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Abstract

A suite of submarine volcanic rocks from the Southern Chile Ridge has been examined in order to investigate the early
Ž .stages of low temperature alteration. Alteration in these samples proceeded as follows: 1 Fe-staining on sample surface and

Ž . Ž . Ž .along fractures, 2 filling of vesicles with secondary material, 3 breakdown of glassy matrix, 4 breakdown of
Ž .microcrystalline matrix, and 5 breakdown and replacement of olivine. Plagioclase and pyroxene were sometimes found to

Ž . Žbe slightly altered along internal fissures. Secondary or alteration phases generally showed high K 3–5 wt.% , Fe 30–70
. Ž .wt.% and low Al -2 wt.% contents. The most common secondary minerals were Fe-oxyhydroxides, celadoniterFe-

Ž .oxyhydroxide a mixture between celadonite and Fe-oxyhydroxide and saponite. The formation of secondary minerals is
controlled by the oxidation state which is a direct result of seawater to rock ratio. Fe-oxyhydroxides and celadoniterFe-
oxyhydroxide form during oxidative diagenesis, whereas saponite forms during non-oxidative diagenesis. The final alteration
products, however, are controlled by external factors, e.g., sedimentation rate or formation of a manganese crust. Ca has
been consistently removed, Mg has been added to some rocks and lost from others, and Si has either been removed or
remained unaffected. Fe and H O increases are accompanied by an increase in Fe3qrFe2q. Wherever increases in K, Rb2

and Cs were documented, the enrichments are consistently in the order Cs)Rb)K. During initial stages of alteration the
Ž .behavior of some trace elements such as rare-earth elements REE , Ba, Zr, Hf, Ta, Nb, and Mo are solely controlled by the

precipitation of Mn-rich Fe-oxyhydroxides. The preferred incorporation of Ce into Mn-rich Fe-oxyhydroxides may be a
principal factor explaining the Ce depletion in seawater. We conclude that the earliest stages of submarine weathering are
controlled by Eh and pH gradients between the rock and seawater. In the absence of a buffer, oxidation of ferrous iron
causes a decrease in solution pH. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The process of submarine weathering, i.e., low
temperature alteration under near-to-ambient condi-
tions, is characterized by several stages of alteration
which are controlled by different water–rock ratios,
oxidation coefficients, direction of element ex-

Žchange, water content and isotopic changes Hon-
. Ž .norez, 1981; Thompson, 1991 . Hart 1970 quanti-

Ž .fied low temperature alteration into four stages: 1
unaltered with H O content lower than 0.3% and2

3q 2q Ž .Fe rFe from 0.2 to 0.3; 2 ‘partially altered’
Ž .H O ranging from 0.4 to 0.7%; 3 altered with H O2 2

content ranging from 0.6 to 1%, Fe3qrFe2q)0.3
Ž .and an increase in Cs, Rb and K; 4 ‘highly altered’

H O content larger than 1%. This classification,2

however, is based solely on chemical attributes with-
out considering mineralogical aspects. A difficulty
with a purely chemical classification arises once
alteration proceeds to stages 3 and 4 and chemical
analyses need to be normalized to overcome the
problem of misleading element mobility due to vol-

Ž .ume change Gresens, 1967; Grant, 1986 . The ini-
tial texture, mineral composition and glassy fraction
are likely to be crucial factors controlling alteration.

We acquired a suite of rocks from the Southern
Chile Ridge showing degrees of alteration from stage
1 to stage 3 on the Hart and Nalwalk scale. This
range of alteration can be observed between samples
and between alteration halos of individual samples,
enabling a detailed mineralogical and chemical study
of the initial stages of low temperature alteration.

2. Location and tectonic setting of study area

The study area is located along the Southern Chile
Ž .Ridge SCR NW of the Taitao Peninsula and ex-

tends from approximately 468S and 768W to approxi-
mately 438S and 828W. Dredge samples were col-
lected during the southern CROSS expedition in
1993. The Chile Ridge-Trench triple junction, lo-
cated at approximately 468S, marks the juncture

Fig. 1. Tectonic setting and locations of dredge stations along the Southern Chile Ridge and at off-axis seamounts where altered rocks were
recovered.
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between the Nazca, Antarctic and South American
Ž .plates Fig. 1 where the Chile Ridge is being con-

Žsumed beneath the South American plate Cande and
.Leslie, 1986; Nelson and Forsythe, 1989 .

Ž .Fig. 2. Photographs of polished rock slabs from sample 38a. a Sample with distinct alteration zones. The darker outer zones contains
Ž .mainly a mixture of celadonite and Fe-oxyhydroxide. In the lighter interior saponite is the major secondary alteration phase. b Pervasively

altered sample. Lighter areas are due to the presence of secondary Fe-oxyhydroxide and celadoniterFe-oxyhydroxide.
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3. Analytical methods

Ž . Ž .Sixteen 16 samples Appendix A from 10
dredge sites were selected for study after macro-
scopic examination of sawed surfaces of which 11
were selected for further geochemical analyses fol-
lowing thin section examination. The protoliths of

Ž .most samples were basaltic pillows, based upon a
they have angular outlines due to breakage along

Ž .cooling cracks, b they show alteration halos or
discontinuous zones parallel to crack surfaces or the

Ž .original pillow surface and c increasing size of
vesicles towards the original pillow surface. If well
developed, the zones were designated A)B)C)

D, etc., in inward succession. For example, ‘B,
1.5–2.5 cm, brown’, describes the second zone, col-
ored brown, located between 1.5–2.5 cm inward

Ž .from the surface Appendix A . Examination of
macroscopic alteration features, e.g., color differ-

Ž . Ž . Žences Fig. 2a from gray freshest to brown most
.altered , and occurrence of alteration halos and Mn-

crusts, indicated that the relative degree of alteration
progresses in the sample order: 66-9-48-1-50-5
-38a-57-5-38d-57-7-38b-57-2.

A definite identification of secondary mineral
phases was usually obtained through a combination
of thin section petrography, XRD and electron mi-
croprobe analysis. Alteration halos that were too
small to be separated with a rock saw were drilled
with a dental drill and collected as powders.

3.1. XRD methods

Powdered rock samples were mounted in a round
aluminum holder using the backloading technique

Ž .Moore and Reynolds, 1989 . They were scanned
continuously from 4.008 to 45.008 2u using copper
X-radiation generated at 30 kV and 15 mA. Air dried
and ethylene glycol-solvated clay-size fractions
Ž .Moore and Reynolds, 1989 were scanned from
2.008 to 55.008 2u stepping 0.28 2u using copper
X-radiation generated at 35 kV and 15 mA. Primary
and secondary minerals identified by XRD are shown
in Table 1.

3.2. Electron microprobe methods

Analyses of phases in carbon-coated polished thin
sections were performed on a automated JEOL Su-
perprobe JXA-8900L using 15 kV accelerating volt-
age, 2 nA beam current and beam diameters varying
from -1 mm to 5 mm. Data were reduced using a
ZAF correction procedure. The quality of the data
was estimated from structural formulae calculated
from chemical analyses. Analyses were accepted if

Žthe structural formula was stoichiometric "0.2 units
.for the octahedral total for saponite and oxyhydrox-

ide totals were higher than 74%.

3.3. Major, minor and trace element methods

Na, Mg, Al, Si, P, K, Ti, Mn and Fe were
analyzed by wavelength-dispersive X-ray fluores-

Ž .cence spectroscopy WD-XRF using a Phillips
PW1600 X-ray spectrometer. Analytical error is less
than ;1% for Si, Mg, Fe, Al, Ca and less than 3%

Ž .for P, K, Ti, Mn, Na Taggart et al., 1987 . Fe is
reported as Fe3q. Fe2q was determined by potentio-

Table 1
X-ray diffraction results for scans of whole rock powders and clay size separates

Ž . Ž .Sample Whole rock scan Clay separate air dried Clay separate glycolated

˚ ˚Ž . Ž . Ž .38a Anorthite intermediate , augite, forsterite dehydrated smectite 12 A Smectite 17 A
Ž .38b Anorthite intermediate , augite Illiterceladonite? no distinct peaks
Ž .38d Anorthite intermediate , augite no distinct peaks no distinct peaks

48-1 no scan no distinct peaks no distinct peaks
˚ ˚Ž . Ž . Ž .50-5 Anorthite intermediate , augite Smectite 14.5 A Smectite 17 A

˚ ˚Ž . Ž . Ž .57-2 Anorthite intermediate , augite dehydrated smectite 12.5 A Smectite 17 A
Ž .57-5 Anorthite intermediate , augite, forsterite no distinct peaks no distinct peaks

˚ ˚Ž . Ž . Ž .57-7 Anorthite intermediate , augite Smectite 14.4 A Smectite 17 A
˚ ˚Ž . Ž . Ž .66-9 Anorthite intermediate , augite, forsterite Smectite 14.6 A Smectite 17 A

Notes: Clay separates were scanned air dried and after glycolation with ethylene glycol for 24 h.
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Žmetric titration USGS, Open File Report 90.668, p.
.139 .

Ž .Rare earth elements REE , Rb, Sr, Y, Zr, Nb,
Mo, Cs, Ba, Hf and Ta were analyzed from fused
powders by laser microprobe using a VG PQ2q
Plasma Quad ICP-MS with a Laserlab laser ablation
system. The system setup, calibration and sample
preparation procedures were adapted from Perkins et

Ž .al. 1993 .The analytical error for the above de-
Žscribed method is better than 15% Perkins et al.,

.1993 .

3.4. Water method

Total water content was analyzed by Karl Fisher
q Ž .titration for H O essential water and weight loss2

y Žfollowing heating of the sample for H O mois-2
. Ž .ture following Norton and Papp 1990 . The accu-

racy of this method has been determined and the
Žrecommended analytical error is ;1.5% Norton

.and Papp, 1990 .

4. Results

4.1. Mineralogy

Concentric alteration halos can be recognized in
hand samples by distinct or subtle color changes
Ž .Fig. 2a . However, some samples were pervasively

Ž .altered Fig. 2b . The fresh protoliths of most sam-
Ž .ples Appendix A were probably basaltic pillow

lava with glomeroporhyritic, spherulitic and vari-
olitic textures and a glassy to microcrystalline ma-
trix. Plagioclase was the most abundant primary
mineral followed by olivine and clinopyroxene.

Typical alteration features include crack andror
vesicle fillings, replacement of groundmass and
olivine crystals with yellowish secondary mineral
phases and oxidation of magnetite. Alteration zones
are recognized microscopically by the intensity of
vesiclercrack filling and degree of replacement of
glassy matrix with secondary mineral phases. Sec-

Žondary minerals identified include celadonite di-
octahedral mica with the general formula

w 2qxw 3q x w x . ŽK Mg,Fe Fe ,Al Si O OH , saponite trioc-4 10 2

tahedral smectite with the general formula
w 2q 3qx w x w xX Mg,Fe ,Fe Si,Al O OH 4H O, where X3 4 10 2 2

. Žs interlayer Na, Ca , Fe-oxyhydroxide FeOOH
.polymorphs, including goethite , and hematite. Pro-

ceeding outwards from a fracture into the massive
rock displays a discrete zonation of secondary miner-
als in the order Fe-oxyhydroxide followed by
celadoniterFe-oxyhydroxide and finally saponite.
However, there are exceptions to this order, such as
Ž . Ž .1 saponite may rim Fig. 3a or be rimmed by a

Ž .mixture of celadonite and Fe-oxyhydroxide Fig. 3b ,
Ž .and 2 vesicles may be filled by red-colored Fe-

Ž .Fig. 3. Backscatter images. a Sample 38a. Saponite, transition
mineral and celadoniterFe-oxyhydroxide replacing a primary

Ž .mineral phase olivine? . CeladoniterFe-oxyhydroxide is located
Ž .in the center bright color and rimmed by transition mineral and

Ž .saponite darker color . The dark elongated crystals on the left
Ž .side and upper right side are plagioclase pl . The bright colored

Ž . Ž .crystals on the lower right side are pyroxene py . b Sample
57-2. Saponite and celadoniterFe-oxyhydroxide replacing a pri-

Ž . Ž .mary mineral phase olivine? . Saponite dark color is located in
Žthe center and rimmed by celadoniterFe-oxyhydroxide bright

.color . To the right celadoniterFe-oxyhydroxide replaces interser-
Ž .tal groundmass. The dark elongated crystals are plagioclase pl .
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Ž .oxyhydroxide possibly goethite rimmed by a yel-
low-colored mixture of celadoniterFe-oxyhydroxide.

Structural formulae for secondary clay minerals
Ž .were calculated on the basis of O OH following10 2

Ž .the procedure adopted by Ross and Hendricks 1945 .
Si4q, Al3q, and Fe3q were assigned to the tetrahe-
dral layer, in that order, to provide a total of four
cations. Ti4q, Mg2q, Mn2q and Fe2q, together with
excess Fe3q and Al3q, when present, were assigned
to the octahedral layer. Ca2q, Kq and Naq were
apportioned to the interlayer sites. Octahedral totals

were calculated for celadoniterFe-oxyhydroxides us-
ing the same procedure.

4.1.1. Saponite
Colorless, yellow, brown, and red varieties of

saponite replace microcrystalline groundmass, glass
and olivine. Ca is the dominant interlayer cation in
brown and red saponite whereas K is the dominant
interlayer cation in colorless and yellow varieties.

Ž . ŽFer FeqMg values range from 0.1 to 0.5 Table 2

Table 2
Representative microprobe analyses of secondary minerals in altered rock samples from the Southern Chile Ridge

Sample: 57-5 1b 38a-6e 38d-3b 38a-2b 57-2-2d 57-2-3c
Mineral: Fe-oxyhydroxide Celadoniter Celadoniter Transition mineral Saponite Saponite
Color: Red Fe-oxyhydroxide Fe-oxyhydroxide Red brown Yellow white Brown
Occurrence: Groundmass Yellowish brown Light yellow Groundmass Groundmass Groundmass

Vesicle Groundmass

SiO 5.82 46.14 47.30 43.25 48.87 46.522

Al O 2.13 0.93 4.32 0.14 3.09 4.922 3

MgO 2.38 4.34 4.02 7.24 13.79 18.97
TFeO 69.41 31.82 27.14 33.83 14.45 5.05

MnO 2.08 0.06 0.00 0.07 0.00 0.06
CaO 0.50 0.91 0.63 1.14 0.28 1.47
Na O 0.10 0.11 0.17 0.20 0.32 0.132

K O 0.09 4.96 5.97 2.09 2.09 0.192

TiO 0.00 0.03 0.09 0.00 0.03 0.042

Total 82.50 89.29 89.63 87.96 82.92 77.35

( )Calculated Formula Atoms
Tetrahedral
Si 0.806 3.864 3.834 3.699 3.900 3.758
Al 0.347 0.092 0.166 0.014 0.100 0.242
Fe 2.848 0.044 0.000 0.287 0.000 0.000
Octahedral
Al 0.000 0.000 0.247 0.000 0.191 0.227
Mg 0.492 0.541 0.486 0.923 1.641 2.284

2q 3qFe rFe 5.191 2.186 1.840 2.132 0.965 0.341
Mn 0.244 0.004 0.000 0.005 0.000 0.004
Ti 0.000 0.002 0.005 0.000 0.002 0.003
Octahedral total 5.926 2.733 2.578 3.060 2.798 2.858
Interlayer
Ca 0.073 0.081 0.054 0.105 0.024 0.127
Na 0.028 0.018 0.027 0.033 0.049 0.020
K 0.015 0.530 0.617 0.228 0.213 0.020
Interlayer total 0.116 0.629 0.698 0.365 0.286 0.167
Total 10.043 7.362 7.276 7.425 7.084 7.025
Al total 0.347 0.092 0.413 0.014 0.291 0.469
Fe total 8.039 2.230 1.840 2.419 0.965 0.341
FerFeqMg 0.942 0.805 0.791 0.724 0.370 0.130

Ž . 2q 3qNotes: Structural formulas were calculated on the basis of O OH . Fe is assumed to be Fe in saponite and Fe in celadoniterFe-10 2

oxyhydroxide.
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.and Fig. 4 . Al contents are generally less than 0.5
atoms per formula unit.

4.1.2. CeladoniterFe-oxyhydroxide
CeladoniterFe-oxyhydroxide mixtures that were

identified by microprobe analyses are the most abun-
dant alteration products, and based on visual obser-
vation, most samples contained more than 5%. Anal-
yses are shown in Table 2. When cation proportions

Ž .are plotted vs. interlayer K Fig. 4 many of the
celadoniterFe-oxyhydroxides analyzed fall into the
celadonite field. Generally, however, celadoniter
Fe-oxyhydroxides have lower K, higher Fe values,
and higher octahedral totals than celadonite. Struc-
tural formulae are not consistent with a di-octahedral
mineral, thus we have interpreted the chemical com-
positions as a mixture of celadonite and Fe-
oxyhydroxide. K O and FeOT are correlated with2

color. Pale yellow celadoniterFe-oxyhydroxides
T Ž .have lower FeO values ;25 wt.% and higher

Ž .K O ;6 wt.% than pale brown celadoniterFe-2

Ž .Fig. 4. Number of K atoms in the interlayer a and number of
Ž . Ž .octahedral atoms b plotted vs. Fer FeqMg . Calculations of

structural compositions were made from microprobe analyses on
Ž . Ž .the basis of O OH . Fields for saponite dashed line and10 2

Ž . Ž .celadonite solid line are from Pichler 1994 .

Ž .oxyhydroxides 36 wt.%, 3 wt.% . Vesicles filled
with celadoniterFe-oxyhydroxide may be composi-
tionally zoned from early pale yellow to later pale

Ž .brown types Table 2 .

4.1.3. Fe-oxyhydroxides
Secondary Fe-oxyhydroxides are observed imme-

diately adjacent to cracks andror close to the sample
surface. Single crystal XRD analyses reveal goethite
and hematite as the major phases with minor amounts
of iwakiite. Their bright red color and optical isotropy
distinguishes them from celadoniterFe-oxyhydro-
xide. Fe-oxyhydroxide mainly fills vesicles and small
discontinuous cracks. Fe-oxyhydroxides have lower
K O and higher FeO concentrations than cela-2

Ž .doniterFe-oxyhydroxide Table 2 . The detection of
SiO is consistent with other Fe-oxyhydroxides ana-2

Žlyzed in altered submarine basalt Honnorez, 1981;
.Alt, 1993 .

4.1.4. Transition phase
A secondary material, present in rare samples,

Ž .e.g., 38a Fig. 3b , has a transitional composition
between saponite and celadoniterFe-oxyhydroxide.

Ž .Fer FeqMg values are too high for celadonite,
and K O values are too low to for celadoniterFe-2

Ž .oxyhydroxide Fig. 4 . The calculated structural for-
mula is that of an Fe-rich tri-octahedral smectite.
Given the small amounts present, microprobe analy-
ses was our only means to investigate this material.
It may well be only a physical mixture of celadonite
and saponite if individual particles are smaller than
the diameter of the electron beam.

4.2. Rock chemistry

The results of major, minor, trace and rare earth
element analyses are listed in Appendices B and C.
The principal reaction between seafloor rocks and
seawater at low temperature is hydration of primary
minerals and precipitation of hydrous secondary
minerals. Thus, the H O content of seafloor rocks2

can be used as a sensitive indicator of their magni-
Žtude of alteration Hart, 1969; Alt et al., 1992; Alt,

.1993 . To eliminate dilution effects due to volume
Ž .changes Gresens, 1967 chemical analyses were re-

Ž .calculated on a water free basis Honnorez, 1981
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before being displayed graphically. SiO , Fe OT,2 2 3

MgO, MnO, CaO and K O are plotted vs. H O for2 2

samples with distinct alteration halos in Fig. 5. Rela-
tive to the freshest parts of each rock, and as a

Ž .function of H O content: 1 CaO consistently de-2

Ž .creases with increasing H O content, 2 SiO re-2 2

mains unchanged except in the outermost rind of
Ž . Ž T .sample 38d, 3 total iron Fe O and K O values2 3 2

Ž .generally increase, 4 MgO and Al O behave errat-2 3
Ž . Ž .ically Appendix B , 5 TiO , Na O and P O2 2 2 5

Fig. 5. SiO , CaO Fe OT, MgO, MnO and K O plotted vs. H O content for the distinct alteration halos of samples 38a, 38d, 48-1 and 57-5.2 2 3 2 2
Ž . ŽIn displayed trends the left data point always represents the rock interior less altered and the right the outermost alteration halo more

.altered . The maximum analytical error is represented either by error bars or by the size of the data point.
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Ž . 3q Tremain unchanged and 6 Fe rFe ratios consis-
Ž .tently increase Fig. 6 . This latter correlation can

also be extended to visual alteration estimates in

hand specimens, suggesting that alteration is gener-
ally associated with an increase in oxidation state of
iron.

Ž .Fig. 6. a K, Rb and Cs concentrations for samples 38a, 38d, 48-1 and 57-2 are plotted vs. H O content. In displayed trends the filled2
Ž .symbol represents the rock interior and the empty symbol the outermost alteration halo. Error estimates are indicated as in Fig. 5. b K, Rb

and Cs concentrations for all samples are plotted vs. H O content and Fe3qrFeT.2
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Fig. 7. Nb, Hf, Ta and Zr concentrations for samples 38a, 38d, 48-1 and 57-2 are plotted vs. H O content. In displayed trends the filled2

symbol represents the rock interior and the empty symbol the outermost alteration halo. Error estimates are indicated as in Fig. 5.

K, Rb and Cs concentrations for all samples are
given in Appendix B. Samples with distinctive alter-
ation halos are plotted in Fig. 6a. Wherever increases
in these elements can be demonstrated, the order of
enrichment is always Cs)Rb)K. Other trace ele-
ments exhibit erratic behavior with regard to H O2

Ž .content Fig. 7 . Ba, Zr, Hf, Ta, Nb and Y show up
to threefold enrichment in the outermost zone of
sample 38d relative to values in the adjacent alter-
ation zone. These increases are also positively corre-
lated with Mn concentrations and the presence of
secondary Mn-oxyhydroxide. These trace elements
appear to have been sequestered during the precipita-
tion of a rind of Mn-hydroxides.

Ž .North American Shale Composite NASC nor-
malized REE compositions for samples with distinct
alteration halos are plotted in Fig. 8. Samples 38a,
48-1 and 57-5 did not exhibit any obvious changes
beyond a possible analytical error. Sample 38d, on

the other hand, did show substantial LREE and
Žminor HREE enrichment in its outermost zone 38d

.A with the exception of Eu concentrations which
did not change.

5. Discussion

5.1. Formation of secondary minerals

During the initial phase of weathering, particu-
larly under low temperature conditions, amorphous
phases can form as a first step between the original

Žrock minerals and new secondary minerals Eggleton
.and Keller, 1982 . For example, amorphous allo-

phane has been shown to form at an early weathering
stage of basic silicate material and persists in the soil

Žprovided that conditions remain acidic Fields and
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Ž . Ž .Fig. 8. a NASC North American Shale Composite normalized REE patterns for samples with distinct alteration zonations. NASC values
Ž . Ž .are from Haskin et al. 1968 . b Chondrite normalized REE patterns for samples with distinct alteration zonations. Chondrite values are

Ž .from Taylor and McLennan 1985 .

.Claridge, 1975 . The absence of celadonite peaks in
XRD scans of samples in the present study suggests
that celadoniterFe-oxyhydroxide plays a similar role.
Development of a crystalline phases may have been
prohibited due to either an excess of Fe3q or deficit
of Mg2q to sufficiently balance the incorporation of
Kq to form a true celadonite phase.

Very poorly crystallized yellowish secondary
Ž .mineral assemblages palagonite can replace basaltic

Ž .glass Honnorez, 1981 . Palagonites have variable
composition, and many have smectite as their only

Žcrystalline component Stokes, 1971; Honnorez,
.1981; Eggleton and Keller, 1982 . Eggleton and

Ž .Keller 1982 described palagonite as the transitional
phase between volcanic glass and smectite during

alteration. Smectite, however, may not always be the
end product during glass alteration, because, as men-
tioned previously, celadonites and Fe-oxyhydroxides
were the only recognized secondary minerals in a

Žzone of oxidative alteration Bass, 1976; Andrews,
.1980 . This suggests that the celadoniterFe-

oxyhydroxide described here could be equivalent to
palagonite, i.e., a transitional assemblage between
basaltic glass and secondary celadonite.

High FeO and low K O contents in celadonites2

have been interpreted to be the result of mixing
Žbetween celadonite and nontronite Stakes and

.Scheidegger, 1981; Alt and Honnorez, 1984 . How-
ever, the mixtures observed here show no XRD
evidence of nontronite. Structural formulae calcu-
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lated from microprobe data have octahedral totals
too high to be consistent with a mixture of two

Ž .di-octahedral minerals. Weaver and Pollard 1975
noted that, in the case of celadonite, some of the
cations in excess of 2.00 assigned to the octahedral
sheet could equally be assigned to the interlayer
Ž .either as ions or in a hydroxide layer . This may, in
part, account for the unusual octahedral totals ob-
served in celadoniterFe-oxyhydroxide. Celadoniter

Ž .Fe-oxyhydroxide although X-ray amorphous is
chemically closest to a true celadonite, e.g., lowest

Žoctahedral total, low FeO and high K O Table 22
.and Appendix A .

5.1.1. OxidatiÕe alteration
CeladoniterFe-oxyhydroxide and Fe-oxyhydro-

xide are principally confined to alteration zones im-
mediately adjacent to cracks connected directly to
the sample surface, or immediately adjacent to the
sample surface. We, therefore, suggest that these

Žminerals formed at high waterrrock ratios Boehlke
.et al., 1984 in a zone of oxidative diagenesis,

Ž . Žwhere: 1 ferric oxides e.g., goethite, limonite and
. Žhematite and celadonite can stably exist Seyfried et
. Ž .al., 1978 , 2 celadonite rarely, if ever, exists as a

Ž .pure phase Buckley et al., 1978; Andrews, 1980 ,
Ž .3 celadonite forms at temperatures generally less

Žthan 268C Kastner and Gieskes, 1976; Seyfried and
. Ž .Bischoff, 1979 , and 4 there is an absence of

chlorite, epidote or albite that might suggest higher
temperatures. The absence of a true celadonite in our

Ž .samples may be the result of a not sufficient time
Ž .of formation andror b too high waterrrock ratios.

These samples were collected by dredging, meaning
Ž .that they are relatively young no sediment cover

and therefore, were exposed directly to seawater up
to the point of sampling. This sets them apart from
samples that were collected by drilling, i.e., from
below a sediment cover. Only very young drilled

Žbasalts show similar features Laverne and Vivier,
.1983; Adamson and Richards, 1990 .

We have observed the following secondary min-
eral assemblages in the zone of oxidative alteration:
Ž .1 Fe-oxyhydroxides filling vesicles and minor

Ž .cracks, 2 celadoniterFe-oxyhydroxide replacing in-
Ž .terstitial glass, 3 celadoniterFe-oxyhydroxide re-

Žplacing Fe-oxyhydroxides in vesicles and voids Fig.

. Ž .5 , and 4 replacement of secondary saponite. The
alteration of glass is assumed to represent the earliest
stage of alteration, glass being more reactive than the
surrounding ferromagnesian phases. The formation

Ž .of celadoniterFe-oxyhydroxide observation a is fa-
cilitated by cations already available in the glass and
may involve an atom-by-atom reconstitution of glass
into secondary minerals. The process must also be
accompanied by oxidation of ferrous iron by oxy-

Ž .genated seawater Seyfried et al., 1978 :

4Fe2qqO q6H Os4FeOOHq8Hq 1Ž .2 2

a reaction that generates protons, thus enhancing the
stability of celadonite and Fe-oxyhydroxides and im-
pairing the stability of carbonates and ferric silicates.
In vesicles, the availability of cations is more limited
due to the absence of glass and oxygenated seawater
may be undersaturated with respect to celadonite.
Fe-oxyhydroxides may then precipitate without

Ž .celadonite observation b as a consequence of small
changes in pH.

The continuous decrease in water–rock ratio and
oxygen fugacity towards the sample interior may
account for the observed zonation, typically arranged
in the sequence Fe-oxyhydroxide™celadoniterFe-
oxyhydroxide™saponite, proceeding inwards from

Ž .a crack or the rock surface e.g., Andrews, 1980 .
Following precipitation of Fe-oxyhydroxide and a
decrease in water–rock ratio and oxygen fugacity

q 2q Ž .addition of K , Mg and SiO aq initiate the2

replacement of Fe-oxyhydroxide by celadoniterFe-
oxyhydroxide. The negative charge balance required
for Kq uptake is provided through substitution of
seawater-derived Mg2q for Fe3q. The fixation of

Ž .SiO aq onto a layered hydroxide sheet explains2

natural and synthetic neoformation of clay minerals
Ž .Henin, 1956 . Synchronously, deeper within the
sample, celadoniterFe-oxyhydroxide replaces
saponite that originally formed under reducing condi-
tions. For example, sample 57-2, which is perva-
sively altered, contains celadoniterFe-oxyhydroxide

Ž .that replaces saponite Fig. 3b , indicating a change
from reducing to oxidizing conditions. Oxidation of
Fe2q to Fe3q allows incorporation of potassium into
the saponite structure and initiates transformation
into celadoniterFe-oxyhydroxide.
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5.1.2. Non-oxidatiÕe alteration
After reaction in the zone of oxidative alteration,

seawater will be depleted in oxygen and potassium,
enriched in calcium and, possibly, magnesium. Reac-
tion of this modified seawater with primary minerals

Žproduces a zone of non-oxidative diagenesis Bass,
.1976; Seyfried et al., 1978; Andrews, 1980 . Bass

Ž .1976 emphasized that some oxygen is available in
this ‘non-oxidizing’ environment, but diffusion rates
are slow enough to allow Fe3q incorporation into
sheet silicates and little, if any, Fe3q remains for
oxide formation. Alteration reactions in this zone
cause precipitation of saponite and calcite at low

Žtemperatures Bass, 1976; Seyfried et al., 1978; An-
drews, 1980; Honnorez, 1981; Alt and Honnorez,
1984; Thompson, 1991; Alt et al., 1992; Gallahan

.and Duncan, 1994 . Saponites show substantial
amounts of Mg2q in their structure and if the pH of
a smectite–seawater system rises above 8.5 the fol-
lowing reaction can remove magnesium from the

Žaqueous phase Henin, 1956; Drever, 1974; Seyfried
.et al., 1978 :

Mg2qq2OHyqsmectitesMg OH –smectiteŽ . 2

2Ž .
In samples which exhibit distinct alteration zones

saponite is confined to the sample interior, i.e., zone
of non-oxidative diagenesis, where it replaces inter-

Ž .sertal groundmass microcrystalline and glassy and
to a zone where it replaces celadoniterFe-oxyhy-
droxide. This latter zone is best described as a
transition zone between oxidative and non-oxidative
alteration, where without sufficient recharge of fresh
oxygenated seawater, conditions become progres-
sively reducing and celadoniterFe-oxyhydroxide be-
comes unstable. Saponites in this zone usually show
higher Fe and K values than saponites in the zone of
non-oxidative alteration. Furthermore, this zone is

Žcharacterized by a material mineral or mineral mix-
.ture? that appears to be transitional between

ŽceladoniterFe-oxyhydroxide and saponite Fig. 3b,
.Fig. 4, Table 2 . Similar replacement reactions have

been observed in earlier studies, however the direc-
tion of replacement was unclear. Alt and Honnorez
Ž .1984 reported a formation sequence of first
celadonite–nontronite followed by saponite, whereas

Ž .Stakes and Scheidegger 1981 reported replacement
of saponite with celadonite–nontronite. New evi-

dence from samples 38a and 57-2 suggests that the
direction of reaction is controlled by the redox state,
e.g., H O content or Fe3qrFeT. Saponite replaces2

celadoniterFe-oxyhydroxide in the less altered sam-
Ž . Ž .ple 38a , whereas in the more altered sample 57-2

celadoniterFe-oxyhydroxide replaces saponite.

5.2. Chemical changes in samples with distinct alter-
ation zones

5.2.1. Major elements
In order to further examine alteration trends, sam-

ples that display a distinct alteration zonation are
valuable. In general, the compositional changes de-
tected in this study are similar to those observed in

Ž .previous studies of seafloor alteration Fig. 5 . The
increase in Fe OT cannot be explained by uptake of2 3

Fe from seawater, but the breakdown of volcanic
glass could be one source of additional Fe. Alt
Ž . T1993 , who observed a similar increase in Fe O ,2 3

suggested that Fe may also be derived from a deeper
source in the volcanic pile, possibly at higher tem-
peratures. The increases observed in samples from
this study, however, are more likely caused by Fe
mobility under reducing conditions in the sample
interior, followed by precipitation under oxidizing
conditions in the outer zone. Al O tends to decrease2 3

with increasing alteration. The same trend can be
recognized in secondary minerals. For example,
saponite, which has higher Al contents than
celadoniterFe-oxyhydroxide, occurs mainly in the
higher Al O zone within the rock interiors.2 3

Slight decreases in of Al O , CaO and Na O in2 3 2

the outer zones are probably due to alteration of
plagioclase and glassy groundmass material
Ž .Staudigel and Hart, 1983; Alt, 1993 . The behavior
of MgO has been reported to depend in part on the

Ž .degree of alteration Thompson, 1973, 1991 ; de-
creases have been attributed to an early breakdown
of olivine and subsequent SiO and MgO loss to2

seawater. In sample 38a-A celadoniterFe-
oxyhydroxide is partly replaced by saponite which
may account for the increase in MgO.

In general the observed major element behavior is
Žin good agreement with mineralogical changes Fig.

. T5 . SiO and Fe O are higher in the sample interi-2 2 3

ors where saponite and celadoniterFe-oxyhydroxide
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are the dominant alteration minerals, whereas K O2

increases towards the sample surface in samples that
contain more celadoniterFe-oxyhydroxide than Fe-
oxyhydroxide.

5.2.2. Trace elements
The behavior of trace elements during low-tem-

perature alteration is still poorly understood. Hon-
Ž .norez 1981 , who reviewed a variety of low-temper-

ature alteration studies noted that the only consensus
was enrichments in Rb and Cs in altered rocks.
There is considerably less agreement regarding the
immobility of Zr, Nb, Hf and Ta during low-temper-

Ž .ature alteration Bienvenu et al., 1990 . They are
generally thought to be immobile and, therefore, an
enrichment is generally interpreted as passive accu-
mulation due to a loss of mass during alteration. The
enrichment of Zr, Nb, Hf and Ta in the outermost

Ž .zone of sample 38d 38d-A cannot be explained by
simple mass loss, because this sample is not altered
enough. In our suite of samples these trace elements

Ž .are positively correlated with Mn Appendix B
which warrants the assumption that the formation of
Mn-oxyhydroxides may play a role in their enrich-

Ž .ment. The outermost zone of sample 38d 38d-A
contains minor amounts of Mn-oxyhydroxides, thus

Ž .Zr, Nb, Hf and Ta Fig. 7 could have been derived
from seawater during extreme alteration conditions,
i.e., very high waterrrock and oxygen fugacity. This
uptake would be similar to the trace element enrich-

Žment found in manganese nodules and crusts e.g.,
.Hein et al., 1996 .

Scavenging of elements into and onto metal hy-
Ž . Ž .droxides results from: 1 coprecipitation, 2 adsorp-

Ž . Ž .tion, 3 surface complex formation, 4 ion ex-
Ž .change, and 5 penetration of the crystal lattice

Ž .Chao and Theobald, 1976 . Adsorption, however,
has been observed to be the basis of most surface-

Ž .chemical reactions Stumm and Morgan, 1996 mak-
ing it the most likely cause for the high trace element
concentrations in sample 38d. FerMn-oxyhydro-
xides, precipitated on or near the sample surface, can
scavenge large concentrations of elements from sea-
water; the high water–rock ratio compensates for
low trace element concentrations in seawater.

Little information exists regarding the intensity of
scavenging of elements other than the heavy or ore
metals. However, many metals that form strong

OH-complexes in water also bind strongly to hydrox-
Ž .ides Dzombak and Morel, 1990 and most of the

trace elements enriched in sample 38d-A form strong
OH-complexes. Small changes in pH can result in
large changes in adsorption efficiency onto Fe- and

Ž .Mn-hydroxides e.g., Stumm and Morgan, 1996 . A
Žchange in pH may be due to sample oxidation see

w x.reaction 1 andror mixing of altered and fresh
seawater near the sample surface.

Trace and rare earth elements are enriched in
38d-A but not in other samples. This may reflect the
relatively high Mn concentration in sample 38d-A
which is probably present as Mn-oxyhydroxide.
Mn-oxyhydroxide has a much greater reactivity than
Fe-oxyhydroxide which can result from several fac-

Ž . Ž .tors: 1 Mn can exist in several oxidation states, 2
it forms non-stoichiometric oxides with variable va-

Ž .lence states, 3 Mn-oxides exist in several crys-
Ž .talline or pseudo crystalline forms, and 4 Mn-oxides

form co-precipitates and solid solutions with Fe-
Ž .oxides Ponnamperuma et al., 1969 . In addition,

Mn-oxyhydroxides may have surface areas much
Žbigger than those of Fe-oxyhydroxides Morgan and

.Stumm, 1964 , thus enhancing their scavenging effi-
ciency.

5.2.3. Rb and Cs
Rb and Cs together with K are discussed sepa-

rately from the other trace elements because of their
similar chemical behavior and their susceptibility to
low-temperature alteration. K, Rb and Cs are among

Žthe most incompatible elements Sun and Mc-
.Donough, 1989 and, therefore, show a very low

abundance in most mid-ocean ridge basalt. During
alteration, their concentration can easily increase be-
cause they are readily supplied by seawater and
incorporated in, or adsorbed on, secondary clay min-

Ž . Ž .erals Hart et al., 1974 . Hart 1969 observed that
substantial K, Rb and Cs enrichment can occur
before the water content reaches a level which would
normally be considered diagnostic for alteration. In
our study K, Rb and Cs are such sensitive indicators
of alteration that similar enrichment trends can be

Ž .observed in both individual samples Fig. 6a and all
Ž .samples relative to each other Fig. 6b independent

of their initial K, Rb and Cs concentration.
The trends plotted in Fig. 6a are consistent with

observations made in earlier studies of altered oceanic
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Žbasalt Hart, 1969; Thompson, 1973; Hart et al.,
.1974; Honnorez, 1981 . The sensitivity to alteration

increases, in general, in the order K)Rb)Cs. A
slightly reversed trend can be observed for very
altered samples; values decrease with increasing al-

Ž .teration Fig. 6a,b . One explanation might be that in
pervasively altered samples, where no distinct alter-
ation zonation exists, values for K, Rb and Cs repre-
sent an average value for the whole rock. Higher
values in other samples are usually confined to the
outermost alteration zone, i.e., zone of high water to
rock ratio. Since K, Rb and Cs are exclusively
supplied by seawater, the water to rock ratio should
be the main factor controlling the enrichment of

Ž .these elements. Hart 1969 suggested that the deple-
tion of formerly added alkalis in altered basalt might
be controlled by the degree of alteration and that,
under very severe conditions, the alkalis might be
leached from the basalt.

5.2.4. Rare earth elements
Ž .The positive Ce anomaly in 38d-CR Fig. 9 and

the general increase in Ce concentrations in all al-
tered samples is consistent with the fractionation of
Ce4q from the trivalent REE during uptake of the

ŽREE from seawater by secondary phases Ludden
.and Thompson, 1978 . The positive correlation be-

Ž .tween Mn and Ce Appendix B suggests that this
fractionation is largely due to selective adsorption of

4q Ž 4q.Ce by Fe–Mn oxyhydroxides. Cerium Ce
forms colloidal ceric hydroxide which is relatively
easier scavenged by FerMn-oxyhydroxides than

3q Ž .Ce Carpenter and Grant, 1967 . There is also a
Ž .fractionation of the light REE LREE from the

Ž .heavy REE HREE during alteration which presum-
ably is due to selective exchange of REE with
seawater. The concentrations of REE in seawater are
4 to 6 orders of magnitude lower than in basaltic

Ž .rocks e.g., Fleet, 1984 . Consequently, equilibrium
exchange reactions involving seawater and sec-
ondary minerals will lower the REE concentrations
in altered basalts unless the waterrrock ratios are
unrealistically high. This does not seem to be the
case for the altered samples studied here, suggesting
that the REE may be quantitatively removed from
seawater by adsorption exchange reactions on sec-
ondary mineral surfaces, particularly oxyhydroxides.
The fractionation of LREE and the lack of an overall

Ž .Fig. 9. NASC North American Shale Composite and chondrite
normalized REE patterns for sample 38d including zones A, B,
and C. 38d-CR is a Mn-rich Fe-crust coating the sample. Seawater

Ž .concentrations are from Fleet 1984 .

REE depletion during alteration suggests that the
stability of the REE in seawater may vary as a
function of mass, perhaps as a result of the presence
of more stable HREE carbonate complexes in seawa-

Ž .ter Lee and Byrne, 1993 . This variability in REE
complex stability in seawater will be reflected in the
adsorption partition coefficient for each REE. It is
also interesting to suggest that at ambient seawater
temperatures the REE content of basalts may in-
crease as a result of adsorption from seawater but
may then decrease at higher temperatures where
hydroxides and oxyhydroxides are thermally unsta-
ble and where residence sites for REE are not pre-
sent.

5.3. Alteration through time

Mineralogic changes during the weathering of
oceanic basalt should, in part, reflect the local redox

Ž . Ž .conditions. Honnorez 1981 and Thompson 1991 ,
in reviews of low-temperature weathering of oceanic
basalt, have established differences in secondary



( )T. Pichler et al.rMarine Geology 159 1999 155–177170

mineralogy between dredged and drilled basalt. They
concluded that dredged basalt weathered under ox-
idative conditions resulting from high water–rock
ratios, whereas drilled basalt weathered under more
reduced conditions as a consequence of lower wa-
ter–rock ratios. However, in the earliest stages of
weathering, dredged basalt show mineralogic zoning
trends that result from both oxidative and non-oxida-
tive conditions. It is only with more advanced weath-
ering that there is a gradual overprinting of the
non-oxidative assemblages by oxidative assem-
blages. Thus, the samples described here form a
microcosm of processes that encompass both dredged

and drilled basalt, and allow a detailed description of
the gradual changes occurring during weathering.

The basalt–seawater system physically involves a
decrease in water–rock ratio as a function of dis-
tance from the basalt–seawater interface, assuming
that rock permeability also decreases in this direc-
tion. This situation applies at different scales, rang-
ing from a hand specimen to the oceanic crust as a
whole. The extent of chemical reactivity in this

Ž . Ž .system is a function of: a water–rock ratio, b
Ž . Žsolution chemistry, and c rock texture e.g., Seyfried

.and Bischoff, 1979 . Regarding the latter, decrease
in reactive glass matrix and the coarsening of texture

Fig. 10. Graphical display of a theoretical seawater rock system. Alteration zones A, B and C are plotted vs. increasing oxidation state.
Dashed lines indicate relative stability areas for secondary minerals. For further explanation, see text.
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Ž . Ž .Fig. 11. a Evolution of a theoretical seawater–rock system through time T1–T7 , where the rock becomes separated from direct contact with seawater. T5 is represented in
Ž . Ž . Ž .Fig. 9. b Evolution of a theoretical seawater–rock system through time T1–T7 , where the rock remains in direct contact with seawater. T5 is represented in a .
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have a profound effect on chemical reactivity. Glassy
matrix is enhanced at the chilled margins of subma-
rine flows, so chemical reactivity will be enhanced at
the rock–seawater interface. However, changing so-
lution composition as the seawater migrates into the
rock may enhance reactions within the rock interior.
The combination of these properties result in the
development of a distinct mineralogic zoning during

Ž .the early stages of weathering Fig. 10 . This zona-
tion is formed by the progressive inward movement
of small volumes of seawater along mineral fractures
and grain boundaries. The initial reaction of the
glass-rich, fresh outer rind of basalt with oxygenated
seawater results in conversion of Fe2q to Fe3q, local
decrease in solution pH, and hydration of glass. At
this stage, secondary minerals are not precipitated in
primary pore space, but glass may begin to devitrify
and alter during hydration without substantial cation
mobility. This initial solution packet, now with a
slightly lower pH and lower oxygen content than
seawater, progresses further inward along microfrac-
tures. Gradual reaction with glass matrix, ferromag-

Ž .nesian minerals olivine, pyroxene and Fe–Ti ox-
ides enriches the solution in Ca, Fe, and Mg and also
leads to alteration of primary minerals and some
precipitation of secondary minerals in primary pore
spaces. These secondary assemblages are dominantly
saponitic, reflecting the non-oxidative condition of
the fluid and low water–rock ratios.

At this stage a large chemical gradient exists
between seawater and the solution front penetrating
the rock. Thus, the slow physical movement of fluid
into the rock is accompanied by chemical diffusion
of cations into and out of the rock. For instance, Fe
is expected to diffuse toward the seawater interface,
whereas Mg and Ca may diffuse in the opposite
direction. The result of diffusion of cations toward
the seawater interface is to enrich the oxidative zone
of alteration in these cations and enhance the precipi-
tation of Fe3q-bearing minerals, e.g., Fe-oxyhydro-
xides and celadonite in primary pore spaces and
fractures.

Conversion of Fe2q to Fe3q and precipitation of
Fe3q-rich secondary minerals in the outermost glassy
rind provides an outermost oxidative zone in which
further oxidation of Fe2q is not possible. If this
process results in a permanent loss or a substantial
reduction in rock permeability, i.e., the supply of

fresh seawater to the water–rock system is cut-off or
substantially diminished, then the mineralogic zoning
may be preserved or alteration may proceed under

Ž .reducing conditions Fig. 11a . If permeability is
maintained, or new permeability created, then fresh,
oxygen-bearing seawater penetrates further into the
rock before encountering reduced Fe. The process of
iron oxidation is then repeated and the oxidative
front moves inward, overprinting previous zones of
non-oxidative minerals. With sufficient time, the fi-
nal secondary mineral assemblage would be domi-
nated by Fe-oxyhydroxides, with little or no evi-

Ž .dence for the non-oxidative paragenesis Fig. 11b .
In summary, we consider the secondary mineral

assemblages observed in these samples evidence for
a zoned alteration system that reflects solution pH,
solution cation concentrations, variable water–rock
ratios, and the diffusion of cations into and out of the
water–rock system. Physical circulation of solution
into and out of the fluid–rock system is unlikely,
assuming that fluid movement is dominated by grain
boundary diffusion and chemical diffusion through
the solid phases. Under these conditions, we propose
that seawater entering the rock structure is redis-
tributed in hydrous secondary minerals.

Ž .Adamson and Richards 1990 , who studied very
young basalts that were collected by drilling, pro-
posed an additional interpretation for the saponitic
assemblages. They consider an early stage of low

Ž .temperature hydrothermal alteration saponite that is
Žoverprinted by a stage of seawater alteration cel-

.adonite . This alteration sequence, however, is not
likely for our samples, because no minerals indica-
tive of higher temperature alteration were found.

6. Summary and conclusions

Ž .1 Mineralogical and chemical changes are com-
parable with results from other studies of seafloor
alteration at low-temperatures. H O, K, Rb, Cs and2

Fe OT are added and cao and SiO are removed2 3 2

from the rock.
Ž .2 The exterior formation of Mn-rich Fe-crusts

and the interior precipitation of Mn-rich Fe-
oxyhydroxides are important chemical processes
controlling the behavior of some trace elements such
as REE, Ba, Zr, Hf, Ta, Nb, and Mo.
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Appendix A
Morphology and macroscopic alteration features of rock samples collected during the Southern CROSS cruise

Sample Morphology Texture Vesicles Alteration

11-4 pillow phyric unfilled oxidized surface and cracks, fresh interior, fresh phenocrysts
14-3 pillow sparsely phyric unfilled oxidized surface and cracks, fresh interior, fresh phenocrysts
14-8 pillow sparsely phyric unfilled oxidized surface and cracks, fresh interior, fresh phenocrysts
28 pillow sparsely phyric unfilled oxidized surface and cracks, fresh interior, fresh phenocrysts
38a massive glomeroph. plag 1–3 mm, none Mn-crust, oxidized surface, centripetal oriented alteration zones:

gm: inters. wr plag needles A, 0.5–1 cm, brownish gray; B, gray
38b massive glomeroph. plag 1–3 mm, coated Mn-crust, oxidized surface, centripetal oriented alteration zones:

gm: inters. wr plag needles A, 0–1 cm, gray; B, 1–1.7 cm, yellowish brown;
C, 1.7–2 cm dark gray; D, gray

38d massive glomeroph. plag 1–3 mm, partly filled Mn-crust, oxidized surface, centripetal oriented alteration zones:
gm: inters. wr plag needles A, 0.5–1.5 cm, yellowish brown; B, 1.5–2.5 cm, gray;

C, 2.5–2.9 cm, dark gray; D, gray
43 pillow sparsely phyric unfilled oxidized surface, no visible phenocryst alteration
48-1 massive glomeroph. plag 1–3 mm, partly filled Mn-crust, oxidized surface, centripetal oriented alteration zones:

gm: inters. wr plag needles A, 0.2–1.5 cm, brownish gray; B, gray
50-5 pillow glomeroph. plag 1 mm, partly filled oxidized surface, phenocrysts partly altered, centripetal oriented

gm: inters. wr plag needles alteration zones: A, 0.3–1 cm, dark gray; B, gray
57-2 massive glomeroph. plag 1–3 mm, none Mn-crust, pervasively altered

gm: inters. wr plag needles
57-5 massive glomeroph. plag 1.5 mm, partly filled Mn-crust, centripetal oriented alteration zones:

gm: inters. to holo-crystalline A, 0.2–0.3 cm, brownish gray; B, 0.3–1.8 cm, dark gray; C, gray
wr plag needles

57-7 massive glomeroph. plag 1–5 mm, partly filled Mn-crust, pervasively altered, phenocrysts seem to be completely
gm: inters wr plag needles replaced

66-9 pillow variolitic. plag 1 mm, partly filled oxidized surface and cracks
gm: inters. wr spherulitic plag
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Appendix B
Chemical compositions for whole-rock powders. In samples where distinct alteration zones were recognized, these zones were designated successively inward in alphabetical
order, i.e., A ™B™C

Sample: 38a A 38a B 38d A 38d B 38d C 48-1 A 48-1 B 50-5 57-2 57-5 A 57-5 B 57-7 66-9 38d-CR
Type: basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt Mn-crust
Colour: brownish gray brownish dark gray brownish gray gray yellowish brownish dark light light dark

gray gray gray gray brown gray gray brown gray brown

SiO 48.40 49.15 46.78 48.37 49.10 49.77 49.98 50.48 47.77 49.46 50.10 46.87 49.20 10.542

TiO 1.10 1.17 0.94 1.09 1.14 0.93 0.93 1.37 1.32 1.25 1.35 0.67 1.20 1.4772

Al O 15.59 16.92 17.47 16.23 16.29 17.31 17.60 15.20 15.47 14.38 15.55 22.59 16.47 2.562 3
TFe O 10.68 8.25 9.99 10.11 9.35 8.38 8.12 10.25 10.23 12.54 9.59 7.86 9.95 26.552 3

MnO 0.18 0.16 0.39 0.18 0.16 0.16 0.14 0.17 0.22 0.18 0.17 0.13 0.17 1.77
MgO 7.48 6.16 7.93 7.69 7.68 8.24 8.13 7.45 7.02 6.47 7.34 3.55 8.30 17.03
CaO 11.71 13.26 11.18 11.98 12.19 12.27 12.43 11.34 10.57 11.41 12.44 14.95 11.18 3.06
Na O 2.61 2.89 2.60 2.62 2.70 2.38 2.48 2.57 2.76 2.68 2.77 2.04 2.79 1.832

K O 0.53 0.28 0.52 0.50 0.44 0.18 0.18 0.31 0.33 0.59 0.13 0.13 0.35 0.292

P O 0.15 0.16 0.19 0.17 0.16 0.11 0.11 0.16 0.19 0.14 0.15 0.14 0.16 1.2482 5

LOI 1.22 1.14 1.81 0.62 0.50 0.06 0.06 0.14 3.79 0.85 0.05 0.86 0.00 29.66
Total 99.65 99.54 99.80 99.55 99.71 99.79 100.16 99.44 99.67 99.95 99.64 99.78 99.77 96.02

TH O 1.64 1.16 2.36 1.24 0.98 0.67 0.47 0.69 4.07 1.55 0.73 1.28 0.56 25.22

FeO 5.25 5.28 3.78 5.51 5.73 6.11 6.24 7.55 3.78 5.64 6.51 3.64 7.92 ND
Fe O 4.85 2.38 5.79 3.99 2.98 1.59 1.19 1.86 6.03 6.27 2.35 3.81 1.15 26.552 3

Sr 310 350 330 330 330 136 128 138 215 150 152 148 152 ND
Y 17.4 19.4 28 21.1 19.2 15.5 15.9 22.9 18.9 19.6 22.6 12.3 19.5 157.1
Zr 87 99 160 103 96 49 47 74 71 77 70 33 74 436
Nb 3 3 11 3.1 3 2 2 3 7 2 2 1.4 7 41
Mo 2.1 1.1 1.4 6.3 8.4 11.8 4.8 1.1 6.1 7.9 6 8.6 1.4 120.3
Ba 182 133 802 76.9 97 47 44.5 56 129 26 21 15.2 79 1275
Hf 2 2.3 3.6 2.73 2.2 1.4 1.34 1.9 1.7 1.8 1.7 0.86 1.8 5.1
Ta 0.18 0.2 0.64 0.21 0.17 0.1 0.13 0.2 0.37 0.19 0.17 0.23 0.37 0.59
K 440 232 432 415 365 149 149 257 274 490 108 108 291 241
Rb 15.3 4.1 57.8 13.1 8.8 4.3 3.4 6.6 5.2 21.7 1.6 1.8 7.7 0.6
Cs 6.43 0.1 0.99 0.49 0.3 0.11 0.09 0.27 0.17 0.84 0.04 0.07 0.1 0.08

Results for SiO , Al O , MgO, FeOT, MnO, CaO, Na O, K O and TiO are in oxide wt.% and for Sr, Y, Zr, Nb, Mo, Ba, Hf, Ta, K, Rb and Cs in ppm.2 2 3 2 2 2
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Appendix C
REE analyses for samples with distinct alteration halos

REE 38a A 38a B 38d A 38d B 38d C 48-1 A 48-1 B 57-5 A 57-5 B 38d-Mn

La 9.91 7.05 24.6 6.99 6.83 2.79 2.58 3.34 3.18 203
Ce 26.19 25.98 57.32 24.69 25.35 9.11 7.82 11.19 10.65 936
Pr 4.41 4.67 8.38 4.23 4.4 1.62 1.52 1.9 1.81 53.86
Nd 19.57 22.38 32.27 22.54 21.48 7.92 7.7 9.66 9.58 195
Sm 4.22 4.98 6.04 4.9 4.55 2.11 2.22 2.69 2.72 33.35
Eu 1.39 1.59 1.5 1.59 1.52 0.82 0.91 1.15 1.06 8.12
Gd 3.61 4.15 5.17 4.13 3.96 2.45 2.71 3.17 3.17 30.68
Tb 0.56 0.66 0.84 0.71 0.64 0.47 0.53 0.67 0.62 4.93
Dy 3.17 3.59 4.76 3.93 3.35 2.77 2.95 3.53 3.83 28.37
Ho 0.73 0.77 1.01 0.87 0.73 0.63 0.62 0.79 0.86 6.06
Er 1.97 2.25 3.11 2.51 2.13 1.94 1.94 2.47 2.55 18.53
Tm 0.25 0.28 0.37 0.29 0.25 0.23 0.25 0.29 0.31 2.31
Yb 1.7 1.92 2.68 1.96 1.88 1.77 1.77 2.19 2.35 16.01
Lu 0.23 0.29 0.39 0.29 0.27 0.23 0.25 0.31 0.34 2.39

Ž .3 Formation of specific secondary minerals is
partly controlled by the redox state, which is regu-
lated by the seawater to rock ratio. CeladoniterFe-
oxyhydroxide and Fe-oxyhydroxide form during
‘oxidative alteration’, whereas saponite forms during
‘non-oxidative alteration’. The final alteration prod-
ucts are also controlled by external factors such as
sedimentation rate, formation of a manganese crust,
or secondary mineral cementation which may deter-
mine redox state changes as alteration progresses.

Ž .4 The primary rock texture is an important
factor in determining the extent of alteration and
mineral paragenesis during alteration. Microcrys-
talline and glassy groundmass are more susceptible
to low-temperature alteration because of the lack of
well-developed crystal structure. Plagioclase and py-
roxene phenocrysts remained fresh in all studied
samples.

Ž .5 The amorphous secondary mixture cela-
doniterFe-oxyhydroxide is considered a variety of
palagonite with the stable secondary mineral end-
member celadonite, not smectite.
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