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(11 Abstract: The structural and chemical evolution of palagonite was studied as a function of glass
composition, alteration environment, and time by applying a range of analytical methods (electron
microprobe, infrared photometry, atomic force microscopy, X-ray fluorescence, and X-ray
diffraction). Palagonitization of volcanic glass is a continuous process of glass dissolution,
palagonite formation, and palagonite evolution, which can be subdivided into two different reaction
stages with changing element mobilities. The first stage is characterized by congruent dissolution of
glass and contemporaneous precipitation of “fresh,” gel-like, amorphous, optically isotropic, mainly
yellowish palagonite. This stage is accompanied by loss of Si, Al, Mg, Ca, Na, and K, active
enrichment of H,O, and the passive enrichment of Ti and Fe. The second stage is an aging process
during which the thermodynamically unstable palagonite reacts with the surrounding fluid and
crystallizes to smectite. This stage is accompanied by uptake of Si, Al, Mg, and K from solution and
the loss of Ti and H,O. Ca and Na are still showing losses, whereas Fe reacts less consistently,
remaining either unchanged or showing losses. The degree and direction of element mobility during
palagonitization was found to vary mainly with palagonite aging, as soon as the first precipitation of
palagonite occurs. This is indicated by the contrasting major element signatures of palagonites of
different aging steps, by the changes in the direction of element mobility with palagonite aging, and
by the general decrease of element loss with increasing formation of crystalline substances in the
palagonite. Considering the overall element budget of a water-rock system, the conversion of glass to
palagonite is accompanied by much larger element losses than the overall alteration process, which
includes the formation of secondary phases and palagonite aging. The least evolved palagonitized
mafic glass studied has undergone as much as 65 wt% loss of elements during palagonite formation,
compared to ~28 wt% element loss during bulk alteration. About 33 wt% element loss was
calculated for one of the more evolved, in terms of the aging degree, rocks studied, compared to
almost no loss for bulk alteration.
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1. Introduction

21 ‘“‘Palagonite,” which was first used to
describe altered hyaloclastite deposits from Pal-
agonia, Mount Iblei, Sicily [Von Waltershausen,
1845], forms rinds on mafic glass surfaces
exposed to aquatic fluids (e.g., pillow rims,
hyaloclastite particles, fractures, vesicle walls),
commonly leaving islands of fresh glass embed-
ded in palagonite rinds of varying thickness.
Palagonite is commonly considered as the first
replacement product of mafic glass alteration
[Furnes, 1975; Hay and lijima, 1968b; Moore,
1966; Peacock, 1926; Staudigel and Hart,
1983; Thorseth et al., 1991]. The formation,
composition, and evolution of palagonite thus
partly control the rate of glass alteration as well
as the elements effectively released during glass
dissolution and thereby the development of
other secondary mineral assemblages.

3] Peacock [1926], in the first comprehensive
petrographic study of palagonite, distinguished
two main palagonite varieties, a classification
scheme still used today: (1) yellow, transparent,
isotropic, clear, commonly concentrically
banded “gel palagonite” and (2) yellow-brown,
translucent, slightly anisotropic, slightly to
strongly birefringent, fibrous, lath-like, or gran-
ular “fibro-palagonite,” which develops during
more advanced steps of palagonitization on the
outer surface of gel palagonite. Until now the
term palagonite was commonly used both as a
general term for any hydrous alteration product
of mafic glass and also for the crystalline
material (e.g., smectite) evolving from the pal-
agonite itself [Furnes, 1984; Jakobsson, 1972;
Jercinovic et al., 1990; Thorseth et al., 1991].
Also widespread is the usage of the term pala-
gonitized glass usually referring to the glass
alteration rim as a whole. Kinetic and thermo-
dynamic modeling as well as mass balance
calculations necessitate, however, the exact dif-
ferentiation of different secondary products
developed during alteration in a water-rock

system. Even so, palagonite is a metastable
product phase, like other metastable phases
(e.g., opal); it is formed under specific thermo-
dynamic conditions, making a more restricted
use of this term feasible. Consequently, we here
use the term palagonite only for the amorphous
alteration product (Figure 1) and are only going
to refer to the terms gel- and fibro-palagonite in
the context with other studies. Thus, as soon as
crystals form, a two-phase system is established
consisting of palagonite and the crystalline
material, mainly clay minerals. In this regard
the process of glass palagonitization in this
study is considered based on the evolutionary
aspects of a thermodynamically unstable, gel-
like, amorphous, aging material. Aging is syn-
onymous with crystallization and crystal growth
processes in gels. In practice (Figure 1), how-
ever, use of the term palagonite in a compre-
hensive sense is advocated because different
aging steps of palagonite cannot be identified
without the use of detailed analytical methods.

4] Palagonite’s mineralogical nature is still
poorly defined. Hay and Iijima [1968b] pro-
posed that palagonite is composed of montmor-
illonite and mixed-layer mica montmorillonite.
According to Furnes [1984], palagonite con-
sists of kaolinite, illite, mixed-layer clay miner-
als, or zeolites. Honnorez [1981] suggested that
palagonite is a mixture of altered, hydrated, and
oxidized glass with authigenic minerals (clays,
zeolites) and proposed to abandon the term
completely. Palagonite was also interpreted to
be composed of some smectite variety and
minor amounts of zeolites and oxides following
from a combination of detailed analytical meth-
ods with stoichiometric considerations [Daux et
al., 1994; Eggleton and Keller, 1982; Staudigel
and Hart, 1983; Zhou et al., 1992].

57 Numerous studies have focused on the
chemical composition of palagonite and the
chemical changes occurring during palagoniti-
zation; see Homnnorez [1972], Fisher and
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Figure 1.
[1926].

Schmincke [1984], and N. A. Stroncik and H.-
U. Schmincke (submitted manuscript, 2001) for
reviews. In general, the chemical composition
of palagonite and its parent glasses differ sig-
nificantly from each other. Even a homogene-
ous parent glass may result in palagonite with
pronounced intragrain variations; the reasons
for which remain unknown. The estimated
extent and direction of element mobility accom-
panying the glass to palagonite transformation
also varies and depends also, in the absence of a
kinetic model for the glass alteration process, on
the method of calculation [Bednarz and
Schmincke, 1989; Furnes, 1984; Hay and
lijima, 1968b; Staudigel and Hart, 1983].

6] Important for the chemical composition of
palagonite and the element mobilities accom-
panying the palagonitization process is, of
course, also the mode of its formation. It is
generally accepted today that some type of
dissolution-precipitation, either incongruent or
congruent dissolution, is responsible for the
alteration of sideromelane to palagonite
[Berger et al., 1987; Crovisier et al., 1987,
Daux et al., 1994; Jercinovic et al., 1990;

Overview on the definition of the term palagonite as being used in this study versus Peacock

Thorseth et al., 1992, 1991, 1995a; Zhou and
Fyfe, 1989]. This is indicated by the physical
characteristics of alteration products, reaction
rates, and element mobilities. Besides this
general agreement on a dissolution-precipita-
tion process being responsible for the forma-
tion of palagonite from glass, the mechanisms
controlling these processes, especially the pre-
cipitation of palagonite, are still not fully
understood. Lately, the influence of microor-
ganisms on the process of glass alteration has
also been emphasized in a number of studies
[Furnes et al., 1996; Staudigel et al., 1995,
1998; Thorseth et al., 1992, 1995a, 1995b].
Bacteria and microorganisms create a local
microenvironment through the waste of their
metabolic products. These fluids have either an
acidic or basic pH, depending on the type of
bacteria. An acidic pH basically results in
incongruent glass dissolution, whereas a basic
one results in congruent glass dissolution,
leaving large pits on the glass surface. Overall
microbial activity enhances the dissolution rate
of volcanic glass [Staudigel et al., 1995,
1998]. Microbial alteration also results in the
formation of authigenic phases and is accom-
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panied by redistribution of elements [Drewello
and Weissmann, 1997; Furnes et al., 1996;
Staudigel et al., 1995, 1998; Thorseth et al.,
1992, 1995a, 1995b]. Although the role of
biological activity in glass alteration in general
is well established, its role in glass palagoni-
tization is not. Until now no biotic glass
alteration experiment has resulted in the for-
mation of palagonite, and the link between
palagonite precipitation and biotic activity,
considering natural samples, has not been
established to full satisfaction. Although there
are a number of natural samples showing
features interpreted as indicative of microbial
activity (e.g., micropits, microchannels, rem-
nants of DNA [Fisk et al., 1998; Furnes et al.,
1996; Thorseth et al., 1992, 1995a, 1995b;
Torsvik et al., 1998]), a large number of
palagonite samples do not show these features.

(71 Here a combination of electron microprobe
(EMP), infrared photometry (IRP), atomic force
microscopy (AFM), X-ray diffraction (XRD),
and conventional optical methods was used to
“model” the mineralogical and chemical evo-

lution of palagonite and the impact of palagon-
ite evolution on the overall element budget of a
water/rock system.

2. Rocks Studied

81 The rocks studied include hyaloclastites,
lapilli tuffs, and pillow rims representing differ-
ent alteration environments, alteration, and
aging stages, a broad compositional spectrum
(Figure 2) and a large age distribution (Table 1).

3. Analytical Methods

3.1. Electron Microprobe

o1 Between 200 and 400 single EM measure-
ments were performed along different profiles
from glass to palagonite on 60 different sam-
ples using a Cameca SX-50 EMP and standard
wavelength dispersive techniques. The instru-
ment was operated at an accelerating voltage of
15 kV and beam currents of 4, 6, and 10 nA.
The beam diameter during standardization and
measurement was within a range of 4—7 pm,
depending on the beam current. Counting times
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were set to 20 and 10 s for peaks and back-
grounds, respectively. Several silicates, oxides,
and natural glasses were applied as standards.
Matrix corrections were performed using the
program PAP.

o] The reliability of palagonite composition
determined by microprobe has been questioned
[Furnes, 1984] because of potential evapora-
tion effects resulting from the sensitivity of
palagonite to high-temperature electron beams.
Consequently, interval measurements at a
beam current of 10 nA, a beam diameter of
7 pm, a counting time of 20 s, and repetition
rates of 10 and 20 were used to evaluate the
influence of these evaporation effects on count
rates of each of the major elements analyzed
quantitatively. No systematic changes of count
rates for the different elements were observed.
Evaporation during analysis has therefore no
major effect on the quantitative analysis of
glass and palagonite.

(111 Major element totals of palagonite vary from
93 to ~50 wt%. The difference to 100 wt% is
balanced by the water content as indicated by the
results of infrared photometer analysis.

3.2. Infrared Photometry

121 The water content of representative pala-
gonite samples was detected by infrared photo-
metric methods. The water analysis was carried
out using 200 mg of fine grained sample
powder at a temperature of 966°C with N, as
carrier gas phase using the CWA 5003 infrar-
edphotometer manufactured by Rosemount.

3.3. X-ray Fluorescence Analysis

31 The bulk chemical composition of repre-
sentative alteration samples has been detected
by means of XRF analysis. The pulverized
samples were prepared into glass fusion discs,
which were analyzed with a Phillips 1580
spectrometer equipped with an PW 1410 sam-

ple changer operating with a rhodium tube for
the generation of the primary X rays. Line
overlaps and matrix effects were corrected
using the computer program OXQUANT.

3.4. X-ray Diffraction

141 Samples for XRD have been selected based
on the detailed investigation by optical micro-
scopy of >60 samples. Samples were selected
based on differences in the optical properties
(e.g., isotropy, anisotropy, birefringence) of
palagonite. A fraction below 125 pm of the
selected samples were hand-picked to separate
the palagonite and different aging step materi-
als and ground into powder. Suspensions of the
powders were made and deposited onto pure Si
slides. Some of the powders have been treated
with ethylene glycol before mounting. Samples
were than analyzed by X-ray diffraction using a
Philips diffractometer with Co k « radiation.
Samples were examined in dry air.

4. Results

4.1. Petrography and Structure of
Palagonite

r1s] Palagonite was studied petrographicaly and
by XRD, not only to determine its mineralogy
but also to elucidate its evolution. The general
mineralogy and structure of palagonite have
been studied by many workers [Crovisier et
al., 1987; Eggleton and Keller, 1982; Hay and
lijima, 1968a; Honnorez, 1972; Thorseth et al.,
1991; Zhou et al., 1992]; nonetheless studies
focused on the evolutionary aspects of this
thermodynamically unstable phase are scarce
[Eggleton and Keller, 1982; Zhou et al., 1992].

ne; All samples studied show alteration fea-
tures typical for low-temperature (<25°C) vol-
canic glass alteration (i.e., the presence of
palagonite rinds, minor Fe- and Ti-bearing
authigenic minerals, layer silicates, carbonate,
and zeolite intergranular cement). Palagonitiza-



Table 1.

Overview on Studied Samples

Sample

Sample Location

Sample
Age

Alteration Type

Alter
Grade

Sample Description
(Thin Section)

Class of
Parental Glass

126/91H

127/91H

115/92H

2/97PF

3/97PF

Iceland, Herdubreid (16°20 W 65°11
N); sampled from massive, unlayered
hyaloclastite outcrop at NE-base of
Herdubreid

Iceland, Herdubreid (16°20 W 65°11
N); sampled from breccia outcrop with
hyaloclastite groundmass at NE-base of
Herdubreid

Iceland, Herdubreid (16°23 W 65°10
N); sampled from massive, unlayered
hyaloclastite outcrop at W-base of
Herdubreid

Columbia River Plateau, Columbia
River Gorge, 10 km west of Mosier
(121°26 W 45°42 N), Oregon; sampled
from allogenic, indurated, well-bedded
hyaloclastite complex at base of Priest
Rapids intracanyon lava flow

Columbia River Plateau, Columbia
River Gorge, 10 km W of Mosier,
Oregon (121°26 W 45°42 N); sampled
from allogenic, indurated, well-bedded
hyaloclastite complex at base of Priest
Rapids intracanyon lava flow

10.000 a*

10.000 a

10.000 a

14.5 Ma®

14.5 Ma

subglacial, at low
temperature (~0°C)

subglacial, at low
temperature (~0°C)

subglacial, at low
temperature (~0°C)

altered by percolating,
meteoric fluids at low
temperature
(atmospheric
temperatures)

altered by percolating,
meteoric fluids at

low temperature
(atmospheric
temperatures)

16

hyaloclastite tuff consisting of moder-
ately altered, dense to strongly vesicu-
lar (>60%), fsp- and ol-phyric, angular
to subangular, ash to lapilli sized glass
shards (maximum shard size (MSS)
2.600 pm) and fragmented crystals
(mainly plag); clast supported, poorly
sorted and slightly carbonate cemented

hyaloclastite consisting of moderately
altered, dense to vesicular, fsp- and ol-
phyric, angular to subangular, ash to
lapilli sized glass shards (MSS 2.800
pm) and fragmented fsp- and ol-crys-
tals; rock is clast supported, poorly
sorted and slightly carbonate cemented

hyaloclastite tuff consisting of mainly
strongly altered, dense to vesicle rich,
aphyric, angular to subangular, ash
sized glass shards (MSS 500 pm); rock
is clast supported and poorly sorted

hyaloclastite tuff consisting of moder-
ately altered, dense, microlite rich
(plag), subangular, ash to lapilli sized
glass shards (MSS 2500 pm); rock is
clast supported and poorly sorted

hyaloclastite tuff consisting of moder-
ately altered, dense, microlite rich
(plag), subangular, ash to lapilli sized
glass shards (MSS 3500 pm); rock is
clast supported and poorly sorted

tholeiitic basalt

tholeiitic basalt

tholeiitic basalt

tholeiitic basalt

tholeiitic basalt
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Table 1. (continued)
Sample Sample Location Sample Alteration Type Alter Sample Description Class of
Age Grade (Thin Section) Parental Glass
1/96Bc Guffari section along SE’ flank of upper seawater with subse- 1 hyaloclastite consisting of moderately basaltic
Monte Lauro, Mount Iblei, Sicily Miocene® quent alteration by per- altered, dense, aphyric, angular to andesite
(2°22 E 37°07 N); sampled from pillow colating meteoric fluids subangular, lapilli sized glass shards
breccia embedded in a hyaloclastite at low temperature (MSS 2600 pm); rock is clast supported
matrix intercalating with subaerial lava and poorly sorted
flows; volcanic sequence is topped by
marly limestones
10/96Pala  SW entrance of Palagonia, base of  upper seawater with subse- 4 hyaloclastite tuff consisting of strongly basaltic
Mount Caliella, Mount Iblei, Sicily  Pliocene  quent alteration by per- altered, moderately to highly vesicular, andesite
(2°17.15 E 37°19 N); sampled from colating meteoric fluids aphyric, subangular, ash sized glass
thick, massive, unlayered hyaloclastite at low temperature shards (MSS 1100 um); rock is clast
sequence supported, relatively good sorted
and cemented with zeolite, clay and
carbonate
10/96palb SW entrance of Palagonia, at base of  upper seawater with subse- 1 hyaloclastite tuff consisting of moder- basaltic
Mount Caliella, Mount Iblei, Sicily Pliocene  quent alteration by per- ately to strongly altered, dense to andesite
(2°17.15 E 37°19 N); sampled from colating meteoric fluids slightly vesicular, angular to subangu-
thick, massive, unlayered hyaloclastite at low temperature lar, ash to lapilli sized glass shards
sequence (MSS 2400 pm); rock is clast sup-
ported, poorly sorted and cemented
with zeolite, clay and carbonate
12/96Bc  Roadcut along road No. 124 between  Pliocene  seawater with subse- 3 hyaloclastite tuff consisting of strongly basaltic
Palazzolo and Buccheri Mount Iblei, quent alteration by per- altered, dense, plag-phyric, angular to andesite
Sicily (2°25 E 37°06 N); sampled from colating meteoric fluids subangular, ash sized glass shards
pillow breccias embedded in a strongly at low temperature (MSS 130 pm); rock is matrix sup-
altered hyaloclastite matrix emplaced ported, poorly sorted and strongly
on carbonate riffs; volcanics are partly cemented with clay
overlain by subaerial lava flows; se-
quence seems to be a channel filling
13/96VcS Vizzini Station, Mount Iblei, Sicily Pliocene  seawater with subse- 1 hyaloclastite tuff consisting of moder- basaltic
(2°16.30 E 37°10.30 N); sampled from quent alteration by per- ately altered, dense to highly vesicular, andesite

a small tephra cone consisting of
moderately altered, unlayered hyalo-
clastites cut by a large number of dikes

colating meteoric fluids
at low temperature

aphyric, angular to subangular, ash
sized glass shards (MSS 500 pm); rock
is clast supported and poorly sorted
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Table 1.

(continued)

Sample

Sample Location

Sample
Age

Alteration Type

Alter
Grade

Sample Description
(Thin Section)

Class of
Parental Glass

20/96Mia

21/96Palb

21/96Palc

31/96Vcb

Top of Contrada Corvo, Mt. Iblei, Sicily
(2°19.30 E 37°18.30 N); sampled from
intensely altered, horizontally bedded,
partly carbonate cemented hyaloclastite
se-quence sandwiched between shallow
water carbonates (>30 m)

Roadcut 1 km S of Palagonia cemetery,
Mt. Iblei, Sicily (2°21 E 37°19 N);
horizon-tally bedded tuff se-quence: at
base layered tuffs (a), followed by
massive, very fine grained tuffs (b),
overlain by cemented, coarser tuffs (c),
which are overlain by pillow breccias
(d); sequence is cut by vertical and
horizontal dikes; sampled from bed (b)

roadcut 1 km south of Palagonia cem-
etery, Mount Iblei, Sicily (2°21 E 37°19
N); horizontally bedded tuff sequence:
at base layered tuffs (a), followed by
massive, very fine grained tuffs (b),
overlain by cemented, coarser tuffs (c),
which are overlain by pillow breccias
(d); sequence is cut by vertical and
horizontal dikes; sampled from bed (c)

roadcut in front of Cavalaria Rusticana,
Mount Iblei, Sicily (2°17.45 E 37°09.45
N; sampled from massive, unlayered
pillow breccia embedded in strongly
altered hyaloclastite matrix intruded
into carbonates

Pleistocene

middle
Pliocene

middle
Pliocene

Pliocene

seawater with subse-
quent alteration by per-
colating meteoric fluids
at low temperature

seawater with subse-
quent alteration by per-
colating meteoric fluids
at low temperature

seawater with subse-
quent alteration by per-
colating meteoric fluids
at low temp.

seawater with subse-
quent alteration by per-
colating meteoric fluids
at low temp.

hyaloclastite tuff consisting of strongly
altered, dense, ol-rich, subangular, ash
to lapilli sized glass shards (MSS 2100
pm); rock reveals a distinct layering, is
matrix supported, poorly sorted, and
strongly carbonate cemented

hyaloclastite tuff consisting of strongly
altered, dense, angular to subangular,
ash sized glass shards (MSS < 80 pm);
rock is clast supported and relatively
good sorted

hyaloclastite tuff consisting of strongly
altered, dense, aphyric, angular to
subangular, ash sized glass shards
(MSS 110 um); rock reveals a distinct
layering, is clast supported, poorly
sorted and cemented with clay

hyaloclastite tuff consisting of moder-
ately to strongly altered, dense, mainly
aphyric, angular to subangular, ash
sized glass shards (MSS 600 pm); rock
is clast supported and poorly sorted

hawaiite

basaltic
andesite

basaltic
andesite

basaltic
andesite
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Table 1.

(continued)

Sample

Sample Location

Sample
Age

Alteration Type

Alter
Grade

Sample Description
(Thin Section)

Class of
Parental Glass

3/96CO

DK1/30

DKO9/NS3

DK23/7

30/96CO

Cocos Plate 83°53.190 W to 83°53.708
W 8°15.480 N to 8°14.557 N; dredged
on the flank of a volcanic cone (base to
top) at a water depth of 1625-1043 m

Cocos Plate 83°53.190 W to 83°53.708
W 8°15.480 N to 8°14.557 N; dredged
on the flank of a volcanic cone (base to
top) at a water depth of 1625—-1043 m

Cocos Plate 83°30.563 W to 83°30.426
W 8°13.768 N to 8°14.989 N; dredged
on the flank of a half subducted
seamount (base to top) at a water depth
of 1906—1440 m

Cocos Plate 85°09.424 W to 85°08.304
W 8°53.498 N to 8°52.348 N; dredged
on the flank of a seamount (base to top)
at a water depth of 2941-1993 m

Cocos Plate 85°09.424 W to 85°08.304
W 8°53.498 N to 8°52.348 N; dredged
on the flank of a seamount (base to top)
at a water depth of 2941-1993 m

14 Ma¢

14 Ma

14 Ma

14 Ma

14 Ma

seawater alteration at
low temperature (15°C)

seawater alteration at
low temp. (15°C)

seawater alteration at
low temperature (15°C)

seawater alteration at
low temperature (15°C)

seawater alteration at
low temperature (15°C)

hyaloclastite tuff consisting of strongly
altered, highly vesicular, microlite rich
(plag), subangular, ash to lapilli sized
glass shards (MSS 4500 pm); rock is
clast supported, poorly sorted and
cemented with clay and Fe-Mn-oxides

hyaloclastite tuff consisting of strongly
altered, highly vesicular, microlite rich
(plag), subangular, ash to lapilli sized
glass shards (MSS 4500 pm); rock is
clast supported, poorly sorted and
cemented with clay and Fe-Mn-oxides

hyaloclastite tuff consisting of moder-
ately to strongly altered, highly vesi-
cular, aphyric, subangular, ash sized
glass shards (MSS 750 pm); rock is
clast supported, poorly sorted and
cemented with zeolite and clay

hyaloclastite tuff consisting of moder-
ately to strongly altered, dense to
highly vesicular, aphyric, subangular,
ash to lapilli sized glass shards (MSS
2100 pm); rock is matrix supported,
poorly sorted and clay cemented
hyaloclastite tuff consisting of strongly
altered, vesicular, subangular, ash sized
glass shards (MSS 600 pm); rock is
matrix supported, poorly sorted and
cemented with clay and carbonate

hawaiite

hawaiite

basaltic
andesite

hawaiite

hawaiite
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Table 1.

(continued)

Sample

Sample Location

Sample
Age

Alteration Type

Alter
Grade

Sample Description
(Thin Section)

Class of
Parental Glass

51/96CO

38/96CO

46/96CO

Cocos Plate 85°09.424 W to 85°08.304
W 8°53.498 N to 8°52.348 N; dredged
on the flank of a seamount (base to top)
at a water depth of 2941-1993 m

Cocos Plate 85°34.128 W to 85°34.112
W 8°56.776 N to 8°56.098 N; dredged
on SE flank of fisher ridge at a water
depth of 2933-2464 m

Cocos Plate 85°34.128 W to 85°34.112
W 8°56.776 N to 8°56.098 N; dredged
on SE flank of fisher ridge at a water
depth of 2933-2464 m

14 Ma

~30 Ma

~30 Ma

seawater al-teration at
low temp. (15°C)

seawater alteration at
low temperature (15°C)

seawater alteration at
low temperature (15°C)

hyaloclastite tuff consisting of moder-
ately to strongly altered, slightly to
highly vesicular, aphyric, subangular,
ash sized glass shards (MSS 800 pm);
rock is clast supported, poorly sorted
and cemented with zeolite and clay

hyaloclastite tuff consisting of moder-
ately to strongly altered, dense, aphyric,
subangular, ash to lapilli sized glass
shards (MSS 5200 um); rock is matrix
supported, poorly sorted and cemented
with carbonate and Fe-Mn-oxide
hyaloclastite tuff consisting of moder-
ately to strongly altered, dense, aphyric,
subangular, ash to lapilli sized glass
shards (MSS 5200 um); rock reveals a
bimodal sorting, is matrix supported
and cemented with carbonate and Fe-
Mn-oxide

hawaiite

tholeiitic basalt

tholeiitic basalt

2Ages from Werner and Schmincke [1999].
bAges from Tolan and Beeson [1984].
°Ages from Schmincke et al. [1997).
dAges from Werner et al. [1999].

°Alter grade refers to the degree of alteration: 1, amount of glass > amount of secondary phases; 2, amount of glass, amount of secondary phases; 3, amount of glass < amount of

secondary phases; 4, no glass left.
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Figure 3. Thin section micrographs of different palagonites and idealized sketch of zoned palagonite: (a)
glass shard with palagonite rind (sample 127/91-H), (b) thoroughly palagonitized glass shard showing
palagonite and aging stage I material (sample 30/96-CO). Sample is cemented with smectites (brown,
spherical crystals on shard rim) and zeolites (white crystals in pore space). Black-brown Fe-/Mn crust is
visible on the left rim of shard. (¢) Thin section micrograph of the mainly crystallized material of aging step
II (sample 115/92-H). (d) Sketch showing ideally zoned palagonite.

tion in all samples was initiated on glass
surfaces, along fractures and, to a minor extent,
around vesicles. The magnitude of palagoniti-
zation and the complexity of the alteration rinds
(e.g., zonations, laminations) vary significantly
from sample to sample (Figures 3a—3d). On the
basis of the optical properties of various alter-
ation rinds, two general palagonite aging steps,
succeeding the precipitation of the bright to
golden yellowish, clear, isotropic, amorphous,
structurally smooth palagonite (Figure 3a),
were identified: step I is an intermediate and
comprises palagonite and crystallizing material;
step II consists mainly of crystalline material.
The mixture of palagonite and crystalline mate-

rial (aging step I) is dark yellowish to orange-
brownish, slightly to completely anisotropic
showing various degrees of crystallization and
is commonly granular (Figure 3b). The more
intensely colored, mainly crystallized material
of aging step II is dark yellowish, brownish to
reddish, often finely laminated, slightly to
strongly birefringent, translucent, anisotropic
and extensively crystallized with a fibrous or
spherical structure (Figure 3c).

n71 Complex alteration rinds arise from the
“combination” of palagonite and the different
aging steps, but alteration rims consisting only
of palagonite or of mainly crystallizing or
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Figure 4. X-ray diffraction patterns of palagonite (curve a) and aging step I (curve b) and Il material (curve c).

crystalline material are more common. An ideal
and complete cross section of a more evolved
but not completely palagonitized glass shard
would thus consist, from the center outward, of
the following spatial zones (Figure 3d): (1) a
fresh glass core, (2) palagonite, (3) palagonite
and crystallizing material (aging step I), and (4)
mainly crystalline material (aging step II).
These zones usually develop concentric to the
glass surface, but enhanced crystallization in
the vicinity of microfractures, vesicles, and
primary crystals often breaks up this concentric
structure. In a number of palagonitized samples
a dark zone of dendritic structure, usually
referred to as the “immobile product layer”
[Morgenstein and Riley, 1975; Staudigel and
Hart, 1983], can be observed between the glass
and the palagonite. The boundaries between
glass and palagonite, comprising zones 1 and
2 are sharp, as shown by the petrographic
studies (Figure 3a) and the element maps
(Figures 6 and 7). The boundaries between
palagonite and the materials of the different
aging steps building zone 2, 3, and 4 are

usually gradual. The thickness of the different
zones comprising the palagonite and the mate-
rials of aging steps I and II can be remarkably
variable even within one sample, but the zone
consisting of palagonite is usually the thinnest.

ns; XRD analysis is based on the above defi-
nition of palagonite and the different aging steps
determined petrographically. In general, the
intensity of X-ray diffraction peaks is propor-
tional to the degree of crystallinity of a product.
Since no internal standard was added to the
powders, the actual crystallinity of samples
cannot be quantified. Nevertheless, the diffrac-
tion patterns of all samples are comparable since
they were obtained under identical conditions.
The X-ray diffraction patterns clearly show the
increase of crystalline phases from palagonite to
aging step II (Figure 4, curves a to ¢). The XRD
patterns obtained identify palagonite as X-ray
amorphous, as indicated by the broad hump
typical for amorphous substances and the lack
of distinct peaks in the XRD patterns (Figure 4,
curve a). The XRD patterns of steps I and II
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show strong peaks at 15.094, 4.502, and 2.577
A (Figure 4, curves b and c). A distinct amor-
phous hump similar to that of the XRD pattern
of palagonite can still be seen in the XRD
patterns of aging step I material (Figure 4, curve
b), whereas the amorphous hump in the XRD
patterns of aging step II material is quite
obscure. This suggests a two-phase system
consisting of palagonite and crystalline material
respectively. The patterns of aging steps I and II
can best be explained, taking the chemistry of
the material into account, as representing a
mixture of nontronitic and saponitic smectite
(Table 2, 2/97PF AGS II and 3/97PF AGS II).

4.2. Macro- and Microscale
Compositional Variability of Palagonite

(19 Palagonite as well as the different aging
step materials developing from the palagonite
are not chemically homogeneous products but
represent a spectrum of chemical compositions
distinctly different from those of the parent
glasses (Table 2). This chemical heterogeneity
can be generally subdivided into two different,
superimposed phenomena: (1) palagonite and
aging steps | and II material derived from one
homogeneous parent may exhibit pronounced
intra and intergrain chemical variations, such as
microscale chemical fluctuations and zona-
tions; (2) palagonites and aging steps I and II
material formed in different environments have
diverging element signatures. The aspect of
diverging element signatures of palagonites
and aging steps I and II material derived from
different alteration environments will be dis-
cussed in detail by N. A. Stroncik and H.-U.
Schmincke (submitted manuscript, 2001).
However, to elucidate the processes responsible
for these phenomena, analytical profiles, repre-
sentative of the entire suite of rocks studied,
were obtained and related to the results of the
petrographic and structural studies. Thus pro-
files were taken on alteration rims showing
palagonite and the aging steps defined previ-

ously to characterize the alteration rims chemi-
cally and to determine possible chemical
differences among them.

0] Profiles obtained on palagonite show a
chemically more homogeneous material, with
a composition having lower SiO,, Al,O3,
MgO, Ca0O, Na,O, and K,O but higher TiO,,
FeO, and H,O concentrations than the parent
glasses (Figure 5). The mixture of palagonite
and crystalline material (aging step 1) is hetero-
geneous with strong chemical fluctuations
along the profile paths, with a composition
having generally lower SiO,, Al,03;, MgO,
CaO, Na,O, and K,O but higher TiO,, FeO,
and H,O concentrations than the parent glasses,
yet higher SiO,, Al,05-, Mg0O, Na,O, and K,O
but lower H,O concentrations compared to the
palagonite (Figure 5). The TiO, and FeO con-
centration show no consistent variances com-
pared to the palagonite. Profiles obtained on the
mainly crystallized material (aging step II),
show again a chemically more homogeneous
material, with a composition having generally
slightly lower or similar SiO,, slightly lower
Al,O3, much lower TiO,, CaO, and Na,O but
higher, FeO, MgO, and H,O concentrations
compared to the parent glasses, yet higher
Si0,, Al,03, MgO, Na,O, and K,O but lower
TiO,, FeO, and H,O concentrations compared
to the palagonite (Figure 5). In general, the
mainly crystalline material (aging step II)
shows higher major element concentrations
than the palagonite, except for TiO,, FeO,
and H,O. The mixture of palagonite and crys-
talline material (aging step I) shows the same
trends as the aging step II material but is
heterogeneous in composition with variable
concentrations of almost all major elements,
except CaO, Na,O, and K,O. Thus microscale
chemical fluctuations are apparently mainly
restricted to the aging step I material.

211 Microprobe element mappings of altera-
tions rims featuring palagonite and its different



Table 2. Average Composition® and Variances® of “Palagonites” and Corresponding Parent Glasses

Sicily

196-Bc 196-Bc 196-Bc 1096-Pala  1096-Pala  1096-Palb  1096-Palb 1096-Palb 1196Bc 1196Bc 1196Bc

Glass AGS 1 Variance AGS 11 Variance Glass AGS 1 Variance Glass AGS 1 Variance
SiO, 54.08 51.96 5.61 48.41 0.97 53.08 47.38 4.88 54.18 50.59 4.95
TiO, 1.84 7.98 0.73 1.24 0.21 1.79 3.28 0.09 1.66 1.50 0.76
Al O3 14.06 16.45 9.05 9.70 0.64 14.92 9.83 0.89 13.91 16.05 5.32
FeO 10.17 15.96 6.81 11.70 0.42 10.10 17.97 1.96 11.04 15.14 2.96
MnO 0.16 0.03 0.00 0.16 0.00 0.16 0.13 0.01 0.16 0.03 0.00
MgO 5.81 1.76 0.10 13.75 0.73 6.72 4.87 2.80 5.38 1.82 0.54
CaO 9.53 2.04 0.11 347 0.09 9.26 4.26 0.18 9.33 1.87 0.07
Na,O 341 0.22 0.01 0.31 0.04 3.07 0.35 0.01 3.38 0.19 0.00
K,0 0.47 0.09 0.00 0.15 0.00 0.27 0.54 0.02 0.52 0.11 0.00
P,Os 0.36 0.13 0.01 0.06 0.00 0.35 0.07 0.00 0.36 0.06 0.00
SO, 0.03 0.02 0.00 0.03 0.00 0.11 0.03 0.00 0.00 0.02 0.00
Totals 100.00 90.77 7.66 89.15 3.20 100.00 88.92 13.35 100.00 87.52 7.12

Sicily

1196Bc 1196Bc 1396VcS 1396VcS 1396VcS 2096Mia 2096Mia 2096Mib 2096Mib 2196Pala 2196Pala

AGSII Variance Glass AGS 1 Variance AGS 11 Variance AGS 11 Variance Glass AGS 1
SiO, 49.65 0.02 52.96 51.57 8.83 47.66 1.63 46.44 4.08 53.72 44.02
TiO, 0.39 0.01 1.74 1.27 0.27 0.49 0.05 0.68 0.20 1.82 3.38
Al,O3 10.94 0.83 14.77 16.13 11.75 13.40 1.60 13.82 0.30 1491 10.41
FeO 25.53 0.55 10.53 10.46 4.99 13.30 2.76 13.06 2.00 9.92 15.60
MnO 0.00 0.00 0.18 0.03 0.00 0.04 0.00 0.08 0.00 0.15 0.10
MgO 1.26 0.01 6.93 2.98 1.77 11.61 1.41 9.83 0.63 6.61 1.60
CaO 2.06 0.01 9.11 2.60 0.28 3.82 0.30 3.52 0.04 10.03 10.05
Na,O 0.18 0.00 3.04 0.36 0.00 4.40 0.19 0.31 0.00 2.61 0.74
K,0 0.03 0.00 0.23 0.36 0.01 0.03 0.00 0.02 0.00 0.23 0.29
P,0s5 0.13 0.00 0.29 0.06 0.00 0.05 0.00 0.04 0.00
SO, 0.01 0.00 0.10 0.01 0.00 0.02 0.00 0.03 0.00
Totals 90.34 0.91 100.00 85.95 28.12 94.81 10.34 87.94 11.09 100.00 86.20
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Table 2. (continued)
Sicily
2196Pala 2196Palc 2196Palc 2196Palc 2196Pald  2196Pald 2196Pald 2396Pal 2396Pal 2396Pal 2396Pal
Variance Glass AGS 11 Variance Glass AGS 1 Variance AGS 1 Variance AGS I Variance
SiO, 391 54.24 46.87 2.50 53.33 45.66 1.53 38.80 12.28 46.37 1.02
TiO, 0.15 1.73 0.88 0.36 1.78 348 0.21 3.06 9.41 0.66 0.14
Al,O4 1.95 15.13 11.96 0.20 14.65 11.61 0.65 6.76 0.49 10.78 1.36
FeO 8.34 9.70 11.57 0.19 9.83 17.86 1.07 16.38 2.52 10.33 2.46
MnO 0.00 0.16 0.20 0.01 0.17 0.06 0.00 0.05 0.00 0.14 0.00
MgO 0.52 6.60 14.86 0.62 7.10 441 1.23 7.09 1.20 16.00 0.68
CaO 1.49 8.70 2.95 0.85 9.42 4.97 0.18 3.68 0.70 2.67 0.14
Na,O 0.07 3.03 0.33 0.01 3.00 0.44 0.00 0.09 0.01 0.04 0.00
K,0 0.00 0.19 0.47 0.02 0.21 0.34 0.01 0.24 0.01 0.15 0.01
P,0s5 0.32 0.34 0.26 0.35 0.13 0.01 0.26 0.30 0.10 0.05
SO, 0.09 0.02 0.00 0.12 0.03 0.00 0.02 0.00 0.02 0.00
Totals 5.22 100.00 90.52 0.97 100.00 89.12 3.99 76.43 10.60 87.26 3.44
Sicily Columbia River Plateau
2796Mib 2796Mib 2796Mib 2896Mib 2896Mib 2896Mib 3196Vch 3196Vchb 3196Vch 297PF 297PF
Glass AGS 1 Variance Glass AGS 1 Variance Glass AGS 1 Variance Glass AGS 1
SiO, 53.50 52.50 5.58 53.92 52.77 347 53.42 46.66 11.94 50.50 42.40
TiO, 2.02 1.17 0.64 2.06 1.98 3.01 1.94 2.56 1.95 4.03 6.24
Al,O4 14.99 13.58 1.82 14.75 13.39 1.47 14.05 19.58 11.24 11.92 9.62
FeO 9.91 10.95 1.44 10.01 11.08 1.26 10.78 15.15 6.52 15.93 11.62
MnO 0.15 0.03 0.00 0.17 0.03 0.00 0.16 0.03 0.00 0.27 0.22
MgO 6.30 7.57 12.65 6.44 7.81 12.70 6.16 1.25 0.80 3.85 4.07
CaO 9.39 2.42 0.10 8.88 2.12 0.70 9.66 1.80 0.28 8.35 8.75
Na,O 3.12 0.23 0.03 3.13 0.33 0.27 3.01 0.28 0.00 2.65 0.44
K,0 0.26 0.29 0.01 0.23 0.12 0.01 0.28 0.06 0.00 1.36 0.76
P,0s5 0.16 0.04 0.00 0.09 0.05 0.00 0.48 0.28 0.07 0.99 2.54
SO, 0.21 0.04 0.00 0.29 0.03 0.00 0.04 0.03 0.00 0.15 0.06
Totals 100.00 88.83 11.10 100.00 89.81 8.02 100.00 87.90 11.19 100.00 86.71
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Table 2. (continued)
Columbia River Plateau
297PF 297PF 297PF 397PF 397PF 397PF 497PF 497PF 497PF 597CRB1 597CRB1
Variance AGS 11 Variance Glass AGS 11 Variance Glass AGS 1 Variance Glass AGS 11
SiO, 35.88 47.86 3.85 49.71 52.88 10.72 50.57 45.78 41.83 50.59 53.80
TiO, 4.96 0.05 0.00 4.04 0.27 0.04 1.07 5.40 39.56 421 0.26
Al,O4 2.00 9.82 0.15 11.59 8.35 1.08 11.97 8.23 2.27 11.57 11.53
FeO 16.25 17.57 6.09 15.67 17.71 6.72 15.71 13.68 15.48 16.26 19.97
MnO 0.00 0.26 0.00 0.28 0.07 0.00 0.29 0.04 0.00 0.27 0.05
MgO 5.48 8.95 0.52 3.73 4.90 0.90 3.90 2.94 2.14 3.70 3.99
CaO 50.41 3.26 0.07 8.31 2.75 0.09 8.44 2.65 0.66 8.36 2.60
Na,O 0.10 0.17 0.00 2.46 0.18 0.00 2.54 0.16 0.00 2.44 0.09
K,0 0.17 0.30 0.00 1.35 0.39 0.01 1.37 0.25 0.01 1.41 1.39
P,0s 22.44 0.05 0.00 0.98 0.06 0.00 1.00 0.12 0.00 1.02 0.06
SO, 0.00 0.02 0.00 0.14 0.02 0.00 0.15 0.03 0.00 0.16 0.02
Totals 6.31 88.31 5.12 100.00 87.58 19.61 100.00 79.27 83.83 100.00 91.77
Columbia River Plateau Koko Crater

597CRB1 597CRB1  597CRBII  597CRBII HUS952702 HUS952702 HUS952702 HUS952703 HUS952703 HUS952703 HUS952703

HLINOODVIVd ‘AMONINHOS ANV JIDONOYLS

Variance Glass AGS 1 Variance Glass AGS 1 Variance Glass AGSI Variance AGSII
SiO, 5.77 50.82 49.64 13.20 4691 46.96 4.11 46.81 37.83 7.74 39.89
TiO, 0.05 4.12 6.04 15.59 2.26 2.46 0.35 2.29 3.50 0.59 0.25
Al,O4 4.77 11.63 11.26 1.81 15.39 14.54 2.04 15.34 9.39 2.22 10.92
FeO 16.53 16.07 15.00 6.72 11.69 11.81 0.97 11.65 13.46 7.87 12.25
MnO 0.00 0.29 0.08 0.01 0.18 0.18 0.33 0.18 0.14 0.01 0.36
MgO 2.05 3.67 2.70 0.15 6.58 341 0.83 6.50 2.50 5.69 16.25
CaO 0.09 8.40 3.66 2.53 11.80 5.00 1.61 12.05 12.60 6.86 5.16
Na,O 0.00 2.35 0.31 0.16 3.64 0.87 0.12 3.64 0.64 0.04 0.69
K,0 0.51 1.45 1.30 0.07 0.86 0.43 0.01 0.84 0.29 0.02 0.53
P,0Os 0.00 1.04 0.36 0.10 0.56 0.30 0.03 0.56 0.25 0.01 0.25
SO, 0.00 0.17 0.04 0.00 0.13 0.03 0.00 0.13 0.08 0.04 0.05

Totals 12.75 100.00 90.29 10.27 100.00 86.02 8.00 100.00 80.69 16.89 86.61
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Table 2. (continued)

Koko Crater Kempenich Iceland
HUS952703 Kemp Kemp Kemp 1191H 1191H 1191H 11191H 11191H 11191H 11191H
Variance Glass AGS 1 Variance Glass AGS 1 Variance Glass AGSI Variance AGSII
SiO, 5.66 43.45 39.32 7.24 48.42 37.37 14.89 48.95 41.83 4.90 40.74
TiO, 0.03 2.56 3.36 0.81 1.54 1.97 0.92 1.90 332 0.29 0.48
AlL,O3 0.81 16.77 11.22 3.96 15.43 15.94 13.93 14.51 9.21 0.98 10.23
FeO 3.32 9.33 11.07 2.86 10.87 13.67 9.46 11.52 16.62 5.49 9.01
MnO 0.02 0.41 0.36 0.26 0.20 0.07 0.00 0.21 0.15 0.00 0.24
MgO 5.59 3.80 4.15 3.00 8.16 2.25 3.00 7.64 2.51 1.94 11.50
CaO 241 9.07 5.92 221 12.67 3.76 0.85 12.33 7.77 1.87 3.73
Na,O 0.05 6.79 0.96 1.70 2.13 0.21 0.00 2.36 0.32 0.01 0.25
K,O 0.19 7.81 2.50 1.56 0.19 0.10 0.00 0.25 0.20 0.00 0.27
P,05 0.20 0.40 0.28 0.02 0.33 0.23 0.00 0.09
SO, 0.00 0.08 0.04 0.00 0.02 0.01 0.00 0.02
Totals 4.65 100.00 78.87 18.90 100.00 75.62 20.75 100.00 82.17 24.91 76.55
Iceland
11191H 12691H 12691H 12691H 12791H 12791H 12791H 11592H 11592H 11592H 4789Ht
Variance Glass AGS 1 Variance Glass Palagonite Variance Glass AGS 1 Variance Glass
SiO, 9.12 49.13 41.14 0.45 48.40 22.82 2.78 48.29 35.55 1.85 49.12
TiO, 0.00 2.50 3.59 0.05 2.64 5.35 0.54 1.38 0.95 0.02 1.48
AlL,O3 4.59 13.26 7.75 0.84 14.17 13.35 3.05 15.57 13.66 0.64 14.30
FeO 0.09 12.43 17.20 0.81 12.52 21.25 6.15 10.46 16.31 1.81 11.43
MnO 0.00 0.23 0.27 0.00 0.22 0.03 0.00 0.20 0.30 0.01 0.20
MgO 0.96 7.14 5.07 4.38 6.90 0.18 0.04 8.54 15.25 1.92 7.55
CaO 1.74 12.35 8.77 0.95 11.74 1.92 0.31 12.75 3.89 0.84 13.20
Na,O 0.00 2.20 0.43 0.01 2.64 0.21 0.00 2.05 0.21 0.00 2.24
K,0 0.00 0.31 0.39 0.03 0.36 0.05 0.00 0.14 0.07 0.00 0.15
P,05 0.00 0.38 0.31 0.03 0.39 0.34 0.00 0.62 0.24 0.01 0.30
SO, 0.00 0.03 0.02 0.00 0.02 0.04 0.00 0.07 0.02 0.00 0.03
Totals 2.29 100.00 84.94 1.33 100.00 65.53 7.37 100.00 86.45 4.13 100.00
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Table 2. (continued)
Iceland Cocos
4789Ht 4789Ht 3891Ht 3891Ht 3891Ht 194Ht 194Ht 194Ht 194Ht 194Ht 396CO
AGSII Variance Glass AGS 1 Variance Glass Palagonite Variance AGS 1 Variance Glass
SiO, 42.74 5.86 48.84 32.81 4.06 48.41 32.96 2.71 42.02 0.12 48.65
TiO, 0.65 0.72 1.52 2.61 0.05 1.55 2.53 0.03 2.49 0.01 3.84
Al,04 14.02 1.97 14.40 11.49 1.56 14.92 6.72 0.17 10.20 0.02 16.59
FeO 16.28 3.72 11.69 19.35 2.95 11.47 12.85 1.46 18.35 0.25 9.13
MnO 0.17 0.02 0.19 0.07 0.00 0.22 0.14 0.00 0.24 0.00 0.18
MgO 5.70 6.85 7.53 0.82 0.13 8.00 2.01 0.76 6.20 1.35 5.01
CaO 3.16 0.06 13.08 3.19 0.76 12.85 6.09 0.36 5.63 0.26 9.86
Na,O 0.19 0.00 2.23 0.23 0.01 2.11 0.21 0.00 0.22 0.00 3.86
K,0 0.11 0.00 0.15 0.09 0.00 0.15 0.02 0.00 0.09 0.00 222
P,05 0.12 0.00 0.29 0.22 0.00 0.28 0.22 0.00 0.24 0.01 0.58
SO, 0.02 0.00 0.06 0.03 0.00 0.04 0.02 0.00 0.02 0.00 0.07
Totals 83.16 10.70 100.00 70.89 6.18 100.00 63.79 4.95 85.76 0.49 100.00
Cocos Plate
396CO 396CO 396CO 396CO 3096CO 3096CO 3096CO 3096CO 3096CO 3496CO 3496CO
Palagonite Variance AGS 1 Variance Glass AGS 1 Variance AGS II Variance Glass AGS 1
SiO, 17.80 1.75 39.39 2.07 49.32 37.18 26.71 43.31 1.28 49.07 35.67
TiO, 5.08 0.52 4.05 0.23 3.11 6.80 4.68 0.35 0.04 2.92 7.27
Al,O4 5.05 0.21 17.38 1.74 15.49 6.92 3.11 9.81 0.38 12.83 8.19
FeO 18.12 2.76 16.08 295 8.96 23.80 18.49 23.10 428 9.28 22.76
MnO 0.01 0.00 0.03 0.00 0.18 0.03 0.00 0.06 0.00 0.15 0.03
MgO 0.70 0.01 2.01 0.01 5.80 2.87 222 10.72 3.55 8.09 1.77
CaO 0.61 0.02 0.62 0.02 10.93 0.56 0.09 0.16 0.00 12.45 0.78
Na,O 1.60 0.05 1.46 0.04 3.17 2.62 0.45 4.00 0.03 2.66 2.90
K,0 0.76 0.01 2.80 0.05 2.13 2.50 0.48 4.01 0.23 1.72 2.17
P,0s5 0.44 0.03 0.37 0.01 0.72 0.10 0.01 0.04 0.00 0.64 0.21
SO, 0.13 0.00 0.13 0.00 0.18 0.16 0.01 0.09 0.00 0.17 0.15
Totals 50.30 13.62 84.32 5.83 100.00 83.53 21.58 92.67 0.49 100.00 81.89
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Table 2. (continued)

Cocos Plate

3496CO 3896CO 3896CO 3896CO 4296CO 4296CO 4296CO 4296CO 4296CO 4696CO 4696CO

Variance Glass AGS 1 Variance Glass Palagonite Variance AGS 1 Variance Glass AGS 1
SiO, 47.21 49.70 46.67 4.42 50.29 25.76 4.39 36.90 39.50 50.47 45.25
TiO, 19.67 2.03 3.00 0.73 3.42 5.90 2.39 6.16 11.00 1.96 2.84
Al,O4 3.47 14.04 12.50 2.01 15.47 5.23 0.16 7.96 3.81 14.10 12.55
FeO 20.48 12.89 20.39 2.87 10.04 20.08 3.97 19.69 21.91 12.73 22.04
MnO 0.00 0.26 0.03 0.00 0.21 0.02 0.00 0.03 0.00 0.24 0.02
MgO 0.74 6.85 2.57 0.25 4.90 1.08 0.13 1.40 0.52 6.69 2.52
CaO 0.11 10.60 0.40 0.06 9.85 0.67 0.03 1.13 0.29 10.23 0.39
Na,O 0.57 2.81 0.60 0.05 3.03 2.02 0.42 2.73 1.34 2.76 1.94
K,0 0.39 0.15 3.47 0.65 1.95 1.28 0.07 1.94 0.26 0.21 3.69
P,05 0.04 0.34 0.12 0.00 0.65 0.18 0.01 0.23 0.01 0.31 0.16
SO, 0.01 0.31 0.05 0.00 0.19 0.15 0.01 0.24 0.02 0.29 0.10
Totals 19.57 100.00 89.81 6.46 100.00 62.37 24.08 78.41 15.31 100.00 91.50

Cocos Plate

4696CO 4796CO 4796CO 4796CO 5196CO 5196CO 5196CO 5196CO 5196CO 5196CO 5196CO

Variance Glass AGS II Variance Glass Palagonite ~ Variance AGS 1 Variance AGS II Variance
SiO, 5.70 50.12 54.66 0.86 49.43 25.09 5.83 39.40 23.35 45.26 2.86
TiO, 0.65 1.93 0.58 0.02 3.08 3.83 0.42 4.04 4.05 0.14 0.02
AL O3 4.24 13.95 8.35 2.04 15.52 5.82 0.83 9.57 3.08 9.36 1.28
FeO 2.55 12.81 20.84 3.51 8.99 15.28 2.64 16.48 17.10 19.44 7.68
MnO 0.00 0.25 0.05 0.00 0.13 0.02 0.00 0.02 0.00 0.04 0.00
MgO 0.38 6.93 4.12 0.09 6.04 0.90 0.04 1.52 0.72 13.42 2.44
CaO 0.08 10.51 0.24 0.00 10.73 0.57 0.02 1.01 0.10 0.14 0.01
Na,O 0.17 2.75 1.47 0.01 3.05 2.20 0.49 3.35 0.85 1.57 0.14
K,0 0.80 0.13 3.11 0.11 2.17 1.22 0.08 2.06 0.15 3.28 0.17
P,0s5 0.03 0.30 0.06 0.00 0.72 0.14 0.01 0.23 0.02 0.07 0.00
SO, 0.00 0.30 0.05 0.00 0.13 0.11 0.00 0.13 0.01 0.05 0.00
Totals 12.51 100.00 93.84 2.70 100.00 55.19 8.16 77.81 22.79 92.76 3.44
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Table 2. (continued)
Cocos Plate
6196CO 6196CO 6196CO DK237 DK237 DK237 DK237 DK237 DK9NS2 DKINS2 DKONS2
Glass AGS 1 Variance Glass AGS 1 Variance AGS II Variance Palagonite Variance AGS 1
SiO, 50.44 44.37 5.07 49.29 37.38 72.28 52.34 3.31 28.70 7.67 37.57
TiO, 1.21 2.46 1.08 3.14 8.89 23.94 0.94 0.11 3.09 1.31 1.96
Al,O4 15.64 20.65 522 15.32 7.72 1.72 10.35 0.01 8.06 1.34 1091
FeO 9.34 12.96 2.96 9.02 22.59 8.82 11.83 1.38 18.05 7.01 18.07
MnO 0.18 0.04 0.00 0.17 0.02 0.00 0.02 0.00 0.28 0.01 0.22
MgO 8.15 2.30 0.09 5.86 2.48 1.13 4.56 0.05 3.06 0.33 4.48
CaO 12.25 0.64 0.02 10.79 0.62 0.04 0.28 0.00 0.38 0.01 0.24
Na,O 222 2.27 0.24 3.29 3.67 0.97 2.51 0.04 1.21 0.08 1.55
K,0 0.16 2.65 0.20 2.13 2.17 1.01 3.71 0.08 2.06 0.21 3.15
P,0s 0.24 0.27 0.01 0.67 0.06 0.00 0.03 0.00 0.16 0.00 0.10
SO, 0.15 0.19 0.02 0.12 0.24 0.02 0.14 0.00 0.12 0.00 0.19
Totals 100.00 88.81 12.20 100.00 85.99 37.31 86.61 8.64 65.25 11.57 78.53
Cocos Plate

DKONS2 DKONS3 DKONS3 DK3015 DK3015 DK3015 DK3015

Variance AGS II Variance Palagonite ~ Variance AGS 1 Variance
SiO, 12.70 45.04 4.15 19.14 3.82 24.75 1.68
TiO, 0.68 0.38 0.05 591 1.68 7.32 0.63
Al,O4 1.56 9.93 0.62 4.26 0.28 4.92 0.05
FeO 2.45 18.51 243 22.70 4.43 28.48 6.42
MnO 0.01 0.05 0.00 0.04 0.00 0.03 0.00
MgO 0.96 10.34 1.85 1.33 0.30 1.54 2.73
CaO 0.01 0.12 0.00 0.64 0.13 1.11 0.80
Na,O 0.14 1.33 0.16 2.13 0.40 4.79 1.17
K,O 0.21 4.14 0.44 0.81 0.03 1.13 0.03
P,0s5 0.00 0.03 0.00 0.09 0.00 0.14 0.01
SO, 0.00 0.07 0.00 0.19 0.01 1.03 1.20
Totals 21.69 90.01 5.58 57.36 222 75.36 5.34

*Averages calculated from 100 to 200 single EMP measurements per sample.
Variances are calculated according to the following algorithm and express the chemical heterogeneity of the different samples: anz — (Zx)z/n2 where n refers to the number of
measuring points and x to the analytical value.
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Figure 5. Average concentration of major elements of different samples (between 100 and 200 single
EMP measurements per sample) detected by EMP measurements versus the statistical variance of the
specific element. Variances are calculated according to the following algorithm and express the chemical
heterogeneity of the different samples: [nX:x2 — (X:x)z]/n2 where n refers to the number of measuring
points and x to the analytical value. Stars correspond to palagonite samples, diamonds to aging step I and
squares to aging step Il material.
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Figure 6. EMP element maps of palagonite and the different aging step materials showing the distribution
of Fe, Ti, and Mg. In these element maps, glass normalized countrates are displayed. Values >1 reflect
enrichment and values <1 reflect depletion of a specific element relative to the glass. The size of each
element map is 2048 x 2048 um. (a) Fe element map representing complex alteration rind of differently aged
material (21/96Pald). (b) Mg element map representing complex alteration rind of differently aged material
(21/96Pald). The crystallinity increases going from the glass outward towards the vesicle center. (c) Fe
element map (127/91H) and (d) Mg element map (127/91H) of palagonite. Mapping shows the relatively
homogenous distribution of elements in this material. High values on the outer rim of shards are caused by
smectites. (¢) Fe element map (115/92H) and (f) Mg element map (115/92H) of aging step Il material. Maps
show again the relatively homogenous distribution of elements in this material. (g, h) Ti element maps (3/
97PF respectively 38/96CO) showing the mobility of Ti.
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Figure 6.

aging steps show that zonations are limited to
alteration rinds composed of palagonite and
several aging steps (Figures 6a and 6b), whereas
samples consisting of palagonite (Figures 6¢ and
6d) or aging step II material (Figures 6¢ and 6f)
only usually show no distinct zonations and are
chemically more homogeneous. Different com-
positional zones coincide with zones of chang-
ing optical behavior (Figures 7a—7d), e.g., a
change from isotropy to anisotropy and thus a
change from amorphous material to a crystal-
line one.

4.3. Mobility of Major Elements: Mass
Balance Calculations

221 The elements released during subaquatic
alteration of glass are either transported away

(continued)

by the solution or reprecipitated as secondary
phases. We want to quantify these chemical
changes including (1) evaluation of different
mathematical approaches to calculate mass
gains and losses, (2) assessment of a parameter
of reaction progress, (3) mass balance calcula-
tions based on the relation of palagonite to
fresh glass, and (4) mass balance calculations
based on bulk rock.

4.3.1. Isovolumetric Versus
Nonisovolumetric Palagonite Formation

231 The chemical changes resulting from
glass palagonitization have been studied at
length [Bednarz and Schmincke, 1989; Cro-
visier et al., 1992; Daux et al., 1994; Eggle-
ton and Keller, 1982; Furnes, 1984; Hay and
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Figure 7. Fe element maps and corresponding thin section micrographs of submarine and meteorically and
submarine altered samples. In these element maps, glass normalized countrates are displayed. Values >1 reflect
enrichment and values <1 reflect depletion of a specific element relative to the glass. Size of element mappings
and thin section micrographs is 2048 x 2048 um. Samples show the correlation between element distribution
and optical properties of the sample. (a) Fe element map (38/96CO). (b) Thin section micrograph obtained under
crossed polarizes (38/96CO). (¢) Fe element map (10/96Palb). (d) Thin section micrograph obtained under
crossed polarizers (10/96Palb). The variation in the anisotropy is an index for the crystallinity of the sample.

lijima, 1968b; Staudigel and Hart, 1983;
Thorseth et al., 1991; Zhou and Fyfe,
1989]. Controversy still remains, however,
over the magnitudes and directions of such
changes. Consistent kinetic models for glass
alteration processes, including not only glass
dissolution rates but also precipitation rates of
secondary phases, are not available. Thus an
evaluation of mass gains or losses during
alteration is best accomplished by means of
mass balance calculations. Since alteration
processes are usually accompanied by phys-
ical changes such as volume or density shifts,

those mass balance calculations have to be
based on one or the other assumption. The
main issue of this controversy is therefore
whether such chemical changes are isovolu-
metric or mass constant in terms of a specific
element. Elements like Ti*", AI**, and Fe**
are in general insoluble in natural waters of
near-neutral pH, and thus the assumption has
been made that their masses stay unchanged
during rock alteration and mass gains or
losses of other elements have been calculated
in relation to the glass/palagonite TiO,,
Al O3, or Feyy ratios [Crovisier et al., 1992;
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Figure 8. Sketches depicting the possible volume relations between palagonite and glass. (a) Unaltered
glass shard with vesicles, fractures, and scattered plagioclase and olivine crystals. (b) Scenario of
palagonitization with volume loss. Dotted lines represent the initial glass surface. (¢) Scenario of constant

volume palagonitization. After Jercinovic et al. [1990].

Eggleton and Keller, 1982; Hoppe, 1941;
Jakobsson, 1972; Staudigel and Hart, 1983].
This assumption may not be valid at a
smaller scale (cm®), as indicated by the for-
mation of other Ti-, Al- and Fe-bearing
secondary phases, suggesting that Ti, Al,
and Fe might not remain immobile during
palagonitization (Figures 6a, 6g, and 6h).
Petrographic evidence, described below, indi-
cates that palagonitization is an isovolumetric
process, and thus element mobilities have
been calculated on a weight per unit volume
basis [Crovisier et al., 1992; Daux et al.,
1994; Furnes, 1984; Hay and I[ijima, 1968a;
Jakobsson and Moore, 1986].

241 Hay and lijima [1968Db] interpreted the
excellent preservation of primary textures of
hyaloclastites from Koko Crater, Hawaii, as
reflecting the isovolumetry of palagonitization.
The same conclusion was reached for palago-
nitized hyaloclastites from Gran Canaria and
Iceland [Furnes, 1984; Jakobsson and Moore,
1986]. Crovisier et al. [1987], on the other
hand, postulated, based on the comparison of
glass dissolution rates deduced from batch
experiments with palagonite growth rates
[Hekinian and Hoffert, 1975], that palagoniti-
zation is a nonisovolumetric process, a conclu-
sion also reached by Zhou and Fyfe [1989] for
the initial stages of palagonitization.

251 The results obtained here are in general
agreement with Hay and Iijima [1968b]. Evi-
dence for the isovolumetry of the palagonitiza-
tion process is not only given by the undistorted
primary texture of even fully altered samples
(Figure 3c) but also especially by the fact that
palagonitization along microfractures, primary
crystals, and intersections of individual glass
particles does not result in the formation of
open fractures (Figure 3c), which would be the
case if palagonitization were nonisovolumetric
[Jercinovic et al., 1989]. If, as has been
suggested by Crovisier et al. [1987], the dis-
solution of 130-pum glass leads to the formation
of 2.6—4.3 pm palagonite, the consequence
would be that formerly intersecting surfaces
of individual glass grains would no longer
intersect (Figure 8), the primary rock texture
would be distorted.

26 Thus our petrographic studies suggest
that the process of palagonitization is mainly
isovolumetric, and therefore elemental gains
or losses resulting from palagonite formation
and evolution have been calculated on a mass
per unit volume basis. Nonetheless, calcula-
tions of the overall element budget of a
water-rock system have to be based on a
different assumption, since more advanced
stages of palagonitization are accompanied
by the formation of authigenic phases and
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at that stage the concept of isovolumetry is
no longer valid.

4.3.2. Reaction Progress

1271 It would be logical to estimate the reaction
progress of glass palagonitization based on the
increase of crystalline material occurring in
palagonite during the different steps of pala-
gonite evolution. Unfortunately, it is nearly
impossible to quantify the gradual increase in
crystallinity of palagonite with standard analyt-
ical methods, such as XRD or high-resolution
transmission electron microscopy (HRTEM),
within an adequate timescale. Thus a geochem-
ical parameter has to be found that can be easily
determined and that is easily applicable and
valid for both of the main alteration environ-
ments, meteoric and seawater.

28] Staudigel and Hart [1983], for example,
suggested the increase in Ti accumulation as a
maturity indicator for palagonite. However, as
shown by the chemical composition of samples
2/97-PF and 3/97-PF (Table 2), which reveal an
almost complete loss of TiO,, Ti accumulation
is not a valid indicator over the entire course of
palagonite evolution. Zhou and Fyfe [1989]

proposed an increasing enrichment of K as a
measure for the evolutionary step of palagonite.
However, K enrichment is not an adequate tool
for assessing palagonitization in meteoric envi-
ronments nor is every seawater-derived pala-
gonite K enriched, as will be shown below. On
the other hand, palagonite is gradually trans-
formed into smectite during its aging. Smectites
are more enriched in MgO than corresponding
glasses and precursors (palagonite), percent Mg
accumulation (Figure 12) is thus taken as a
measure for the evolutionary step of palagonite,
with increasing Mg-accumulation, indicating
increasing degrees of crystallization and thus
increasing reaction progress and palagonite

aging.

4.3.3. Mass Gain or Loss During
Palagonite Formation

291 The alteration of glass commonly results
in the formation of more than one secondary
phase. Mass balance calculations in those
cases thus have to be based on bulk analytical
data or on the evaluation of the mass fractions
of the different phases. The mass balance
calculations presented here are process ori-
ented in order to evaluate the element flux

Table 3. Results of Mass Balance Calculations Under Consideration of Different Assumed Palagonite

Density Values®

Sample
126/91-H 46/96-CO

Density value used 1.76 1.93 2.10 1.76 1.93 2.10
for MB-calculation

SiO, —22.80 —20.26 —17.71 -21.51 —18.71 —15.92
TiO, -0.21 0.02 0.24 —0.14 0.04 0.21
Al,O3 —8.29 —7.82 —17.34 —6.06 -5.29 —4.51
FeO —-1.42 -0.36 0.70 1.37 2.74 4.10
MnO —0.06 —0.04 —0.02 —-0.22 -0.22 -0.22
MgO -3.90 -3.59 -3.27 —5.07 —4.92 —4.76
CaO —6.74 —6.20 —5.65 —-9.97 -9.95 —-9.93
Na,O —1.93 —1.90 —1.88 —1.52 —1.40 —1.28
K,0 -0.09 -0.07 —0.04 2.12 2.35 2.58

Glass density is set to 2.7 g/em’. Density values are taken from Hay and lijima [1968a, 1968b] and Deer et al. [1963].
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Table 4. Results of the General Mass Balance Calculations Obtained Without Consideration of the
Different Aging Stage

Sample
10/96-Palb 21/96-Palc 2/97-PF 3/97-PF 20/96-Mia 127/91-H
Si0, —19.86 —20.72 —13.92 —10.50 —10.61 —32.13
TiO, 0.48 0.38 -3.99 —3.85 -1.97 1.09
ALO; —8.05 —6.82 —4.42 —5.50 —5.77 —4.63
FeO 2.66 0.62 —2.43 —2.63 —0.52 1.71
MgO —3.54 —2.05 2.92 —0.05 2.90 —6.78
CaO —6.25 —5.28 —5.87 —6.31 —8.99 —10.28
Na,O —2.83 —2.69 —2.52 —2.33 —0.69 —2.49
K,0 0.09 0.10 —1.13 —1.05 —1.61 —0.33
Total —37.30 —36.46 —31.36 —32.22 —27.26 —53.84
Sample
3/96-CO 30/96-Cob 46/96-CO 51/96-Coa DK23/7b DK9/NS3
Si0, —36.16 —15.08 —17.56 —25.90 —-9.48 —19.28
TiO, —0.28 —2.79 0.11 —0.51 -2.30 —1.31
Al,O4 —13.05 —8.30 —4.97 —9.89 —7.50 —5.68
FeO 3.59 8.18 3.30 1.94 2.63 0.85
MgO —4.53 0.78 —4.85 —5.18 —2.40 2.74
CaO —9.44 —10.81 —9.94 —10.16 —11.00 —8.60
Na,O —2.73 —2.36 —1.35 —1.07 —1.30 —1.89
K,0 —1.68 1.28 2.44 —0.95 0.73 2.46
Total —64.27 —29.10 —32.82 —51.72 —30.62 —30.71

accompanying the transformation of glass to
palagonite and the evolution of palagonite to
smectite (Tables 3-5, Figures 9-12). Mass
gains and losses during palagonite formation

and evolution were calculated based on vol-
ume constants and mean compositions of
glass, palagonite, and mixtures of palagonite
and crystallizing material (aging steps [ and II)

Table 5. Results of Mass Balance Calculations Under Consideration of the Different Aging Steps

Sample
3/96-CO 30/96-CO 51/96-CO 127/91-H
Pure Aging Aging Aging Aging Aging Pure Aging
Palagonite  Stage [ Stage [ Stage 11 Stage [ Stage 11 Palagonite Stage 11
Si0, —36.16 12.28 —22.68 -2.39 —25.05 0.69 —32.13 5.00
TiO, —0.28 —1.99 1.80 —6.43 —0.42 —3.31 1.09 —3.85
AlL,O; —13.05 8.22 —10.55 0.40 —9.69 —0.92 —4.63 -3.73
FeO 3.59 —5.84 8.29 —6.59 2.33 0.21 1.71 —8.07
MgO —4.53 0.84 —3.80 3.83 —5.15 7.72 —6.78 10.43
CaO -9.44 —0.14 —10.53 —0.43 —10.14 —0.69 —10.28 1.26
Na,0 —-2.73 —0.48 —1.28 -1.79 —1.00 —1.68 —2.49 —0.05
KO  —1.68 1.38 —0.36 0.97 —0.91 0.90 —0.33 0.01
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Figure 9. Results of mass balance calculations as
a function of density variation. The numbers given
in the legend are the different assumed density
values for the palagonite used in the calculations.
The density value for the glass is set to 2.75.

using the algorithm (equation (1)) developed
by Gresens [1967]. This algorithm calculates
the mass variation Am of a given element
compared to the unit mass of the initial and
altered rock:

Am = (p,/p;) x fv x Cy — Ci, (1)

whereC, and C; represent the concentration of a
specific element in the altered and initial rocks
respectively, p, and p; the density of the altered
and initial rocks, and fv the ratio between the
final and initial volumes. To illustrate the
influence different density values might have
on these calculations, a selection of reasonable
density values was applied. The influence of
different density values, considering specific
elements, decreases with increasing amounts of
mass gains or losses, being distinct for
elements showing large element mobilities
and less distinct for elements with low element
mobilities (Table 3, Figure 9). For example, a
density shift of 0.17 g/cm® in the case of SiO,

and CaO results in a mobility shift of 1.1 wt%
and around 0.03 wt% for the highest calculated
losses and of 3.22 wt% and 0.62 wt% for the
lowest calculated losses. The variances in
mobility of specific elements resulting from

Total : '
K,0
NazO |f [l 10/96Palb
[3/97PF
CaO [ 2106Palc
MgoO |[CI2/e7PF
[Z]20/96Mia
FeO |I[J127/91H
Al,O5
TiO
-60 -40 -20 0 20
Total
K,0
Na2O || il 3/96co J
cao | 2] 30/96COb
| [J46/96C0
MgO || [(ll51/96C0a
[~ ]DK23/7
FeO |[Jokomnss
Al>03
TiO»
SiO, ﬁ

-80 60 -40 -20 O 20
Mass gains and losses (wt.%)

Figure 10. Results of the general mass balance
calculations obtained without consideration of the
different aging steps. Samples represent different
aging steps. Samples 3/96CO and 127/91H repre-
sent the palagonite, whereas the other samples
represent different degrees of crystallization.
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Figure 11. Results of mass balance calculations
under consideration of the different aging steps.
Calculations of mass gains and losses for palagonite
are based on the corresponding parental material,
whereas calculations of mass gains and losses for
the aged material are based on palagonite.

the application of different density values are,
however, negligible for the overall element
mobilities and variations in element mobility
under consideration.

30 The mass gains and losses of eight major
elements of 25 average alteration samples
(based on 50 to 200 single measurements along
10 characteristic palagonite and aging steps |
and II material profiles per sample) were (1)
calculated in relation to the parent glasses and,
(2), with regard of the different aging steps, in
relation to the palagonite. The calculations
show that the major oxides SiO,, Al,Os,
Ca0, and Na,O are lost relative to the parent
glass, whereas the major oxides TiO,, FeO,
MgO, and K,O are both enriched and lost, H,O
is always enriched (Table 4). Thus the direction
of element mobility is constant except for TiO,,

FeO, MgO, and K,O. The magnitude of
change, on the other hand, is highly variable
for all oxides (SiO, 12.70 to 36.16 wt% lost;
TiO, 3.26 wt% gained to 4.00 wt% lost; Al,O3
4.39 to 13.05 wt% lost; FeO 7.69 wt% gained
to 3.69 wt% lost; MgO 2.38 wt% gained to
6.98 wt% lost; CaO 2.98 to 11.95 wt% lost;
Na,O 0.69 to 3.63 wt% lost and K,0 2.51 wt%
gained to 1.68 wt% lost). In general, taking the
aging steps into account, the highest overall
element losses (Figure 10) were observed for
those rocks with alteration rims consisting only
of palagonite (e.g., 3/96-CO, 127/91-H), rocks
with alteration rims consisting mainly of crys-
talline material (aging step II) exhibited the
lowest overall losses (e.g., 2/97-PF, 3/97-PF,
20/96-Mia, 30/96-COb, 51/96-COb, DK23/7b,
DKO9/NS3) (Figure 10). Rocks like, e.g., 10/96-
Palb, 21/96-Palc and 46/96-CO, consisting of
variably aged palagonite rims or only of aging
step 1 material revealed intermediate losses
(Figure 10).

311 Mass balance calculations carried out con-
sidering the different aging steps (i.e., element
mobilities accompanying palagonite formation
calculated in relation to the parent glass, and
element mobility accompanying palagonite
aging calculated in relation to the palagonite),
led to the following results: during the for-
mation of palagonite up to 36.16 wt% SiO,,
13.05 wt% Al,05, 6.78 wt% MgO, 10.54 wt%
Ca0O, 2.73 wt% Na,O and 1.68 wt% K,O
were lost to solution, whereas during the
evolution of palagonite to the crystallizing
material, up to 12.28 wt% SiO,, 9.57 wt%
MgO and 1.38 wt% K,O were recovered from
solution and up to 8.30 wt% TiO, and 11.09
wt% FeO were lost (Table 5, Figure 11). The
mobility behavior of CaO and Na,O does not
change during the course of alteration, but the
losses of those compounds during palagonite
evolution are much lower than the ones
observed during palagonite formation. Al,O3
behaves less consistently during palagonite evo-
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Figure 12. Results of mass balance calculations of 31 different palagonite samples as function of percent
MgO accumulation used as indication for the reaction progress. Each sample represents an average of 50 to
200 single EMP measurements. Diamonds indicate samples derived from meteoric alteration, and open
squares indicate samples derived from seawater alteration. The percent MgO accumulation was calculated
according to the following algorithm: Percent MgO = [(MgOpaiagonite — MEOg1ass)/MgOg1ass x 100].
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lution, showing both gains and losses. Gener-
ally, similar element mobility trends have been
observed for all of the rocks studied, and thus
the results described above are equally valid for
seawater and meteoric alteration.

321 The general results of these mass balance
calculations are confirmed by the trends
observed by plotting the percent changes of the
different oxides of the different averaged pala-
gonite samples against percent Mg accumulation
used, as described above, as reaction progress
variable (Figure 12). The oxides TiO, and FeO
show progressive loss with increasing MgO
concentration, whereas SiO, shows decreasing
losses (Figure 12). Al,03, Na,O, and K,O show
decreasing losses with increasing MgO concen-
tration for the seawater-altered samples, but no
consistent trends for the meteorically altered
samples. Similar trends are observed within
one sample consisting of alteration rinds show-
ing variable aging steps (Figure 13).

4.3.4. Overall Mass Balance

331 The mass balance calculations presented
in the former section are, considering the
overall alteration process, only valid for those
rocks exhibiting no secondary phases other
than palagonite. If rocks contain additional
secondary phases, mass balance calculations
have to be based either on bulk analytical data
of the entire alteration sample, including all
secondary phases, or on estimations of the
volume fractions of those other secondary
phases in conjunction with microprobe data.
Estimating the volume fractions of different
secondary phases is, generally, impossible,
and the overall mass balance calculations
presented here have just been carried out on
the basis of XRF data of bulk rocks using the
mathematical algorithm explained above.
Moreover, the mass balance calculations pre-
sented are based on the assumption of Fe
immobility, since the assumption of volume

constancy at the step of formation of additional
secondary phases is not adequate.

341 Comparison of the calculated overall ele-
ment changes, including all formed secondary
phases, with the changes of elements calcu-
lated solely for the palagonite clearly shows
that more SiO,, TiO,, Al,0;, MgO, CaO,
Na,O, and K,O are lost in converting side-
romelane to palagonite than during overall
alteration of the glass (Table 6, Figure 14).
The magnitude of changes including all sec-
ondary phases follows the same trend of
decreasing element loss with increasing rock
sample maturity as the magnitude of changes
found while considering only palagonite for-
mation and evolution. Sample maturity, in this
case, not only refers to the palagonite aging
step but also to the formation of other secon-
dary phases. Sample DK1/30, being one of the
least mature rocks, exhibits the highest overall
element losses compared to the parent glass,
whereas, for example, the more mature rocks
3/97-PF, 10/96-Pala, and 20/96-Mia, consisting
not only of mainly crystallized ‘“palagonite”
but also of secondary clays and zeolites, have
undergone almost no changes. The other rocks
studied, representing intermediate maturity
steps, have undergone similar, but minor,
amounts of overall element losses.

351 The results obtained in these mass balance
calculations provide clear evidence on the
general directions of element mobilities and
on the mobility behavior of elements during
the alteration process. Nonetheless, the calcu-
lation of element mobilities with regard to a
single rock sample is only a snapshot of a
specific state during a process of long duration.
For example, although the mature rock sam-
ples 3/97-PF, 10/96-Pala, and 20/96-Mia show
only minor element losses on a bulk rock
scale, it has to be kept in mind, as demon-
strated by the data from highly immature rock
samples (e.g., 3/96-CO), that the process of
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reaching this evolutionary stage has been
accompanied by major element fluxes from
glass into pore solution.

5. Discussion

5.1. Evolution of Palagonite and Its
Impact on Element Mobility

6] The structural and chemical characteristics
of the different, complex alteration rinds and
associated parent glasses presented are impor-
tant for interpreting palagonite evolution. The
thin sections together with the XRD data pre-
sented indicate that the complexity of these
alteration rinds observed in most samples is
mainly a function of structural diversity and
thus of the evolutionary step of palagonite
itself, besides, for example, the development
of layers enriched in opaque minerals [Fisher
and Schmincke, 1984; Staudigel and Hart,
1983]. The different X-ray diffraction patterns
obtained from hand-picked alteration samples
showing only an amorphous hump, an amor-
phous hump and distinct peaks or only distinct
peaks can best be interpreted by a process of
increasing crystallinity with time. This indi-
cates that palagonite evolves, through crystal-
lization, from a completely amorphous,
metastable material to a mainly crystalline
product (i.e., smectite). Although this is in
general agreement with a number of studies
interpreting palagonite as an amorphous ana-
logue or precursor for crystalline layer silicates
[Berkgaut et al., 1994; Bonatti, 1965; Eggleton
and Keller, 1982; Zhou et al., 1992], the purely
amorphous structure of palagonite remains an
open problem. In many studies a crystalline
structure resembling more or less layer silicates
(e.g., montmorillonite, smectite, illite), detected
mostly through HRTEM analysis, is already
proposed for what is commonly called “gel-
palagonite” [Eggleton and Keller, 1982; Zhou
et al., 1992]. This seeming discrepancy may
arise because the purely amorphous palagonite
is thermodynamically unstable and starts to

crystallize quickly at many nucleation sites that
are visible in HRTEM, even though they may
not be the dominant phase. Even palagonites,
interpreted to be amorphous because they
appear to be completely isotropic in thin sec-
tion, may show crystalline features (e.g., crys-
tallite grain size of smectite can be <50 A
[Schiffman et al., 2000]) visible to HRTEM or
AFM. A detailed discussion of the palagonite
structure and structural evolution of palagonite
will be given elsewhere.

371 Comparison of the results obtained by the
structural and chemical analysis of alteration
rinds (including palagonite and its different
aging stages) and corresponding parent glasses
has revealed the strong relationship between the
aging of palagonite and its heterogeneous
chemical composition. This heterogeneity,
including microscale chemical fluctuations and
zonations, has been attributed mainly to
changes in the overall physicochemical condi-
tions of the alteration environment [Zhou and
Fyfe, 1989] and changing fluid properties with
time under closed system conditions [Jercinovic
et al., 1990]. However, other reasons may
include chemical variations intrinsic to the
parent glass [Honnorez, 1972] and the mecha-
nism of palagonite formation by incongruent
glass dissolution [Thorseth et al., 1991]. The
influence of glass composition, structure and
fluid properties on the alteration process as a
whole and on palagonite formation and compo-
sition in particular cannot be neglected [Crovis-
ier et al., 1992; Daux et al., 1994; Fisher and
Schmincke, 1984; Jercinovic et al., 1990; Pich-
ler et al., 1999; Staudigel and Hart, 1983]. The
influence of parent material and fluid properties
on palagonitization is discussed in more detail
in another study (N. A. Stroncik and H.-U.
Schmincke, submitted manuscript, 2001). How-
ever, because the same compositional features
(microscale chemical fluctuations, zonations)
and similar chemistry can be observed in pala-
gonites and aging stages [ and Il material derived
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Figure 13. Results of mass balance calculations of a single profile line from one sample as function of
percent MgO accumulation used as indication for the reaction progress. Profile line was obtained on an aging
alteration rim. The percent MgO accumulation was calculated according to the following algorithm: percent
MgO = [(Mgopalagonite - Mgoglass)/MgOglass X 100]



Table 6. Bulk Chemical Composition of Samples Obtained by XRF Analysis, Results of Mass Balance Calculations Based on Bulk Chemical

Data (BulkMBC) and Results of Mass Balance Calculations Based on Average EMP Data of Corresponding Palagonite Samples (PalMBC)

Sample
1/96-Bc 10/96-Pala 12/96-Bce

Composition BulkMBC PalMBC Composition BulkMBC PalMBC Composition BulkMBC PalMBC
SiO, 45.97 —11.33 —18.32 46.57 —0.51 —21.45 43.34 —8.49 —18.77
TiO, 1.80 —0.17 —0.33 1.54 —0.05 —0.19 2.50 0.97 —0.73
Al,O4 15.03 —0.08 —2.59 12.58 —0.72 —8.74 14.00 0.85 —3.21
FeO 12.15 0.00 1.17 8.94 0.00 1.88 11.64 0.00 0.72
MnO 0.10 —0.07 —0.13 0.13 —0.01 —0.10 0.04 —0.11 —0.14
MgO 3.31 —2.73 —4.63 8.97 3.40 —2.02 2.73 —2.50 —4.17
CaO 4.70 —5.16 —8.05 7.15 —1.19 —6.51 3.65 —5.49 —8.00
Na,O 1.33 —2.18 —-3.23 0.32 -2.71 —2.84 0.62 —2.73 -3.25
K,0 0.20 —0.28 —0.40 1.34 1.24 —0.17 0.22 —0.29 —0.45
P,0s 0.12 —0.24 —0.26 0.25 —0.07 —0.30 0.54 0.21 —0.31
H,0 16.45 12.81 21.27
CO, 0.15 1.13 0.10
Totals 101.31 —22.24 —36.77 101.74 —0.63 —40.44 100.65 —17.58 —38.31

Sample
13/96-VcS 20/96-Mi,a 21/96-Pal,b

Composition BulkMBC PalMBC Composition BulkMBC PalMBC Composition BulkMBC PalMBC
SiO, 44.89 —2.53 —16.15 27.64 —13.28 —13.48 40.32 —2.24 —22.82
TiO, 1.62 0.08 —0.77 1.69 —0.88 —2.05 1.53 0.16 0.55
AlLO4 12.74 —0.46 -3.72 9.27 —5.05 —6.60 12.13 0.72 —7.60
FeO 10.42 0.00 —3.37 9.05 0.00 -1.35 8.62 0.00 1.03
MnO 0.13 —0.03 —0.16 0.13 —0.05 —0.17 0.11 —0.03 —0.08
MgO 5.07 —1.23 —4.97 6.69 2.57 2.23 6.79 1.50 —5.49
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Table 6. (continued)

Sample
13/96-VcS 20/96-Mi,a 21/96-Pal,b

Composition BulkMBC PaIMBC Composition BulkMBC PaIMBC Composition BulkMBC PaIMBC
CaO 11.59 391 —7.15 17.64 9.09 -9.22 5.17 —2.87 —2.98
Na,O 1.89 —-0.91 —2.78 0.14 —3.68 —0.95 291 0.69 —2.09
K,0 0.20 —0.01 0.01 <0,02 —1.61 —1.61 0.53 0.46 —0.03
P,05 0.18 —0.09 —-0.24 0.67 —1.20 0.35 0.10
H,O 7.51 16.16 19.64
CO, 3.74 10.02 1.12
Totals 99.98 —1.28 —39.29 99.10 —12.88 —34.42 99.22 —1.51 —39.50

Sample
31/96-Ve,b DK1/30 3/97-PF

Composition BulkMBC PalMBC Composition BulkMBC PalMBC Composition BulkMBC PalMBC
SiO, 46.13 —6.22 —20.67 38.27 —15.89 —32.44 48.13 —4.49 —13.67
TiO, 1.86 —0.03 —0.14 2.95 —0.63 0.87 3.37 —0.88 —3.86
ALO; 15.53 1.84 —0.31 17.43 —3.00 -9.17 12.05 —0.27 —6.00
FeO 11.71 0.00 —0.15 10.69 0.00 6.22 16.68 0.00 —3.69
MnO 0.13 —0.03 —0.14 0.52 0.28 —6.83 0.23 —0.06 —0.20
MgO 4.01 —2.05 —5.28 5.64 —-0.97 —-12.12 4.19 0.21 —0.35
CaO 7.50 —-1.99 —8.40 3.82 —6.58 —-1.07 7.34 —1.41 —6.47
Na,O 2.13 —0.83 —2.82 2.74 —1.88 —0.94 1.91 —0.66 —2.34
K,0 0.17 —0.11 —-0.24 1.63 —0.54 1.03 —0.38 -1.07
P,05 0.46 —0.01 —0.29 0.34 —0.50 0.65 —0.37 —0.93
H,O 9.98
CO, 0.12
Totals 99.73 —9.44 —38.45 84.03 —29.70 —55.47 95.58 —8.32 —38.58
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Figure 14. Results of mass balance calculations
based on bulk chemical data obtained by XRF
analysis (Table 6). Samples represent different
degrees of aging. Sample DK1/30 is the least
evolved one, whereas samples 21/96Palb and 3/
97PF are highly evolved.

from chemically homogeneous parents and from
palagonites and aging stages I and II material
covering different alteration environments,
parental compositions and time spans call for a

controlling mechanism of alteration rind chem-
istry being at least partly independent of glass
and fluid properties. Crovisier et al. [1992]
concluded, from the similar overall composition
of secondary phases, such as palagonite and
clays, that the composition of the altering fluid
remains relatively constant. This indicates that
the compositional evolution of palagonite may
be at least partly independent from fluid chem-
ical evolution. The similarities in the composi-
tion of palagonites of the same aging step, the
differences in chemistry of palagonites of differ-
ent aging steps and the correlation of changes in
palagonite composition and optical properties,
related to increases in crystallinity, all indicate
that the chemical evolution of palagonite is
mainly controlled by palagonite aging.

38) Mass balance calculations have led to the
same conclusion as they have shown that the
magnitude and direction of element losses or
gains are a function of palagonite aging. The
highest overall element losses occur in rocks
with alteration rims consisting only of pala-
gonite and the lowest overall element losses
occur in rocks with alteration rims consisting
mainly of crystalline material. There is also a
change in mobility behavior of SiO,, MgO,
and K,O from loss to gain, and a change in
mobility behavior of TiO, and FeO from
passive enrichment to loss. These results are
in general agreement with Zhou and Fyfe
[1989], who first based mass balance calcu-
lations on the two ‘“palagonite varieties” gel
and fibro-palagonite.

5.2. Mineralogical and Chemical
Evolution of Palagonite: A Model

1391 The results presented here (1) variations in
crystallinity of alteration rinds detected by
XRD-analysis; (2) microscale intragrain and
intergrain chemical fluctuations of alteration
rinds derived from one homogeneous parent;
(3) gradual changes in element contents and
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Figure 15. Schematic model of subaquatic mafic glass alteration. The mass gains and losses shown in this
model are based on the mass balance calculations of the least evolved samples 3/96CO and DK1/30. The
overall mass balance of stage I is taken from the calculations of mass gains and losses based on the EMP data
of palagonite of sample 3/96CO in relation to the EMP data of the parent glass. The overall mass balance of
stage II is taken from the calculations of mass gains and losses based on the bulk chemical data obtained by
XRF analysis of sample DK1/30. The mass gains and losses occurring during palagonite aging are taken
from the calculations of mass gains and losses based on the EMP data of aged palagonite of sample 3/96CO
in relation to the EMP data of palagonite of sample 3/96CO. The mass gains and losses involved in the
precipitation of other secondary phases have been calculated from the differences between the overall mass
balance and palagonite aging.
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100pm

(a) SEM image showing the surface structure of glass in direct contact to palagonite. As can be

seen in this image, the contact between both phases is rather distinct. The black rectangle outlines the close-
up shown in image (Figure 16b). The black line in Figure 16b outlines the smooth contact between glass and
palagonite. The apparent roughness of the phases is caused by sample preparation. No signs of etch pits are
visible. (c) AFM image showing the surface structure of glass in direct contact to palagonite. As can be seen,
the surface is rather smooth and homogeneous with no signs of etch pits. This is also supported by the
roughness-analysis giving a mean surface roughness of 0.589 nm. Glass surfaces with etch pits or fractures
exhibit surface roughness values at least 1 to 2 magnitudes higher than the measured one.

optical behavior observed within one alteration
rind; and (4) general decrease of element loss
with increasing reaction progress determined
by mass balance calculations of alteration rinds
exhibiting different degrees of crystallinity, all
can best be explained by assuming an evolu-
tionary palagonitization process (Figure 15). In
principle, the process of palagonitization can be
visualized as a process following the Ostwald

Step Rule (or Law of Stages), which states that
a thermodynamically unstable phase undergoes
a sequence of irreversible reactions over time to
form progressively more stable phases. The
step rule operates especially at low temper-
atures, in a large variety of mineralogical sys-
tems, e.g., carbonates, silica polymorphs, iron
oxides, clays, and zeolites [Dibble and Tiller,
1981; Nordeng and Sibley, 1994; Steefel and



. Geochemistry
Geophysics
| Geosystems

G3 STRONCIK AND SCHMINCKE: PALAGONITE

2000GC000102

00000

Figure 16.

Van Cappellen, 1990]. Explanations of this rule
are based either on irreversible thermodynam-
ics or on chemical kinetics. Dibble and Tiller
[1981] postulated that the formation of meta-
stable phases can lower the total free energy of
the system faster than the precipitation of a
stable phase assemblage. Steefel and Van Cap-
pellen, 1990] concluded that the formation of a
more soluble, less stable phase is kinetically
favored because the more soluble phase has a
lower mineral-solution interfacial energy than
the more stable, less soluble one.

0] Basically, a water-rock system preferen-
tially forms the phase with the fastest precip-
itation rate under the prevailing conditions
[Steefel and Van Cappellen, 1990]. Palagonite
is the phase with the fastest precipitation rate

/ Palagonite

¥

10pm

b

under the prevailing conditions of mafic glass
alteration, that is, (1) high supersaturation
developed at the glass-fluid interface through
congruent dissolution of the thermodynami-
cally unstable volcanic glass and (2) the suites
of elements supplied by the parental glass.
Palagonite is able to integrate larger amounts
of all elements released by the congruent
dissolution of the glass than smectite, which
would be, under purely thermodynamic con-
siderations, the more stable phase. Visualizing
the formation of gels as precipitated crystal-
lites (10-100 A in radius) [Berner, 1980],
which represent critical nuclei with little or no
crystal growth under conditions of high super-
saturation [Lasaga, 1983], palagonite forma-
tion is also favored compared to smectite
crystallization.

(continued)
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#1] Thus palagonite is formed by congruent
dissolution of the glass, as indicated by the
sharp and distinct physical interface between
glass and palagonite (Figures 16a—16¢)
shown by the SEM and AFM analysis
(method will be described elsewhere), and
partial loss of Si, Al, Mg, Ca, Na, and K
with contemporaneous precipitation of insolu-
ble material at the glass-fluid interface and
with proceeding alteration at the glass-pala-
gonite interface. It has been shown in a large
number of experiments [Ablow and Wise,
1967; Berger et al., 1994; Berner, 1978,
1983; Helgeson et al., 1984; Lasaga, 1984;
Thorseth et al., 1988, 1991] that the conse-
quence of incongruent dissolution processes is
a sponge-like surface structure of the dissolv-
ing material, whereas during congruent dis-
solution processes, no such features are
developed and the surface of the dissolving
material remains rather smooth and undis-

(continued)

torted. With advancing alteration the forma-
tion of palagonite by glass dissolution
continues, while the previously precipitated,
thermodynamically unstable palagonite gradu-
ally crystallizes (ages) by reacting with the
surrounding fluid, thereby taking up Si, Al
Mg, and K and loosing Ti and Fe and further
amounts of Ca and Na, to become the more
stable smectite. The in situ replacement of
palagonite by smectite has been described in
a few studies [Eggleton and Keller, 1982;
Zhou and Fyfe, 1989]. Eggleton and Keller
[1982] postulated that gel palagonite consists
of 200—-600 A large spheroids, which, upon
“exfoliation of 10 A (2:1) clay layers,”
develop into small, dioctahedral smectite crys-
tals (30—-60 A) “which ultimately form a
tangled network of sub-micron-sized bent
flakes,” with chemical changes occurring only
during formation of the spheroidal gel pala-
gonite. Zhou and Fyfe [1989] viewed the
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process of palagonite evolution as in situ
replacement process of gel palagonite by
fibro-palagonite caused by physicochemical
changes of the alteration environment and
not as a continuous crystallization (including
crystal growth) process resulting in the for-
mation of stable smectites forced by the
thermodynamic instability of the amorphous
palagonite itself.

421 The structural organization of palagonite
with time, referring to crystallization and
crystal growth rates and the thermodynamic
or kinetic controls of crystallization and crys-
tal growth rates, remains an open question.
Alteration rinds consisting mainly of crystal-
line material (aging step II) and alteration
rinds consisting of palagonite have not only
been found during this study in rocks of the
same age, but also within a single rock
sample.

6. Conclusions

1. XRD data show that palagonite evolves,
independently of the chemical composition
of the parent glass and the alteration
environment, from a completely amor-
phous material to a crystalline smectite.

2. The XRD and AFM data also revealed the
variabilities in the aging degree of palago-
nites of the same sample age, indicating a
complex kinetic control for the aging
process of palagonite resulting in a large
spread of aging rates.

3. The EMP element maps and quantitative
profiles of palagonites in combination with
thin section data showed the correspon-
dence of chemical variations in most
palagonites with changes in the optical
properties (change from isotropy to aniso-
tropy) of the same material due to crystal-
lization. Thus the chemical composition of
palagonite and the alteration system in

general are at least partly controlled by the
aging process.

4. During palagonite aging, SiO,, MgO, and
K,O are recovered from solution, whereas
TiO, and FeO are lost.

5. Element loss during palagonite formation is
much larger (approximately twice as high
on average) than the overall element loss
during bulk-rock alteration.

6. The overall element loss decreases with
palagonite aging and with increasing
amounts of additional secondary phases.
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