered glass and phyllosilicates. Within this zone,
altered glass between the phyllosilicate aggregates
is also directly replaced by phyllosilicates (Fig. 3).

3.2. altered glass composition

Representative AEM chemical analyses of fresh
and altered glass and secondary phyllosilicates are
presented in Table 1, and are plotted with addi-
tional analyses in Fig. 4. The altered glass exhibits
depletions of Mg, Fe, Mn, Ca and Na, and en-
richment of Si, Al, Ti and K compared to fresh
glass. The cation losses are real, but there is no
source of Si, Al or Ti external to the glass and
these elements may be passively enriched as ma-
terial is lost and the density of the altered glass
decreases [19^22]. AEM analyses are based on
peak intensity ratios and elements are normalized
to a constant number of cations or oxygen atoms

Fig. 3. High-resolution TEM image of secondary phyllosili-
cates replacing altered glass along a fracture. Lattice fringe
image illustrating 10 Aî smectite layers resulting from the de-
hydration and collapse of 14 Aî smectite layers. Note the
presence of 7 Aî layers, in some cases forming regular 17 Aî

interstrati¢cation with 10 Aî smectite.

Fig. 2. TEM images of altered glass. (A) 0.3^2.5 Wm altered
`spots' in fresh glass (at the alteration front in Fig. 1) consist
of a 0.1^0.3 Wm rim of altered glass surrounding a phyllosili-
cate core. (B) High resolution TEM image showing lattice
fringes of partially collapsed smectite. The concentrically ar-
ranged phyllosilicate packets formed by direct replacement of
glass give way to a di¡erent texture at the centers of the
spots (right side of B and upper center of A), which may re-
sult from the ¢lling of open pores formerly occupied by mi-
crobes. (C) The tiny altered spots coalesce to form zones of
`altered glass' along fractures (altered glass in Fig. 1), with
this altered material consisting of 0.1^2.0 Wm ellipsoidal ag-
gregates of phyllosilicate (Sm) in a matrix of altered glass as
shown here.
6

EPSL 5560 16-8-00

J.C. Alt, P. Mata / Earth and Planetary Science Letters 181 (2000) 301^313 305



and to an arbitrary total oxide weight percentage
[16,18]. The e¡ects of density decreases and cor-
responding low oxide totals are therefore not ap-
parent in Table 1 or Fig. 4.

One way to approach this problem is to exam-
ine the mass balance. Clearly, much of the mate-
rial comprising the phyllosilicates in the alteration
patches is derived from the glass that was dis-
solved or replaced plus the altered glass rim.
Mass balance calculations were made assuming
that the alteration features are cross-sections of

cylinders that are altered to a constant thickness
(0.1 Wm) rim of altered glass plus a phyllosilicate
core. The mean compositions for fresh and altered
glass and phyllosilicate were used, with densities
of 2.9 and 2.5 for fresh glass and phyllosilicates,
respectively. If Al is assumed immobile during the
conversion from fresh to altered glass, this re-
quires a net gain of Ti by the combined altered
glass rim plus phyllosilicate core, which is clearly
unreasonable. If Ti is assumed immobile during
the transition from fresh to altered glass, then the

Fig. 4. AEM chemical analyses of fresh and altered glass and secondary phyllosilicates, plotted as oxide weight percent versus
weight percent MgO. Analyses of fresh glass normalized to 100%, altered glass and phyllosilicates to 95%. Normalization of al-
tered glass does not take into account density decrease and loss of material (see text).
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conversion of fresh to altered glass plus phyllosi-
licate results in net losses of Si, Al, Fe, Mn, Ca
and Na, plus slight losses of Ti at small cylinder
diameters. K2O contents consistently increase by
a factor of 12. It makes little or no di¡erence to
these results if the features are assumed to be
spheres, or if Si is assumed immobile (Si and Ti
behave similarly and the concentrations of both
increase by V20% in the altered glass relative to
fresh glass). The density of the altered glass de-

creases, to a value of 2.3 g cm33 if Si and Ti are
immobile.

Fig. 5A shows that for constant Ti the fresh to
altered glass transition results in losses of Al, Mg,
Fe, Ca and Na, and a signi¢cant gain of K. Rel-
ative to fresh glass, phyllosilicates also exhibit
losses of Ca and Na, but can account for the
Mg and some of the Fe lost from the altered glass
(Fig. 5B). Fracture-¢lling smectites are also sinks
for other elements lost during the alteration of
glass (Fe, Mn, Ca, Na), as well as Mg and K
from seawater. The strong K enrichment of the
altered glass rims (up to 3.6 wt% K2O, Table 1)
must be derived from seawater.

3.3. Phyllosilicate mineralogy

TEM and AEM analyses indicate that the phyl-
losilicates are composed of several components,
including smectite, berthierine and mica. Lattice
fringe images show that most layers are smectite,
having spacings that vary from 10 to 12 Aî de-
pending on the degree of dehydration and layer
collapse caused by the instrument vacuum and
interaction with the electron beam (Fig. 3). The
layers comprise packets up to 17 layers thick, but
more commonly form packets 4^5 layers thick
intercalated with elongate voids as a consequence
of collapse in the TEM (Figs. 2B and 3). The
crystals of smectite occur as imperfect and anas-
tomosing layers with numerous edge dislocation-
like layer terminations. Although much of the
phyllosilicate material consists of smectite-like
layers, 7 Aî layers are also present and commonly
form regular interstrati¢cations with the 10 Aî

layers resulting in 17 Aî spacings (Fig. 3). This
interlayered material forms sequences up to four
units thick (ca. 70 Aî ) and exhibits layer termina-
tions and low angle contacts with packets of
smectite. Besides smectite and the 7 Aî phase, ten-
tatively identi¢ed as berthierine, the presence of a
mica component within the phyllosilicates is sug-
gested from AEM analyses (see below).

The phyllosilicates in the glass alteration fea-
tures exhibit a range of compositions, but com-
pared to fresh glass they are signi¢cantly enriched
in Mg, Fe, Mn and K, and depleted in Ca and Na
(Table 1 and Figs. 4 and 5). The phyllosilicates

Fig. 5. Spidergrams illustrating compositions of altered glass
and phyllosilicates compared to unaltered glass. Altered glass
is normalized to constant TiO2 with respect to fresh glass,
and all data are normalized to mean fresh glass composition
by AEM from Table 1. Data points are not plotted where
no oxide was detected in AEM analysis (e.g. several MnO
analyses of altered glass).
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are roughly similar in composition to saponite,
the most typical low-temperature alteration prod-
uct of submarine basalts [23]. The phyllosilicates
in the glass, however, contain greater amounts of

Al, have lower Fe+Mg and Si contents, and have
lower octahedral cation totals than saponite (Fig.
5A,B). The relatively high Al contents re£ect the
primary substrate: the Al2O3/SiO2 ratio of smec-
tite replacing glass in submarine basalts is identi-
cal to that of the glass it replaces [24], having
higher values in basaltic glass at pillow rims
(V0.25^0.33) and lower values for silicic intersti-
tial glass in pillow interiors (0.11^0.20). The phyl-
losilicates ¢lling the centers of fractures also di¡er
slightly in composition from those replacing glass:
the former contain less Al and greater amounts of
Mg than the latter, making the center of the frac-
ture ¢llings more similar compositionally to typi-
cal saponite.

The phyllosilicates associated with altered glass
plot in an array stretching from a composition
near montmorillonite to one intermediate between
those of saponite and berthierine, consistent with
intergrowths and interlayering of these phases
(Fig. 6A,B). Limited solid solution between di-
octahedral (Al-rich) and trioctahedral (Mg-rich)
smectites implies that the intermediate composi-
tions in Fig. 6A represent mixtures or perhaps
interlayering of di- and trioctahedral smectites
[25]. High interlayer cation contents of many of
the analyses, however, suggest that a mica com-
ponent is also present (Fig. 6C).

4. Discussion

Basaltic glass can alter by di¡erent processes,
depending on solution composition, temperature
and £uid/rock ratio [10^14,22]. Dissolution is stoi-
chiometric in laboratory dissolution experiments
under alkaline conditions, whereas at neutral to

Fig. 6. AEM analyses of phyllosilicates calculated as smectite
formulas on the basis of 22 oxygens, with all iron as ferrous.
Phyllosilicates associated with altered glass fall on a trend
from montmorillonite to a composition intermediate between
saponite and berthierine (A and B). Higher interlayer cation
contents (C) suggest the presence of a mica component. Data
for saponites from Hole 504B [15] and berthierine [38] calcu-
lated in the same manner. Fields for montmorillonite and di-
octahedral mica from Newman and Brown [38], with all iron
as ferric.
6
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acid conditions network-modi¢er cations (Mg, Fe,
Ca, Na) exhibit incongruent behavior with respect
to silica and are leached in exchange for protona-
tion and hydration of the glass surface. A thin (up
to a few Wm) leached layer resulting from incon-
gruent dissolution of basalt glass has been ob-
served or inferred in experiments [10^12], but
has only rarely been observed at the fresh glass
alteration front in natural samples [26]. Although
high resolution observations are scarce, natural
basalt glasses typically exhibit a sharp transition
from unaltered glass to alteration products [19^
21,27^29], perhaps re£ecting the low water/rock
mass ratios in natural systems compared to ex-
periments [30]. The alteration products are mainly
saponitic smectite and `palagonite,' which is the
partly recrystallized residual leached layer that re-
sults from passage of the reaction front through
the glass. This material is composed of amor-
phous material and poorly crystalline smectite re-
sulting from further alteration but zeolites, carbo-
nates and oxides may also be present [19,26].
Submarine alteration of basaltic glass at pillow
rims results in losses of essentially all major and
minor cations except Ti and Fe, which can be
passively accumulated, and K, which exhibits sig-
ni¢cant uptake [19^21]. If secondary minerals ¢ll-
ing fractures in the glass are taken into account,
however, many of the losses from the glass can be
accounted for or even reversed (e.g. uptake of Mg
into smectite, Na in zeolites, etc.) [19,20].

Convincing evidence exists for the local involve-
ment of microbes in submarine alteration of ba-
saltic glass, i.e. where long open tubes extend into
fresh glass and where DNA, carbon or cell-like
objects have been identi¢ed within such channels
[3^5]. The interpretation here is that microbes me-
diate the dissolution of the glass, e¡ectively tun-
neling into fresh glass. DNA and enrichments of
carbon and phosphorus also occur within altered
material behind the alteration front, as in the al-
tered glass zone in Fig. 1 [3,6,9], indicating the
presence of micro-organisms in these zones as
well. When this study began, the working hypoth-
esis was that the 0.1^2.5 Wm alteration spots were
formerly open holes that were initially formed and
occupied by bacteria, then later ¢lled with phyllo-
silicates. Our results, however, indicate that much

of the area of these alteration spots consists of
altered glass plus phyllosilicates formed via direct
replacement of altered glass. Thus, any open
pores or tubes that could have been occupied by
bacteria were signi¢cantly smaller than the overall
size of the alteration spots, smaller even than the
patches of phyllosilicates within the spots. The
areas that could have been former pore spaces
range in size from 0.04 to about 2 Wm. The larger
end of this size range is typical of bacteria, but the
smaller sizes fall in the realm of nano-organisms
[31]. Thus a wide range of sizes of bacteria may
exist in glassy basalt samples, perhaps represent-
ing di¡erent types of organisms.

Temperatures of alteration at the level in the
crust where sample 1250 resided ranged from
near 0 up to 90³C, and the current temperature
at this depth is about 70³C [15]. The presence of
the silica-rich altered glass in sample 1250 indi-
cates incongruent dissolution at neutral to acid
pH conditions [12,14]. Low pH can be maintained
inorganically by the precipitation of clay minerals
during seawater interaction with basalt glass: the
combination of silica released from glass with sea-
water Mg2� and (OH)3 to form phyllosilicates
results in the acid conditions that are typically
observed in laboratory experiments over a broad
range of temperatures (70^400³C [32]. Bacteria
can additionally in£uence the microenvironment
at the fresh/altered glass reaction front. Organic
acids and ligands produced by bacteria can in-
crease glass dissolution rates and change the stoi-
chiometry of glass dissolution by a¡ecting surface
reactions and the complexation of ions in solution
[33^35].

The observation of open V1 Wm diameter
tubes extending tens of microns into fresh vol-
canic glass in many samples and of similar fea-
tures ¢lled with phyllosilicates in other samples
[1^6] suggests a two-stage process, with the initial
formation of open tubes by microbially enhanced
dissolution of glass followed by precipitation of
phyllosilicates within the open space. TEM obser-
vations, however, suggest additional processes:
the partial dissolution of glass surrounding the
tubes, probably during the formation of the
open tube, and replacement of the walls of the
tubes by phyllosilicates. The latter may have oc-
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curred during occupation of the pore by bacteria,
but probably before ¢lling of the pore with phyl-
losilicates. Microbes and associated bio¢lms in
natural and experimental systems can accumulate
elements such as Fe, Si and Al (as well as P) [2],
and such material has been suggested to be the
precursor for phyllosilicate formation in some en-
vironments [36]. Microbes thus may be involved
in biomineralization in submarine basaltic glass,
but we have no direct evidence for a microbial
role in the formation of phyllosilicates in the fea-
tures that we investigated.

Elevated K2O contents of 1^2 wt% for altered
material compared to fresh glass (0.3%) have been
interpreted to be the result of accumulation in
microbial cells [3]. Torsvik et al. [6] suggest that
because K is lost from dead cells, the high K
contents require the presence of living cells. Our
TEM/AEM results indicate chemical variations
on the scale of V0.1 Wm, and that altered glass
can contain large amounts of K2O (up to 3.6
wt%). Thus, previous EMPA of such material
must include varying combinations of altered
glass and secondary phyllosilicates, and live cell
material is not required to account for the high
K2O contents. Altered glass and phyllosilicates
contain on average about 2 wt% K2O, which
was taken up from seawater. Assuming quantita-
tive extraction of K from seawater, this requires a
minimum integrated seawater/rock mass ratio of
V43. If the volume of altered glass along a frac-
ture is roughly the same as that of the formerly
open fracture (e.g. Fig. 1), then at least 130 vol-
umes of seawater have £owed through each frac-
ture. This suggests that if microbial activity is in-
volved, the circulation of signi¢cant amounts of
seawater-derived £uids may be required to pro-
vide essential nutrients. This is consistent with
more abundant microbial e¡ects in the uppermost
200^300 m of the oceanic basement, where poros-
ity, permeability and seawater circulation are
greatest [8].

Losses of Fe and Mn from altered glass have
been suggested to re£ect utilization by microbes,
either through oxidation or as electron acceptors
under anaerobic conditions [3,4,6]. The iron and
manganese contents of the secondary phyllosili-
cates are somewhat variable, but we ¢nd no evi-

dence for discrete Fe- or Mn-oxide phases. Cela-
donite is another oxidized secondary phase that
occurs in the upper few hundred meters of oceanic
basement, coinciding with the zone of most abun-
dant microbial e¡ects in glass [8], but sample 1250
does not contain this mineral. In contrast, our
data indicate a reducing environment, with iron
incorporated into the secondary phase as ferrous
ion. The compositions of phyllosilicates associ-
ated with altered glass are accounted for by par-
titioning the total iron present as ferrous iron into
berthierine and saponite [37,38]. This suggests the
mobilization of iron from glass as the ferrous ion,
possibly with the small amount of ferric iron in
the glass (about 10% of the total Fe [39]) being
reduced.

The common presence of pyrite associated with
altered glass and smectite veins is consistent with
the inference of reducing conditions, although the
source of sulfur remains uncertain. The low Ni
contents and absence of Cu in secondary sul¢des
are distinct from recrystallized immiscible igneous
sul¢de globules, but secondary pyrite could have
formed from primary igneous sul¢de that was dis-
solved in the silicate glass (about 900 ppm S [40]).
Alternatively, microbes could utilize sulfur redox
reactions during the dissolution of basalt glass [6],
and the sul¢de may be derived from microbial
reduction of seawater sulfate. The N34S values of
altered pillow basalts from the ocean crust are
typically about 0 to 335x [40,41], within the
range for microbial pyrite in sediments. These
low values for basalts have also been explained
by inorganic reactions, however [40,41]. Very
high sul¢de contents (1 wt%) and low N 34S values
(to 343x) occur in some oceanic serpentinites as
the result of microbial sulfate reduction, with mi-
crobial communities supported by the hydrogen
and methane produced during serpentinization
[42]. Perhaps similar reactions could occur at the
glass surface or in ma¢c minerals (olivine) in the
glass.

Where the alteration spots coalesce in `altered
glass' zones closer to the formerly open fracture,
between phyllosilicate spherules there are areas of
altered glass that are also directly replaced by
phyllosilicates (Fig. 3). Thus, alteration continues
after formation of the patches and their coalesc-
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ing into the `altered glass' zones. This remaining
altered glass may ultimately be transformed fur-
ther into phyllosilicates or other minerals (zeo-
lites, carbonates). Direct replacement of altered
glass by phyllosilicates suggests that microbes
are not involved in this reaction, however.

5. Summary and conclusions

Alteration features in submarine volcanic glass
investigated via TEM comprise 0.3^2.5 Wm areas
in cross-section, having phyllosilicate cores and
0.1^0.3 Wm wide rims of altered glass. The altered
glass exhibits decreased density, signi¢cant losses
of Mg, Fe, Ca and Na, slight losses of Al and
Mn, and an order of magnitude gain of K. Si
and Ti remain constant or increase slightly by
passive accumulation. This incongruent dissolu-
tion of glass occurs at neutral to acid pH condi-
tions at temperatures 6 90³C, and was probably
enhanced by the presence of bacteria.

Phyllosilicates consist of montmorillonite^sap-
onite with berthierine layers, plus a mica compo-
nent. The phyllosilicates at the periphery of the
phyllosilicate areas form by direct replacement of
altered glass, but the cores of these patches may
be former pore spaces formed by bacterial disso-
lution of glass. The sizes of these potential former
pores suggest that bacteria ranged to as small as
V0.04 Wm in size. As alteration proceeds further,
the isolated alteration features coalesce into areas
of phyllosilicate set in a matrix of variably altered
glass, and phyllosilicates locally replace the al-
tered glass between phyllosilicate aggregates.
This latter replacement is probably not directly
in£uenced by microbial activity.

There is no evidence for discrete Fe or Mn ox-
ides that could result from microbial processes.
Iron is mobilized from glass as ferrous iron, pos-
sibly with the reduction of the small amount of
ferric iron in the glass. Small amounts of second-
ary pyrite are associated with altered glass, with
the sul¢de derived either from microbial reactions
or from the glass itself.

Net bulk chemical changes for altered glass plus
phyllosilicates include losses of Si, Al, Fe, Mn, Ca
and Na, plus possibly slight losses of Ti. This

material is redistributed into fracture-¢lling smec-
tite, along with K and Mg from seawater. Uptake
of K requires the circulation of signi¢cant vol-
umes of seawater-derived £uids through fractures
in the glass, which may be an important control
on the occurrence of microbial activity in oceanic
basement.
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