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Abstract

Scanning electron microscofy SBEM and transmission electron microgcopy) TEM observations on a suite of mid-ocean
ridge basalt{ MORB reveal abundant interstitial glass, which differs in occurrence and composition from basaltic glass at
pillow rims. Interstitial glass consists dominantly of SIO and, A, O and is depleted in other cations, representing a highly
differentiated residual material. Low-temperature alteration by seawater solutions results in the formation of saponite
(Mg-rich variety of smectite replacing the interstitial glass; thg/iratio of this saponite reflects that of the source glass.
Chemical changes during this transition differ from those resulting from alteration of basaltic or rhyolitic glass. Alteration of
interstitial glass results in uptake of Mg and Fe and loss of Si and Al, but there is little or no leaching of alkalis. This reflects
a strong control on chemical reactions by solution composifion high Na and Mg concentrations of seawader fluids . In
contrast to basaltic glass at pillow rims, our observations do not reveal microbial activities in the alteration of interstitial
glass.© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction glass has been considered to be significant in chemi-
cal exchange between seawater and oceanic crust
Low-temperature alteration of mid-ocean ridge owing to its chemical instability and abundance
basalts{ MORB through interaction between seawa- (Staudigel and Hart, 1983 .
ter and oceanic crust results in the formation of Alteration of glass to secondary minerals has long
secondary minerals, especially clay minerals. MORB been studied ( Bonatti, 1965; Honnorez, 1981;
alteration causes changes in seawater chemistry andStaudigel and Hart, 1983 . Early studies focused on
the composition of oceanic crust, thus affecting the the physical and chemical procesges Staudigel and
chemical balance of the ocearfs Edmond et al., Hart, 1983; Berger et al., 1987, 1994; Crovisier et
1979; Alt et al., 1985 . The contribution of volcanic al., 1987; Zhou and Fyfe, 1989; Thorseth et al.,
1991 . Recently, however, renewed interest has been
stimulated because of the postulated role of micro-
" Corresponding author. Tel:+1-734-764-1452; fax:+1-734- bial activity in the alteration of basa_ltic glaés Thor-
763-4690. seth et al., 1992; Furnes and Staudigel, 1999; Furnes
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There are two kinds of glasses in MORB:) 1
glass in pillow rims, which has a composition of
average basalt, and which therefore is here called
“basaltic glass and(2 glass that is interstitial to
crystalline phases in the interiors of pillows, in mas-
sive flows and in dikes. Interstitial glass is highly
differentiated in composition and usually consists of
the solid equivalents of two immiscible liquids. Be-
cause the two kinds of glasses have different compo-
sitions and characteristics, they may play different
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Polished thin sections were made for preliminary
petrographic study by optical microscopy and SEM.
SEM observations were made with a Hitachi S3200N
SEM fitted with back-scattered electrén BBE imag-
ing systems and a NORAN energy-dispersive X-ray
spectrographi€ EDS system for qualitative chemi-
cal analysis. Areas of thin sections found to be
representative with respect to glass content were then
removed from sections and ion-milled preparatory to
TEM/AEM study. A Philips CM-12 TEM fitted

roles in the chemical exchange between seawater andwith a Kevex Quantum EDS system and operated at

oceanic crust. The role of glass which is interstitial
to crystalline phases is especially significant, given
its relatively large volume in flows, but in contrast

120 kV was used for TEMAEM analyses. The
compositions of the basaltic glass samples were de-
termined by electron microprobe analysis EMPA

with basaltic glass, its alteration processes have beenwith a Cameca CAMEBAX microprobe operated at

little studied owing to its small dimensions. In this
study, we utilized scanning electron microscopy
(SEM), transmission electron microscopy TEM and
analytical electron microscopy AEM to determine
the characteristics of MORB interstitial glass and the
processes of its alteration.

2. Samples and analytical techniques

A suite of MORB samples was obtained which
originated both through surface dredging and from
drill cores obtained through the Ocean Dirilling Pro-
gram(ODB and Deep Sea Drilling Projéct DSDP .
They range in age from recent to 38.4 Ma, such a
range being required to illustrate the range of degree
of alteration. The studied samples are from lava
flows, with depths within the flows at least several
centimeters from the glassy margins. The drilled
samples were obtained from ODP repositories and
are labeled according to ODB®SDP identification
methods. The dredged samples were kindly provided
by colleagues, as follows. The New Flow and Dive
2985 samples are submarine pillow lavas that erupted
recently at the Juan de Fuca ridge Johnson and
Tivey, 1995 . CH114 was dredged from the EPR
ridge axis, and its age i< 20 ka(Kent and Gee,
1994 . Sample BD10-5 was dredged from the Blanco
Fracture zone and has an age ©f1.2 Ma. Samples
of the glass rims of the two recent pillows were also
chosen for study, for comparison with interstitial
glass.

Fig. 1. SEM BSE image showing typical occurrence of interstitial
glass in MORB 506-2R1 0.54 Md )A and 508-3R1 0.85)Ma
(B). Abundant fine-grained immiscible globules with bright con-
trast occur in interstitial glass. Mt — titanomagnetite, Pl —
plagioclase, Cpx — clinopyroxene.
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15-kV accelerating voltage and 10-nA beam current.
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which is similar to that of plagioclase crystals, im-

Standard laboratory minerals and the PaP correction plying a similar average atomic number. The other

procedure were used Pouchou and Pichoir, 1984 .

3. Interstitial glassin MORB

Interstitial glass occurs in polygonal areas be-
tween plagioclase and clinopyroxene crysfals Fig. 1
commonly associated with pore space not shown .
Titanomagnetite with a dendritic to cruciform shape
is typically associated with interstitial areas. The
interstitial glass consists of two materials. One, the

consists of abundant, rounded areas with bright con-
trast, and therefore of atomic number greater than
that of plagioclasé Fig.)1 . The dimensions of inter-
stitial glass areas increase from the submicrometer
range near glassy margins to tens of micrometers or
larger toward flow interiors. It is most commonly
observed in samples in which the crystalline silicates
are finest, being only rarely observed in massive
basalts, which are more coarsely crystalline. These
relations are consistent with its formation under con-
ditions of relatively rapid cooling.

In Fig. 2, TEM images show that the interstitial

enclosing groundmass, has contrast in BSE imagesglass is comprised of small globules within material
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Fig. 2. TEM bright field images showing interstitial glass and immiscible globules in MORB. A Homogeneous globules in sample
508B-4R1( 0.85 Ma ( B Heterogeneous globules in sample BDA0-5 1)2 Ma . The small particles in the globlles are titano magnetite and
apatite. Mt-titanomagnetite, Ap — apatite, Pl — plagioclase, Cpx — clinopyroxene, Gl — glass.
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Table 1
Chemical compositions of basaltic and interstitial glass in MORB

Basaltic glas§ EMPR Interstitial glags ABM

Sample New flow Dive 2985 New flow Dive 2985 CH114 506G-2R1 507C-2R3 508B-3R1 508B-4R1 BD10-5 519A-9R1 335-8R4

Interval dredged dredged dredged dredged dredged 22-25 14-20 11-18 3-5 dredged 10-12 23-25
(cm)

Age 0 0 0 0 <20ky 0.54 0.69 0.85 0.85 1.2 10.1 13.8

(Ma)

SiO, 50.32 49.27 77.25 76.22 7751 79.39 82.71 83.68 77.44 80.99 80.49 78.49
TiO, 1.61 2.01 0.26 0.74 0.50 0.69 0.45 0.44 0.00 0.43 0.33 0.21
Al,O; 13.56 14.40 15.46 15.92 13.89 12.01 10.38 9.24 13.78 11.84 12.43 13.79
FeQ 12.63 12.31 1.61 2.14 2.94 2.06 2.22 2.51 2.62 1.17 1.27 1.61
MnO 0.29 0.20 0.24 0.00 0.17 0.23 0.08 0.00 0.00 0.00 0.00 0.12
MgO 6.66 6.91 0.00 0.00 0.00 0.00 0.14 0.00 1.21 0.56 0.39 0.23
CaO 11.39 11.04 151 2.77 2.31 1.93 2.01 181 2.39 1.03 1.67 1.48
Na, O 2.56 2.73 1.67 1.74 1.79 1.52 1.73 1.43 1.41 2.28 1.50 1.15
K,0 0.12 0.16 2.00 0.48 0.89 2.18 0.27 0.88 1.15 1.69 1.93 291

P, 05 0.16 0.19 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Total 99.31 99.22 100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

n.d.: below detection limit.
@Electron microprobe analyses from rim glass chips.
®Total Fe as F&".

of uniform contrast. The uniform matrix gives no (Philpotts, 1979, 1982; Kuo et al., 1986; Zhou et al.,
selected area electron diffractién SAED pattern, as 1997, 1999b . They are interpreted to originate
consistent with noncrystalline material. Chemical through exsolution in a differentiated liquid of net-
compositions of the matrix glass as analyzed by work-forming elements, and framework-modifying
AEM are listed in Table 1. For comparison, the elementf e.g., Fe, Ti . Globules vary from appearing
EMPAs of the basaltic rim glass are also included in to be homogeneous to heterogeneous in TEM images

Table 1. The matrix glass is relatively homogeneous (Fig. 2). Globules with homogeneous contrast give
in composition from sample to sample, and it con-

sists dominantly of network-forming elements SiO
(76-84% and A} Q ( 9-16% , with only minor
amounts of other elements. AEM analyses could
yield low alkali contents due to their loss during the
analyses, which would explain some of the unusually

Table 2
AEM analyses of homogeneous globules within interstitial glass

Sample CH114 508B-3R1  508B-4R1  507C-2R3

. . . Sio, 38.14 36.65 43.76 35.77
high Si0, pontent§>_30 wt.%) . However, its com- TiOi 288 3.99 283 487
position differs significantly from basaltic glass. a0, 4.41 257 6.20 3.28
Compared to basaltic glass, the interstitial matrix FeC* 40.41 42.38 33.97 41.41
glass is rich in SiQ@ and K O and depleted in TiO , MnO 174 0.40 1.29 1.46
; ; ; : ; MgO 0.92 0.81 0.23 0.57
FeO, MgO and CaO, implying a highly differentiated 20 6.69 8.04 6.36 701
resudugl mate_rlal. On the other hand, basaltic glass is Na,O 250 0.12 1.80 0.54
less differentiated and represents the quenched com 0 0.35 0.00 0.14 0.00
position of the bulk rock or magma. P,0; 1.96 3.57 2.18 2.19
AEM analyses of the globules reveal high concen- SO 0.00 0.66 0.28 0.73
trations of Fe, Ti, Ca, P, with or without S, in sharp ¢ 0.00 081 0.96 1.29
NN ’ Total 100.00  100.00 100.00 100.00

contrast to the matrix glass. Such two-phase materi-
als have been commonly observed in volcanic rocks  ?Total Fe as F&'.
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no SAED patterns, as consistent with glass Fig.
2A). Typical chemical compositions are listed in
Table 2. Globules with heterogeneous contrast ap-
pear to consist of many small particlés Fig.)2B .
AEM analyses and electron diffraction patterns re-
veal that( titand magnetite and apatite are the domi-
nant mineral Zhou et al., 1997 . Some globules are
well crystallized and consist only of a few relatively
large titanomagnetite and apatite grains Zhou et al.,
1997, 1999b . Both homogeneous and heterogeneous
globules can occur in the same sample. However, the
ratio of homogeneous vs. heterogeneous globules
varies among samples.

4, Alteration of interstitial glass

The interstitial glass in recent MORB is very
fresh and shows no sign of alteration, as also indi-
cated in previous studies Xu et al., 1997; Zhou et
al.,, 19979 . Signs of alteration of interstitial glass
begin to appear in slightly older samples 1.2 M3
(see below . Older samples>6 Ma) may show
complete alteration, with massive replacement of
interstitial glass by clay minerals Fig) 3 . The im- :
miscible globules, however, are usually preserved; Fi9: 3- SEM BSE( A and TEM bright field B images showing

. ., replacements of interstitial glass by clay minerals in samples
such textures can therefore be used to distinguish 5;ga gr1(10.1 Ma and 522B-5R2 38.4 Ma , respectively. The
clay minerals altered from interstitial glass from fine grains in( A with bright contrast in the interstitial area are
those formed by alteration of silicates, as commonly immiscible globules. Mt — titanomagnetite, Ap — apatite, Pl —
observed in older MOREB Shau and Peacor, 1992; plagioclase, Cpx — clinopyroxene.

Teagle et al., 1996 .

Because alteration of MORB is a heterogeneous
process on a microscopic scale, unaltered interstitial
glass can be preserved in some older samples Zhouwith the spacing of dehydrated smectite. High-reso-
et al., 1999h . Two such samples, 519A-9R1 and lution TEM images show small sets of 001 lattice-
335-8R4, contain abundant unaltered interstitial glass fringes(~ 10 A wide) arranged in subparallel pack-
in direct contact with clay. Fig. 4 shows a BSE ets of up to~ 10 layers( Fig. b , some layers being
image and low-resolution TEM images of such areas. curved and anastomosing. AEM chemical analyses
There appears to be a relatively sharp interface be- show high concentrations of Mg and Fe Table 3.
tween glass of uniform contrast and clay with vari- Normalization of the data to the formula of smectite
able contrast. The clay contains abundant lenticular (i.e., 22 oxygen atoms , results in structural formulae
void space which is typical of dehydration of smec- compatible with that of saponite.
titic clays in the vacuum of the TEM. Fig. 5 shows thin packets of saponite in a feature-

SAED patterns show only very diffuse and weak less surrounding, which is similar to the development
reflections typical of smectite; i.e., only 001 one of smectite in the palagonité Zhou et al., 1992 .
reflections occur, and then only for small values of | They may have one of two origing:)1 it may be
(ell) index. The 001d-value is ~ 10 A, as consistent  glass which is unaltered, ¢r) 2 it may consist of clay
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Fig. 4. SEM BSE A and TEM bright field B and)C images showing interface between interstitial glass and clay minerals. A and B from
335-8R4( 13.8 Ma , C from 519A-9R1L 10.1 Ma . Mt — titanomagnetite, Ap — apatite, P| — plagioclase, Cpx — clinopyroxene.
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basaltic glass at pillow rims is relatively well stud-
ied. Basaltic glass can alter by different processes,
Glass depending on solution composition, temperature, and
fluid /rock ratio( Crovisier et al., 1983, 1989; Berger
et al.,, 1987, 1994; Dudoignon et al., 1989, 1997,
Guy and Schott, 1989; Petit et al., 1990 . In labora-
tory dissolution experiments under acid to neutral
conditions, network-modifier cationé Mg, Fe, Ca,
Na) exhibit incongruent behavior with respect to
silica, and these cations are leached in exchange for
100 A protonation and hydration of the glass surface. Under
alkaline conditions dissolution is stoichiometric, and
network-forming cation§ Al and $i are lost as well.

B A thin (up to a few micromete)s leached layer
resulting from incongruent dissolution of basalt glass

-'-10A = has been observed or inferred in experiments

=4 (Crovisier et al., 1983, 1989; Berger et al., 1987 ,
Clay - : but has only rarely been observed in natural samples

(Thorseth et al., 1991 . Although high-resolution ob-
servations are scarce, natural basalt glasses typically
exhibit a sharp transition from unaltered glass to
alteration product€ see review in Honnorez, 1981;
Eggleton and Keller, 1982; Staudigel and Hart, 1983;
100 A Crovisier et al., 1987, 1992; Zhou and Fyfe, 1989 .
gy The differences can be caused by the differences in
Fig. 5. TEM images showing 10 A lattice-fringes of saponite water/rock ratio between experimental and natural
altered from interstitial glass in samples 519A-9R1 10.DKMa A systems( Leturcq et al., 1999 . Alteration products
and 335-8R4 13.8 M B . are mainly saponitic smectite antpalagonit&
(poorly crystalline smectite¢- amorphous material ,
but include zeolites, carbonates, and oxides. Alter-
ation of basaltic glass at pillow rims results in losses
which, as typical of smectite, has a local orientation of essentially all major and minor cations except Ti
with layers not parallel to the electron beam, and gnd Fe, which can be passively accumulated, and K,
which therefore does not contribute to fringes. In this \nhich exhibits significant uptaké summary in Hon-
case, however, attempts at orienting the sample atpgrez, 1981: Staudigel and Hart, 1983 .
diverse angles failed to produce contrast in the fea- | contrast to basaltic glass at pillow rims, inter-
tureless areas, implying that they consist of unaltered gtjtja| glass in flow interiors is initially already de-
glass. In combination with the images in Fig. 4, they pleted in most cationé Table 1 . The interstitial glass
show, therefore, that the transformation to clay oc- js silica-rich and poor in Fe, Mg, and Ca, similar to a
curs across a narrow front within which islands of rhyolite but without the high alkali contents of the
clay grow at the expense of glass. latter. Rhyolitic glasses undergo processes of alter-
ation generally similar to those acting on basaltic
glasses, with leaching of alkalis in exchange for
. . protons and water, and accumulation of heavy ele-
5. Discussion ments( Fe, Di at the surface Petit et al., 1990 .
Compared to fresh interstitial glass, its alteration
In contrast to the alteration of interstitial glass, products are enriched in FeO and MgO and depleted
which has received little attention, the alteration of in SiO, and Al, O, ( Table 3, Fig.6 . TiQ increases
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Table 3

Selected AEM analyses of clay minerals altered from interstitial glass

Sample 504B-3R1 504B-9R1 896A-22R1 519A-9R1 335-8R4 522B-5R2
Interval(cm 124-127 91-95 53-54 10-12 23-25 28-30
Age (Ma) 6.9 6.9 6.9 10.1 13.8 38.4
Sio, 47.63 47.60 47.14 46.02 47.06 45.65
TiO, 0.39 0.14 0.24 0.43 0.28 0.27
AlL,O4 6.13 6.23 7.50 7.75 9.89 7.59
FeQ’ 10.32 8.51 11.23 9.17 8.60 7.21
MnO 0.13 0.13 0.05 0.05 0.19 0.26
MgO 19.29 20.33 17.71 17.48 17.83 20.82
CaO 1.99 1.38 1.77 1.27 1.03 1.63
Na, O 1.77 2.54 1.22 3.45 1.69 3.21
K,0O 0.36 1.13 1.14 2.37 1.43 1.37
Total® 88.00 88.00 88.00 88.00 88.00 88.00
No. of cations on the basis of 22 oxygens

Tetrahedral

Si 7.07 7.05 7.03 6.92 6.92 6.78
Al 0.93 0.95 0.97 1.08 1.08 1.22
Total 8.00 8.00 8.00 8.00 8.00 8.00
Octahedral

Ti 0.04 0.02 0.03 0.05 0.03 0.03
Al 0.14 0.13 0.35 0.29 0.63 0.11
Fet 1.28 1.05 1.40 1.15 1.06 0.90
Mn 0.02 0.02 0.01 0.01 0.02 0.03
Mg 4.27 4.49 3.94 3.92 3.91 4.61
Total 5.75 5.70 5.72 5.41 5.65 5.68
Interlayer

Ca 0.32 0.22 0.28 0.20 0.16 0.26
Na 0.51 0.73 0.35 1.01 0.48 0.93
K 0.07 0.21 0.22 0.45 0.27 0.26
Total 0.89 1.16 0.85 1.66 0.91 1.44
Si/(Si+ Al 0.87 0.87 0.84 0.83 0.80 0.84
Fe/(Fe+ Mg) 0.23 0.19 0.26 0.23 0.21 0.16

#Phosphorus below detection limit.
PTotal Fe as F&'.
“Oxides wt.% normalized to 88.0%.

by ~0.1%, or 20% of its original concentration

which could reflect accumulation of this element, but
this is within the analytical uncertainty and is not
significant. FeO content increases by a factor of 5, of
which only a small part could be attributed to pas-
sive accumulation, assuming behavior similar to Ti.
MgO contents of alteration products are a factor of
40 greater than those of interstitial glass. Such in-
creases in Mg are not typically seen in alteration of

rhyolitic glasses, and must reflect differences in solu-
tion composition( Petit et al., 1990 . This could
reflect either the presence of Mg-rich seawater or the
breakdown of primary ferromagnesian phases in the
basalt. Similarly, the alkali content of the interstitial
glass does not change appreciably during alteration,
which probably reflects the inhibitory effect of Na-
rich solutions( seawatkr on leaching of alkdlis Petit
et al., 1990 .
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Fig. 6. Representative chemical changes resulting from the alter-
ation of interstitial glass to clay minerals sample 519A-9R1, 10.1
Ma). ATotal wt.% is the difference of compositions between the
interstitial glass( Table )1 and its alteration proddct Table 3.
Positive sign(+) indicates elemental gain and negati¢e )
indicates loss during alteration.

Alteration of silicates( e.g., olivine , titanomag-
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sources( Alt et al., 1986; Alt, 1999 . Despite the
relatively high K, O content of altered interstitial

glass compared to the bulk basalt similar to basaltic
glass at pillow rims, Table )1, the K contents of

interstitial glass exhibit little or no change during

alteration( Fig. 8 , again consistent with little addi-

tion from seawater other than hydration.

TEM observations show formation of smectite
from unaltered glas§ Fig.)5 suggesting direct re-
placement. The compositional changes Tables 1 and
3, Fig. 6, however, indicate exchange of material
between glass and fluids during alteration. TEM
studies of such replacement mechanisms have shown
that they are the ones in which dissolution occurs at
a reaction front, with immediate neocrystallization
across the front of a second phase. Where the prod-
uct structure is closely related to that of the reactant,
the replacing structure may be oriented similarly to
that of the reactant. However, where reactant and
product have very different structures, as with glass
and smectite, the product may have a random orien-
tation (for a review of the general relations, see
Giorgetti et al., 200D . Smectite occurring as a
neocrystallized product of glass therefore appears at
the optical or SEM scale to be a direct replacement.

netite and basaltic glass in the basalts can be aStudies of glass alteration have clearly demonstrated

source of Fe and Mg for incorporation into sec-
ondary minerals in interstitial areas. The low-temper-
ature alteration of titanomagnetite to titanomag-
hemite( maghemitization in MORB involves a loss
of iron (Ryall and Hall, 1980; Zhou et al., 1999a

such a relation where smectite is a product Tazaki et
al., 1989; Masuda et al., 1996 .

Saponite is the most common secondary mineral
in MORB altered at low temperatures, along with
common celadonite and other rarer phyllosilicates

and titanomagnetite in the older samples studied here(Alt, 1999). Our observations of this suite of samples

shows a high degree of oxidatioh Zhou et al.,
1999a,p , indicating that maghemitization may be a
major source of iron required by alteration of inter-
stitial glass. The breakdown of olivine in the basalt is
complementary to that of interstitial glass: the re-
placement of olivine by saponite releases Mg but
requires the uptake of small amounts of Al, whereas
alteration of interstitial glass is a sink for Mg and a
source of Al. Breakdown of basaltic glass at pillow
rims could also be a source of Mg, Fe, and Al, and
seawater could supply additional Mg. These latter
reactions are probably not important, however, be-

of diverse age and depth indicate that saponite is the
dominant secondary mineral replacing interstitial
glass, although halloysite has also been reported as
an alteration product of interstitial glass in old
dredged MORB( Xu et al., 1997 . The saponite
replacing interstitial glass is generally similar in
composition to those typical of altered MORB, but it
contains lower amounts of Al © than saponitic
smectites that replace basaltic glass at pillow rims
(Alt, 1999). This difference reflects a compositional
control of the primary substrate on the S\l O,
ratio of the secondary phase. The $i®@l O, ratio

cause with the exception of increased H O contents, of saponites replacing interstitial glass are similar to
the chemical changes exhibited by most bulk rocks those of the glas¢ 5-9, Tables 1 and 3, whereas
containing only saponite are essentially undetectable, those of Al-rich saponite replacing basaltic glass at
indicating little metasomatism by seawater or other pillow rims are the same as the glass which it
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replaced ~ 3—4; Melson and Thompson, 1973; An- Although our limited observations do not reveal
drews, 1977; Staudigel and Hart, 1983; Teagle et al., microbial activity in the alteration of interstitial glass
1996 . in MORB, the possible role of microbial activity

Alteration of basaltic glass at pillow rims has cannot be ruled out. Further detailed studies are
been suggested to play an important role for chemi- needed to investigate presence or absence of micro-
cal exchange between seawater and oceanic crustial activity in the alteration of interstitial glass as
(Staudigel and Hart, 1983 . Given the abundance of well as the alteration mechanism.
flow interiors in the crust, the total volume of inter-
stitial glass should be comparable to that of basaltic
glass at pillow rims. The large chemical changes for
Si, Al, Fe, and Mg during alteration of interstitial
glass, however, appear to contribute mainly to inter-
nal redistribution of elements within the basalt. This We thank H.P. Johnson for providing the Juan de
process does not appear to have a significant effect Fuca ridge and Blanco Fracture zone samples, and
on basalt—seawater exchange, at least for these eleJeff Gee for providing EPR samples. We also appre-
ments, although it could be important for isotopic or ciate helpful comments by journal reviewers G.
trace element exchange. Berger, J.I. Drever and P. Schiffman. This research

The involvement of biological activity in the al- was supported by the National Science Foundation
teration of basaltic glass has recently received signif- grant EAR 98-04765.
icant attention. These studies demonstrate that mi-
crobes may mediate the alteration of basaltic glass in
MORB (Thorseth et al., 1992; Furnes and Staudigel,
1999; Furnes et al., 1996; Fisk et al., 1998; Staudigel
et al., 1998; Torsvik et al., 1998 . The presence of
microbial activity is supported by alteration textures, Alt: J-C., 1999. Very low-grade hydrothermal metamorphism of

. . basic igneous rocks. In: Frey, M., Robinson, ©. Hds. , Very
gen_etlc( DNA E_malyses’ Ch_emlcal analyses and ex- Low Grade Metamorphism Blackwell Scientific, pp. 169—201.
perimental studies. In particular, textures of glass ai Jj.c.. Honnorez, J. Laverne, C.. Emmermann, R., 1986.
alteration in MORB( pits, channels, tubes, spherulitic Hydrothermal alteration of a 1-km section through the upper
bodiegd are similar in size and shape to those pro- oceanic crust, Deep Sea Drilling Project Hole 504B: mineral-
duced by bacteri& Thorseth et al., 1992: Furnes and ogy, chemistry, and evolution of seawater—basalt interactions.
Staudigel, 1999; Furnes et al., 1996; Fisk et al. ). Geophys. Res. 91, 10309-10335. . :

! ! o ! ! ' Andrews, A.J., 1977. Low temperature fluid alteration of oceanic
1998 . Although not specifically sought, such alter-  jayer 2 basalts, DSDP leg 37. Can. J. Earth Sci. 14, 911-926.
ation textures have not been observed in interstitial Berger, G., Schott, J., Loubet, M., 1987. Fundamental processes
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! . . Lo Berger, G., Claparols, C., Guy, C., Daux, V., 1994. Dissolution
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immiscible liquids rather than the glags Tables 1 Cosmochim. Acta 51, 2977—2990.
and 2. Crovisier, J.L., Atassi, H., Daux, V., Daux, V., Petit, J.C., Eber-

Acknowledgements

References



W. Zhou et al. / Chemical Geology 174 (2001) 365-376

hart, J.P., 1989. A new insight into the nature of the leached
layers formed on basaltic glasses in relation to the choice of
constraints for long-term modeling. Mater. Res. Soc. Symp.
Proc. 127, 41-48.

Crovisier, J.L., Honnorez, J., Fritz, B., 1992. Dissolution of
subglacial volcanic glasses from Iceland: laboratory study and
modeling. Appl. Geochem., Suppl. Issue 1, 55-81.

Dudoignon, P., Meunier, A., Beaufort, D., Gachon, A., Buigues,
D., 1989. Hydrothermal alteration at Mururoa atéll French
Polynesia . Chem. Geol. 76, 385-401.

Dudoignon, P., Proust, D., Gachon, A., 1997. Hydrothermal alter-
ation associated with rift zones at Fangataufa atoll French
Polynesia . Bull. Volcanol. 58, 583—-596.

Eggleton, R.A., Keller, J., 1982. The palagonitization of limbur-
gite glass — a TEM study. N. Jb. Miner. 7, 321-336.

Edmond, J.M., Measures, C., Mcduff, R.E., Chan, L.H., Collier,
R., Grant, B., 1979. Ridge crest hydrothermal activity and the
balances of major and minor elements in the ocean: the
Galapagos data. Earth Planet. Sci. Lett. 46, 1-18.

Fisk, M.R., Giovannoni, S.J., Thorseth, I.H., 1998. Alteration of
oceanic volcanic glass: texture evidence of microbial activity.
Science 281, 978-980.

Furnes, H., Thorseth, I.H., Tumyr, O., Torsvik, T., Fisk, M.R.,
1996. Microbial activity in the alteration of glass from pillow
lavas from Hole 896A. In: Alt, J.C., Kinoshita, H. Eds. ,
Proc. Ocean Drill. Prog.: Sci. Results 148, pp. 207-214.

Furnes, H., Staudigel, H. et al., 1999. Biological mediation in

375

lantic sea floor near St. Paul’s rocks: petrography and compo-
sition of secondary clay minerals. Geol. Soc. Am. Bull. 84,
703-716.

Pouchou, J.L., Pichoir, F., 1984. New model for quantitative
X-ray microanalysis. Part I: application to the analysis of
homogeneous samples. Rech. Aerosp. 3, 13-38.

Petit, J.C., Della Mea, G., Dran, J.C., Magonthier, M.C., Mando,
P.A., Paccagnella, A., 1990. Hydrated layer formation during
dissolution of complex silicate glasses and minerals. Geochim.
Cosmochim. Acta 54, 1941-1955.

Philpotts, A.R., 1979. Silicate liquid immiscibility in tholeiitic
basalts. J. Petrol. 20, 99-118.

Philpotts, A.R., 1982. Compositions of immiscible liquids in
volcanic rocks. Contrib. Mineral. Petrol. 80, 201-218.

Shau, Y., Peacor, D.R., 1992. Phyllosilicates in hydrothermally
altered basalts from DSDP Hole 504B, Leg 83: a TEM and
AEM study. Contrib. Mineral. Petrol. 112, 119-133.

Ryall, P.J.C., Hall, J.M., 1980. Iron loss in titanomagnetites
during low temperature oxidation. J. Geomagn. Geoelectr. 32,
661-669.

Staudigel, H., Hart, S.R., 1983. Alteration of basaltic glass:
mechanism and significance for the oceanic crust—seawater
budget. Geochim. Cosmochim. Acta 47, 337-350.

Staudigel, H., Yayanos, A., Chastain, R., Davies, G., Verdurmen,
E.A.Th., Schiffman, P., Bourcier, R., De Baar, H., 1998.
Biologically mediated dissolution of volcanic glass in seawa-
ter. Earth Planet. Sci. Lett. 164, 233—-244.

ocean crust alteration: how deep is the deep biosphere? Earth Tazaki, K., Fyfe, W.S., van der Gaast, S.J., 1989. Growth of clay

Planet Sci. Lett. 166, 97—103.

Giorgetti, G., Mata, M.P., Peacor, D.R., 2000. TEM study of the
mechanism of transformation of detrital kaolinite and mus-
covite to illite/smectite in sediments of the Salton Sea
geothermal field. Eur. J. Mineral. in press.

Guy, C., Schott, J., 1989. Multi-site surface reaction versus trans-

port control during the hydrolysis of a complex oxide. Chem.
Geol. 78, 181-204.

Honnorez, J.J., 1981. The aging of the oceanic crust at low

temperature. The Sea Wiley, New York, pp. 525-587.
Johnson, H.P., Tivey, M.A., 1995. Magnetic properties of zero-age

minerals in natural and synthetic glasses. Clays Clay Miner.
37, 348-354.

Teagle, D.A.H., Alt, J.C., Bach, W., Halliday, A.N., Erzinger, J.,
1996. Alteration of upper oceanic crust in a ridge-flank hy-
drothermal upflow zone: mineral, chemical, and isotopic con-
straints from hole 896A. In: Alt, J.C., Kinoshita, H. E}s.,
Proc. Ocean Dirill. Prog.: Sci. Results 148, pp. 119-150.

Thorseth, I.H., Furnes, H., Heldahl, M. et al., 1992. The impor-
tance of microbiological activity in the alteration zone of
natural basaltic glass. Geochim. Cosmochim. Acta 55, 731-
749.

oceanic crust; a new submarine lava flow on the Juan de Fuca Thorseth, I.H., Furnes, H., Tumyr, O., 1991. A textural and

ridge. Geophys. Res. Lett. 22, 175-178.

Kent, D.V., Gee, J., 1994. Grain size-dependent alteration and the

magnetization of ocean basalts. Science 265, 1561-1563.

Kuo, L-C., Lee, J.H., Essene, E.J., Peacor, D.R., 1986. Occur-

rence, chemistry, and origin of immiscible silicate glasses in a
tholeiitic basalt: a TEMAEM study. Contrib. Mineral. Petrol.
94, 90-98.

Leturcq, G., Berger, G., Advocat, T., Vernaz, E., 1999. Initial and

long-term dissolution rates of aluminosilicate glasses enriched

with Ti, Zr and Nd. Chem. Geol. 160, 39-62.

Masuda, H., O'Neil, J.R., Jiang, W.-T., Peacor, D.R., 1996.
Relation between interlayer composition of authigenic smec-
tite, mineral assemblages/$ reaction rate and fluid composi-
tion in silicic ash of the Nankai trough. Clays Clay Miner. 44,
443-459.

Melson, W.G., Thompson, G., 1973. Glassy abyssal basalts, At-

chemical study of Icelandic palagonite of varied composition
and its bearing on the mechanism of the glass—palagonite
transformation. Geochim. Cosmochim. Acta 55, 731-749.

Torsvik, T., Furnes, H., Muehlenbachs, K., Thorseth, I.H., Tumyr,
0., 1998. Evidence for microbial activity at the glass-alteration
interface in oceanic basalts. Earth Planet. Sci. Lett. 162,
165-176.

Xu, W., Van der Voo, R., Peacor, D.R., Beaubouef, R.T., 1997.
Alteration of fine-grained magnetite and its effects on the
magnetization of the ocean floor. Earth Planet. Sci. Lett. 151,
279-288.

Zhou, W., Van der Voo, R., Peacor, D.R., 1997. Single-domain
and superparamagnetic titanomagnetite in young ocean-floor
basalts with variable Ti-content. Earth Planet. Sci. Lett. 150,
353-362.

Zhou, W., Peacor, D.R., Van der Voo, R., Mansfield, J.F., 1999a.



376 W. Zhou et al. / Chemical Geology 174 (2001) 365-376

Zhou, Z., Fyfe, W.S., 1989. Palagonitization of basaltic glass from

position of individual titanomagnetiggitanomaghemite grains DSDP site 335, leg 37: texture, chemical composition, and
by TEM. J. Geophys. Res. 104, 17689-17702. mechanism of formation. Am. Mineral. 74, 1045-1053.

Zhou, W., Van der Voo, R., Peacor, D.R., 1999b. Preservation of Zhou, Z., Fyfe, W.S, Tazaki, K., Van der Gaast, S.J., 1992. The
pristine titanomagnetite in older ocean-floor basalts and its structural characteristics of palagonite from DSDP site 335.
significance for paleo-intensity studies. Geology 27, 1043— Can. Mineral. 30, 75-81.

1046.

Determination of lattice parameter, oxidation state, and com-



