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10. ALTERATION OF UPPER OCEAN CRUST IN A RIDGE-FLANK HYDROTHERMAL UPFLOW

ZONE: MINERAL, CHEMICAL, AND ISOTOPIC CONSTRAINTS FROM HOLE 896A'!

Damon A.H. Teagle,* Jeffrey C. Alt.2 Wolfgang Bach,** Alex N. Halliday,> and Jorg Erzinger?

ABSTRACT

Hole 896A penetrates into the upper volcanic section of a ridge-flank hydrothermal upflow zone. Analyses of the secondary
mineralogy and chemistry, whole-rock geochemistry, and oxygen, carbon, and strontium isotope ratios of whole rocks and sec-
ondary minerals were conducted to constrain the chemical and thermal evolution of hydrothermal alteration and its effects on
the upper crust at Site 896,

Celadonite + Fe-oxyhydroxides are the earliest secondary minerals and formed at low temperatures. The crust was open to
free circulation of seawater, but solutions derived from deeper in the crust may have provided some of the Fe, Si, and alkalies
required for celadonite formation. Whole-rock chemical changes involved increased alkalies, and slight increases in H,0, Fe*/
Fe''#a §80, and *Sr/*Sr.

Subsequently, Fe-oxyhydroxides formed reddish alteration halos in the rocks in relatively young crust, where open circula-
tion of large volumes of seawater maintained oxidizing conditions and low temperatures. Whole-rock chemical changes are
characterized mainly by oxidation, but include increased H,O, alkalies, U, P, 8'%0, and ¥Sr/*Sr; local losses of S and possibly
Tl: and possible minor losses of Ca and Mg.

The next alteration stage was characterized by the pervasive formation of saponite in slightly older crust, where circulation
of seawater was more restricted, conditions were less oxidizing, and temperatures were probably higher though less than 100°—
150°C. Whole-rock chemical changes include increased Mg, H,0, 80, and ¥'Sr/%Sr; slight alkali increases; and local gains of
S and TI. Significant uptake of Mg by the upper crust occurred through the formation of saponite in veins and breccias. Four
saponites have ¥'Sr/*Sr = .70842-0.70875 indicating that fluids were partly evolved seawater, but one fibrous saponite has
¥ISe/*Sr = 0.704363, requiring localized, rock-dominated fluid compositions.

Calcium carbonates and zeolites were the last secondary phases to form. An early, lower temperature (26°-35°C) genera-
tion of carbonates, has low Mg, Fe, and Mn concentrations and high Sr contents. These carbonates formed from partly reacted
seawater that had decreased Mg/Ca ratios and contained 2.5%—-10% basaltic Sr (carbonate *'Sr/*Sr = 0.708775 = 0.000066
[26], N = 11). A second generation of carbonates formed at higher temperatures (47°—67°C), from seawater-derived fluids with
lowered Mg/Ca and Sr/Ca ratios and elevated Fe, and Mn concentrations. Trace-element chemistry of the high-temperature car-
bonates in general, and the lower ¥Sr/*Sr of rare high-temperature aragonites (0.7079-0.7084) suggest more restricted circula-
tion of seawater and reducing conditions. The higher temperature carbonates formed at temperatures consistent with the
present-day thermal regime at Site 896; a ridge-flank hydrothermal upflow zone with basement temperatures greater than 50°C.

All rocks from Hole 896A have interacted with seawater at low temperatures, and samples commonly record the integrated
legacy of superimposed alteration processes. The most intense chemical changes have occurred within hyaloclastite and frag-
mentation breccias that comprise at least 5% of the uppermost oceanic crust at Site 896.

The sequence of alteration processes present in Hole 896A is broadly similar to that recorded in the upper crust (above
=300 m sub-basement) of Hole 504B. which is located approximately 1 km to the northwest, in a zone of average regional heat
flow. The main differences between the material from Holes 896A and 504B is the greater abundance of carbonates, and hyalo-

clastite and fragmentation breccias, and the common occurrence of thick (=1 c¢m) saponite veins in the new hole.

INTRODUCTION

Following the suspension of drilling in Hole 504B on Ocean
Drilling Program (ODP) Leg 148, operations were moved 1o Site
896, approximately | km to the southeast (Alt, Kinoshita, Stokking,
et al., 1993). This site was previously occupied during Leg 111 (Site
678; Becker, Sakai et al., 1988). Hole 896A is located in the eastern
equatorial Pacific in 5.9-m.y.-old crust, approximately 202 km south
of the intermediate spreading rate (3.4 cm/yr half-rate) Costa Rica
Rift (Fig. 1). This second hole was drilled in such close proximity to
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the ocean crust reference hole at Site 504 to examine the local varia-
tion in basement lithostratigraphy and geochemistry, to evaluate the
spatial heterogeneity of magmatic and hydrothermal processes, and
to provide a potential site for future paired borehole seismic and elec-
trical resistivity experiments.

Hole 896A is situated on a bathymetric high that coincides with
the topographic high point of a tilted basement fault block and a local
heat flow maximum (Fig. 2: Langseth et al., 1988). Regional seismic
and heat-flow studies in the vicinity of Sites 504 and 896 (Langseth
et al., 1988) have documented the presence of seafloor heat-flow
anomalies, elongate east-west, subparallel to the trend of the Costa
Rica Rift. There is a positive correlation between areas of high heat
flow and both elevated bathymetry and basement topography with
basement troughs being zones of lower heat flow. Sediment pore wa-
ter profiles show that basement fluids well up at high heat-flow sites
(e.g.. Site 678/896) and that bottom seawater is being drawn into the
crust through the sediment blanket in zones of low heat flow (Fig. 2,
Site 677; Mottl, 1989). Hydrologic modeling of the heat-flow anom-
alies indicates that there is significant convection of low-temperature
hydrothermal fluids in the upper few hundred meters of the basaltic
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Figure 1. Location of DSDP Sites 501 and 505, DSDP/ODP Site 504, and ODP Site 896 south of the Costa Rica Rift in the castern equatorial Pacific (after

Hobart et al., 1985).

basement in this area (Fisher et al., 1990, 1994). This modeling also
reveals that basement topography and sediment thickness control
convection patterns in the basement. The position of Hole 896A at a
basement and heat-flow high in a zone of present-day fluid upwelling
provides a unique opportunity to contrast the styles of ridge-flank al-
teration and secondary mineral growth with the well-characterized
upper volcanic section of Hole 504B, which is sited in a zone of am-
bient heat flow,
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This paper documents the distribution of secondary minerals,
styles of alteration, and geochemical changes resulting from interac-
tions between seawater and basalt in Hole 896A. Descriptions, com-
positions, and isotopic (8'0, 8"*C, ¥’Sr/*Sr) data for the secondary
minerals encountered in Hole 896A are presented, as well as whole-
rock geochemical and isotopic (§'*0, ¥Sr/*Sr) analyses. From this
extensive chemical and isotopic database the chemical and physical
conditions and bulk chemical changes associated with processes oc-
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Figure 2. Location of Hole 896A, showing its position relative to Hole 504B
and other ODP sites. on a map of heat-flow contours, The lower diagram
shows cross section A-A” of the heat-flow data and the relative basement
topography as defined by a single-channel seismic section (adapted from
Langseth et al., 1988).

curring in the upper few hundred meters of ocean basement are as-
sessed.

SITE 896

Hole 896A penetrated to 469 m below seafloor (mbsf), through
179 m of sediment and 290 m of basement, with an average basement
recovery of 27.7%. The basaltic basement sampled comprises inter-
layered pillow lavas (57%), massive flows (38%), breccias (3%). and
two subvertical dikes (Fig. 3: Alt, Kinoshita, Stokking, et al., 1993).
Breccias were classified aboard the JOIDES Resolution into three
main types: hyaloclastite, pillow-margin breccias, and fragmentation
breccias (see Alt, Kinoshita, Stokking, et al., 1993; Harper et al., this
volume). Breccias comprise 5% of the core recovered from Hole
896A however, interpretation of Formation MicroScanner (FMS)
and geochemical logging tool (GLT) data recovered on Leg 148
(Brewer et al., 1994) suggests that breccias may make up almost 50%
of the volcanic stratigraphy penetrated by Hole 896A.

The basalts are predominantly cryptocrystalline to fine-grained,
sparsely to highly phyric plagioclase-olivine tholeiitic basalts. The
volcanic section has been divided into two sections, an upper region
of mainly plagioclase-olivine phyric pillow basalts (<390 mbsf) and
a lower section in which olivine is the dominant phenocryst phase
over plagioclase and where massive flows are more common (Alt,
Kinoshita, Stokking, et al., 1993). Variations in plagioclase and oliv-
ine phenocryst abundances indicate possible magmatic cyclicity with
depth and an overall downward trend of increasing phenocryst abun-
dance (Alt, Kinoshita, Stokking, et al., 1993).
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Figure 3. Lithostratigraphy of Hole 896A showing the relative proportions of
pillow lavas, massive flows, and breccias and the distribution of secondary
minerals with depth. The lavas above 390 mbsf are dominantly plagioclase-
olivine phyric. Below this level olivine is the dominant phenocryst. Second-
ary mineral occurrences are based on thin section, XRD, and electron micro-
probe studies. Phenocrysts: P-pattern = plagioclase dominant, otherwise
olivine dominant. Lithology: convex upward = pillows; v = massive unils;
squares = breccias; diagonal solid line = a mixture of pillow basalts and brec-
cias.

The chemical compositions of the basalts are strongly depleted,
moderately evolved mid-ocean ridge basalts (MORB) (Alt, Kinoshi-
ta, Stokking, et al., 1993). Immobile incompatible elements (e.g.,
TiO,, Zr, Y) show a slight increase with depth to approximately 340
mbsf, then a step to higher concentrations followed by a gradual de-
crease with depth. Two models have been proposed for the depleted
nature of the Costa Rica Rift basalts. The basalts have been interpret-
ed as either very primitive (Natland et al., 1983; Emmermann, 1985)
or the result of multistage melting of a normal MORB mantle source
followed by a moderate extent of crystal fractionation (Autio and
Rhodes, 1983: Kempton et al., 1985; Autio et al.. 1989). Preliminary
shipboard data from Hole 896A support the latter suggestion to some
extent, but the intercalation of highly depleted and less depleted lavas
in the lower part of the hole cannot be explained solely by multistage
melting (see Brewer et al., this volume; Fisk et al., this volume).

METHODS

The samples studied are representative of the various types of ma-
terial recovered from Hole 896A during Leg 148, and include least-
altered rocks as well as more intensely altered basalts and breccias.
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Secondary minerals were studied in transmitted and reflected
light, and identifications were aided by energy-dispersive X-ray anal-
yses and X-ray diffraction (XRD). Chemical compositions of second-
ary minerals were determined by electron microprobe (Cameca
CAMEBAX MBX-microbeam with four wavelength-dispersive
spectrometers, University of Michigan) using a 10-nA beam current
and 15-kV accelerating potential rastered over a 6 x 6 um area. Nat-
ural and synthetic mineral standards were used for calibration.

A selection of whole-rock samples, representative of the different
alteration types present in Hole 896A, were analyzed for their chem-
ical (major and trace elements) and isotopic compositions (8§'*0, ¥'Sr/
%8r). Zones of more intense alteration were separated from the less
altered gray host rock by sawing, where possible. Whole-rock sam-
ples were either ground in tungsten-carbide (University of Michigan)
or agate (Giessen). Major element oxides were analyzed at the Uni-
versitit Giessen by X-ray fluorescence (XRF) on sample disks fused
with lithium metaborate with a sample to flux ratio of 1:4. A Philips
PW 1400 computerized XRF spectrometer calibrated against interna-
tional reference standards and the Philips “alphas program™ were
used to calculate concentrations. Measurements of Cr, Ni, Cu. Zn,
Ga, Sr, Y, and Zr were conducted by XRF analysis of pressed-powder
pellets, using the rhodium Compton peak of the X-ray tube for matrix
corrections. Analytical reproducibility and detection limits for major
element oxides and trace elements are detailed in Bach et al. (this vol-
ume). Ferrous iron concentrations were determined by manganomet-
ric titration.

Rare earth elements (REE), Li, Sc, Rb, Nb, Cs. Hf, T1, Th, and U
were measured in selected samples by inductively coupled plasma
mass spectrometry (ICP-MS) using a VG Plasmaquad PQ2+ at GFZ-
Potsdam. Sample dissolution and instrumental conditions followed a
technique modified from that described by Garbe-Schionberg (1993)
(cf. Zuleger et al., this volume), Instrumental sensitivity and preci-
sion were checked against external standard solutions (Bach et al.,
this volume).

H,O contents were determined by coulometric Karl Fischer titra-
tion after thermal decomposition of the samples at 1200°C. Repeat
analyses indicate a reproducibility of better than 5%. Measurements
of CO, and sulfur content were performed on a LECO CS 225 CHS-
analyzer. Replicates suggest an analytical precision of better than
10%, but CO; contents less than 0.3 wt% should be treated as quali-
tative only.

Stable isotope measurements were made in the Stable Isotope
Laboratory at the University of Michigan. Oxygen was extracted
from whole-rock powders and from minerals separated from veins by
reaction with CIF; and converted to CO, gas using the techniques of
Clayton and Mayeda (1963). Oxygen isotope ratios were then ana-
lyzed on a Finnigan Delta-S mass spectrometer, Results are reported
as & notation relative to standard mean ocean water (SMOW; Craig,
1961), where 8"*0(%c) = 10* x {[("*0/"0), i — ("FO/"O)sp 10w I/(FO/
“O)smow }-

Repeated extractions and measurements of samples and standards
were reproducible within +0.2%.. CO, from secondary carbonates in
veins was liberated by dissolution in phosphoric acid, and carbon and
oxygen isotopic ratios were then measured on a Finnigan Delta-E
mass spectrometer. Data are reported as 8 notation relative to SMOW
and PeeDee Belemnite (PDB) for oxygen and carbon, respectively.

Strontium isotopic compositions and isotope-dilution rubidium
and strontium concentrations were determined by thermal ionization
mass spectrometry (TIMS) in the Radiogenic Isotope Geochemistry
Laboratory (RIGL) at the University of Michigan. Approximately 30
mg of powdered whole-rock sample underwent a standard HF-HNO,
dissolution before splitting into two aliquots for separate isotopic
composition (IC) measurement and Rb-Sr content determinations by
TIMS-isotope dilution (ID). The ID aliquot was spiked with an isoto-
pically enriched Rb-Sr solution. Samples were evaporated to incipi-
ent dryness, then taken up in 0.2 mL of 3M HNO, before loading on
fresh, cleaned Sr-Spec columns with a resin bed volume of =0.07 mL.
Major elements were eluted with | mL of 3M HNO, before collecting
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Srin | mL of H,0. Spiked solutions were treated in a similar fashion
though eluted with a lesser volume of 3M HNO, (=0.6 mL) in order
to retain some Rb in the Sr cut for TIMS-ID analysis. The acid wash
was saved for each sample and Rb separated by conventional cation
exchange resin techniques when necessary.

Strontium isotopic compositions (*’Sr/*Sr) were determined by
loading on single Re filaments with a TaCls solution and 5% phos-
phoric acid. Samples were analyzed on a V.G. Sector multiple collec-
tor mass spectrometer (“Big Norm™), using a 2.0 0.2 x 10°'" A ion
beam with at least 200 ratios collected in a multidynamic mode and
normalized to ¥Sr/*Sr = 0.1194. NIST SRM 987 yielded *'Sr/*Sr =
0.710246 + 0.000018 (20: N = 70) over the period of analysis (July
1993-August 1994).

Rubidium and strontium concentrations were determined by
TIMS-ID using single Re filaments and a similar loading technique,
with Rb analyzed at a low current (=1 A) preceding the Sr determina-
tion. Duplicates of Rb concentration were performed using conven-
tional cation exchange resin and run on Ta-Re triple filaments.
Results were in close agreement with the values using the Sr-Spec
method and single filament analysis. Full analytical procedural
blanks were < 50 pg for both Rb and Sr.

87Sr/%Sr and trace-element concentrations were measured for a
subset of the calcium carbonate samples for which O and C stable iso-
topic data are available. Carbonate samples analyzed for ¥Sr/*Sr
were ground in an agate mortar and pestle, sieved, and the fine sand
fraction picked by hand to yield 1-30 mg carbonate separates, esti-
mated visually to be better than 99% pure. These separates were then
leached in 10% acetic acid for >24 hr and any residue was separated
by centrifugation. The leachate was evaporated to incipient dryness,
and redissolved in HCI before being split 50:50 into aliquots for the
separate measurement of strontium isotopic compositions by the
method described above and for the determination of trace-element
concentrations by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES). Concentrations of Ca, Mg, Sr, Fe, and Mn were
determined simultaneously by ICP-AES using a Leeman Labs Plas-
ma-Spec I1I at the University of Michigan, following procedures de-
scribed by Carpenter et al. (1991).

Sample 148-896A-14R-2, 55-62 cm (Piece 7), comprises a mix-
ture of cloudy and clear, glassy, low-8'%0 calcite. Subsamples of the
two calcite habits were hand picked and analyzed along with a sam-
ple of the undisturbed mixture for #Sr/*Sr and trace-element con-
tents. The carbonate from Sample 148-896A-22R-1, 53-54 cm
(Piece 6), is intimately intergrown with saponite fibers that were not
possible to separate mechanically. This sample was leached in 10%
acetic acid for 24 hr, centrifuged, and the leachate analyzed for ¥Sr/
8Sr and trace-element concentrations. The dark green residue of sa-
ponite libers was rinsed twice with deionized water, to remove any
trace of acid and dissolved carbonate, before it was subjected to the
standard procedure for silicate dissolution and ¥'Sr/**Sr determina-
tion.

Saponite samples were hand picked to avoid contamination by
calcium carbonate and glass fragments, and then lightly ground in an
agate mortar and pestle. To remove trace carbonate before the
leachate was removed by centrifugation, 10-30 mg of the sample was
leached for >24 hr in 10% acetic acid. The residue was rinsed with
deionized water and centrifuged twice, before soaking for 24 hr in =3
mL of 1M NH,Cl, to remove any adsorbed cations. This leachate was
then removed after centrifugation and the residue rinsed twice. The
sample residue then underwent the standard HF-HNO, dissolution
procedure and column chemistry for ¥Sr/*Sr and Rb-Sr determina-
tions.

ALTERATION PETROGRAPHY

All rocks recovered from Hole 896A, except for small volumes of
pristine volcanic glass, display some degree of alteration. This alter-
ation is manifested by three main phenomena: the replacement of ig-



neous minerals, the filling of primary vugs and interstices by
secondary phases, and the presence of crosscutting veins and breccia
cements. The following sections describe and classify the types of
bulk rock alteration as well as the veins and breccias present in the
Hole 896A core.

Alteration of the Bulk Rock

Alteration types and abundances were logged and described in de-
tail aboard ship, using the terms “oxidative” or “nonoxidative” to de-
note the presence or absence, respectively, of a reddish color
imparted by secondary iron-oxyhydroxides (Fe[O,0H],) (see Alt, Ki-
noshita, Stokking, et al., 1993). This division of alteration types is not
supported by the whole-rock geochemistry (see later) or secondary
mineralogy. and a new classification system based on the secondary
mineral assemblages is given below.

1. Saponite is the essential secondary mineral in the dark gray
rocks, which are the most abundant alteration type and occur
throughout the core in both the pillow lavas and massive flows. Oli-
vine is partially to totally replaced by saponite + calcium carbonate;
these secondary minerals also fill primary pore space. Plagioclase is
partly replaced by saponite. Secondary pyrite is locally disseminated
in the groundmass or occurs with saponite filling vugs or after oliv-
ine. This type of alteration is sometimes referred to as the *“back-
ground alteration.”

2. Saponite + Fe(O.,0H), characterize the second most abundant
alteration type. The presence of Fe(O,0H), in these rocks imparts
reddish, yellow, or brown tints to the core. Different colored zones
occur in millimeter- to centimeter-wide halos along veins and frac-
tures, particularly within the massive units, though narrow brown dis-
colorations can be present at the boundary between cryptocrystalline
pillow interiors and glassy rims. Uncommonly. small pillow frag-
ments are pervasively altered by saponite + Fe(O,0H),. Iron-oxyhy-
droxides occur disseminated in the groundmass, within primary pore
space and in small veinlets. Olivine is partly to totally replaced, and
pore spaces are filled by saponite and mixtures of saponite +
Fe(O,0H), (the “iddingsite” of Alt, Kinoshita, Stokking. etal.. 1993),

3. Celadonite + saponite + Fe(O.0OH), define the third alteration
type. These rocks are identical to the saponite + Fe(O,0H), zones ex-
cept for the presence of celadonite. Celadonite replaces olivine and
fills pore space in millimeter- to centimeter-sized patches or bands
within the reddish colored rocks. Celadonite occurs either alone or in-
tergrown with Fe-oxyhydroxides. This type of alteration is generally
formed in the central portions of large red saponite + Fe(O,0H), ha-
los, and the rocks are red-black in hand specimen.

4. Celadonite + saponite characterize the fourth, least common,
alteration type. This type develops in millimeter- to centimeter-sized
patches or bands, generally within pillow lavas. These rocks are sim-
ilar to the dark gray saponite-bearing background zones, but they also
contain celadonite replacing olivine and filling vugs. Celadonite
commonly lines the walls of vesicles and vugs. with saponite filling
the center. This alteration correlates with the three occurrences of
“black halos™ recorded on Leg 148 (Alt. Kinoshita, Stokking, et al.,
1993). The celadonite + saponite-bearing zones appear to have
formed as halos around fractures or veins.

Veins

Veins are extremely common throughout Hole 896A. The most
abundant vein types, in order of decreasing abundance, are green
smectite, green smectite + carbonate, smectite + Fe(O,0H),. smectite
+ Fe(O,0H), + carbonate, and carbonate alone (Alt, Kinoshita, Stok-
king, etal., 1993). The XRD and electron probe analyses indicate that
all smectite veins are saponite. Vein widths vary from 0.1 to 2 mm
(mean = | mm), though spectacular, thick (up to 8 mm) green sapo-
nite + carbonate veins are commonly observed within the pillow la-
vas. The saponite within these veins has either a vermicular/
spherulitic or fibrous texture. Some saponite veins are colored brown
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or reddish, owing to the presence of Fe-oxyhydroxides. Centimeter-
wide Fe(O,0H),-rich halos are common around saponite +
Fe(O,0H), veins and in many examples, these halos are distinctly
cuspate.

Carbonate veins are abundant in the upper part of the hole, from
179 to 300 mbsf, and between 390 and 415 mbsf (Fig. 3). These veins
comprise either calcite or aragonite, though a mixed carbonate min-
eralogy is commonly present. The veins range from submillimeter to
4 mm in width and both calcite and aragonite may exhibit fibrous,
prismatic, or blocky habits. Carbonates can occur alone, at the middle
of saponite veins, or intergrown with saponite, and rarely with pyrite.
Fibrous or prismatic carbonate commonly occurs with fibrous sapo-
nite in veins; otherwise, the carbonate appears to postdate saponite in
many cases. Rarely, the middle of a fibrous saponite vein is partially
filled by carbonate. In these areas. single fibers or clusters of fibers
have carbonate cores but saponite tips at the vein margins. Where
veins cut across reddish alteration halos, the vein composition ap-
pears influenced by the type of the bulk-rock alteration: veins that
propagate from zones of saponite only to saponite + Fe(O,0H), alter-
ation are commonly filled with carbonate in the saponitic area and sa-
ponite + Fe(O,0H), in the Fe-oxyhydroxide-rich region.

Fine (<0.5 mm) phillipsite veins are common. These appear to be
relatively late stage, and cut across or occur at the center of saponite
veins. Celadonite is uncommonly present in veins that are generally
extremely fine (=0.1 mm). In two examples, celadonite lines the
walls of saponite veins, while in another occurrence it forms a band
that postdates saponite lining the walls of the vein and. in turn pre-
dates saponite filling the center of the vein.

Breccias

The cements of pillow-margin and fragmentation breccias are
most commonly composed of green saponite and highly comminuted
fragments of host rock, though subordinate Fe(O,0OH), and/or car-
bonate may be present. Clasts of host rock can contain Type 1, 2, or
3 alteration assemblages, but clasts within two fragmentation brec-
cias (Samples 148-896A-23R-1, 24-28 cm, Piece 3, and 28R-1, 97-
100 cm, Piece 18) also contain minor secondary potassic feldspar re-
placing plagioclase phenocrysts. Hyaloclastite breccias consist of
clasts of cryptocrystalline or glassy basalt cemented by saponite, cal-
cium carbonate, local celadonite, phillipsite, and minor other zeolites
(analcite and natrolite). Volcanic glass is partly to totally altered to
saponitic smectite plus local phillipsite, celadonite and, natrolite.

SECONDARY MINERALOGY

Figure 3 is a compilation of shipboard and new shore-based data
based on thin section, hand specimen, and XRD studies and shows
the distribution of secondary minerals with depth in Hole 896A. A
lithologic section summarizing the igneous rock types is also present-
ed in Figure 3. There is minimal variation in the occurrence and abun-
dance of secondary minerals with depth and all four alteration types
are distributed throughout the core. Whether the host rocks are pillow
lavas or massive flows appears to have greater control on the occur-
rence of alteration minerals than the primary chemistry of the mag-
mas or the type and abundance of phenocrysts present (Fig. 3).
Brightly colored, Fe(O.0OH),-rich red halos are more commonly de-
veloped in the massive flows and carbonates and smectite are more
abundant in the pillow lavas and associated hyaloclastic and pillow
margin breccias (see fig. 34, p. 144, Alt, Kinoshita, Stokking, et al.,
1993).

As logged aboard ship, “green smectite” is the most abundant sec-
ondary mineral in Hole 896A and is ubiquitously present in veins and
filling vugs, and as a breccia cement throughout the core. This min-
eral appears a pale brown color in thin section and has been identified
by XRD and electron microprobe analyses to be saponile, a triocta-
hedral Mg-smectite (Table 1; Figs. 4, 5). The saponite in Hole 896A
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Table 1. Representative electron microprobe analyses of saponite from Hole 896A.

Core, section: 2R-122 2R-122 2R-122 3R-117  3R-117 4R-11 4R-11 1IR-17 1IR-17 17R-34 27R-11 27R-11 29R-1
Interval (cm): 101-108  101-108 101-108 135-139  |35-139 5-8 5-8 64-T1 64-71 45-47 4-12 4-12 10-14
Piece no.: 22 22 22 17 17 1 '} W 4 | | 2
Spot: 1:1 1:3 EH 4:1 4:2 1:2 1:3 1:1 32 4:2 1:2 2:3 5:1
Occurrence: Vein Vein After Vein Vein Vein Vein Fibrous Vug Vug Breccia Breccia Vug
olivine vein vug vug
Si0. 46,97 4281 43.26 47.07 45.73 4642 44.40 45.53 4523 47.27 43.85 4231 44.96
TiO, 0.05 0.02 0.02 0.01 0,02 0.03 (.01 (.03 0.02 0.00 0.01 0.02 0.12
ALO, .10 6.53 6.34 525 5.30 6.77 5.14 6.13 526 4.64 7.76 7.62 6.57
FeO 8.39 9.67 10.39 819 8.98 10,20 1114 10,93 10.47 10.14 8.17 8.57 10.04
MnO 0.13 0.10 0.22 0.17 0.19 0.09 0.19 0.18 0.16 0.04 0.12 0.05 0.06
MgO 23.87 22.62 22.30 2354 23.42 24.60 21.45 2242 21.90 23.24 2343 22.09 2147
CaO 1.38 1.37 110 1.02 1.08 1.78 1.53 1.99 0.71 0.77 2.07 2.37 1.51
Na.0 0.09 0.0 (13 015 018 0.07 0.04 (L08R (.07 0.19 0.12 0.049 0.12
KO 0.12 0.05 0.17 0.20 0,24 0.05 0.09 0.08 0.1 0.15 0.07 0.09 0.08
Taotal 86.09 83.26 8393 85.61 85.14 90.01 83.98 87.37 8303 86,44 85.60 §3.20 84.93
Cations
Tetrahedral
Si 3.506 3348 3.368 3.525 3471 3.356 3462 3.409 3498 3.537 331 3.303 3436
Al (1Y) 0,448 0.602 (0.582 0.463 0.474 0.577 0.472 0.541 0480 0.409 0.689 0.697 0.564
Fa'
Sum (IV) 3.954 3.950 3.950 3988 3.945 3933 3934 3.950 3.978 3.946 4.000 4.000 4,000
Octahedral
T 0,003 0.001 0,001 0.001 CLOOT 0.002 0.001 0.002 0.001 0.000 0.001 0.001 0.007
Al (VI 0.001 0.003 0.027
Fe* 0.524 0.632 0.676 0513 0.570 0.617 0.727 0.684 0.677 0.635 0.516 0.560 0.642
Mn** (L0008 (.007 (.014 0011 (012 0.005 0.012 0011 0.010 0.002 0.008 0.003 0.004
Mg 2.656 2.636 2.588 2,627 2.650 2652 2493 2,503 2.525 2.593 2.638 2.570 2446
Sum (V1) 3.190 3.277 3.280 3.152 3233 3.275 3232 3.200 3.213 3.230 3163 3.137 3.125
Interlayer
b 00l 0114 0,092 0,082 (LO8E 0,138 0.128 0.159 0.059 0.061 0.168 0.198 0.123
Na 0.013 0.015 0.020 0.022 0.026 0.010 0.006 0.012 0.010 0.027 0.017 0.014 0.018
K 0.011 0.005 0.017 0019 0.023 0.005 (0.009 0.008 0011 0.014 0.007 0.009 0.008
Interlayer total 0.135 0.134 0.129 0.123 0.137 0,153 0.142 0.179 0.080 0.103 0.192 0.220 0.149
Fe*/(Fe* + Mg) 0165 0.194 0.207 0163 0.177 0.189 0.226 0.215 0.211 0.197 0.164 0.179 0.208

Note: Structural formulas caleulated on the basis of O, (OH).. lron assumed to be Fe® in all analyses.

is magnesium-rich with Fe/(Fe + Mg) = 0.13-0.24 (Fig. 4). There are
no apparent chemical differences in saponites from different modes
of occurrence or crystal habits (e.g.. fibrous or vermicular), and anal-
yses from each sample tend to plot in tight clusters. Al contents are
low (<0.6 atoms per formula O, |OH],), and higher values associated
with pillow margin breccias may indicate the presence of partially sa-
ponitized glass. Ca is the dominant interlayer cation, though K can
also be significant in samples that also contain celadonite. All the sa-
ponites analyzed have high octahedral totals (2.9-3.3), which may re-
sult from the presence of Mg in interlayer positions. Talc may also be
present, but in abundances too minor to be detected by microprobe or
routine XRD analysis.

Celadonite in Hole 896A is generally green in thin section, though
it can display red-brownish tints in Fe(O,0H) -rich samples. Analy-
ses are consistent within each sample but a range of compositions is
exhibited from near end-member celadonite. with high K and low tet-
rahedral Al, to glauconite, which has higher Al and to mixed layers
or mixtures of celadonite or glauconite with smectite (Table 2: Fig.
5). The celadonites are iron rich (Fe/[Fe + Mg] = 0.61-0.76) and ex-
hibit trends to higher Mg contents within increasing octahedral cat-
ions and decreasing K (Fig. 4). which indicates that the mixed
compositions are combinations of celadonite and saponite (trioctahe-
dral Mg-smectite), rather than celadonite-nontronite (dioctahedral
ferric-smectite) mixtures. The trend between K and Fe/(Fe + Mg)
also indicates that the mixed layers are not merely the result of the ad-
dition of Fe-oxyhydroxide to celadonite, although this process does
oceur to a lesser extent in some occurrences. Octahedral cation totals
in celadonite increase from 2 up to 2.4, which indicates a significant
proportion of divalent cations in this site. Whether these intermediate
compositions are mixed layers or physical mixtures of superimposed
celadonite and saponite in submicroscopic intergrowths is presently
unconstrained, and further detailed XRD and probably transmission
electron microscopy (TEM) work is required to resolve this issue.

Chlorite, exhibiting bluish-green pleochroism and anomalous in-
terference tints, occurs in some of the coarser grained portions of
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some massive units (Fig. 3) and its presence has been confirmed by
XRD (Dilek et al., this volume). Chlorite fills primary pore space and
replaces interstitial material, and although chemical compositions are
unavailable, it is identical in mode of occurrence and optical proper-
ties to chlorite identified in massive basalts from Deep Sea Drilling
Project (DSDP) Site 417 (Altand Honnorez, 1984). In rocks in which
saponite or celadonite are also present, chlorite is the earliest second-
ary phase to have formed, probably during the initial cooling of mas-
sive flows soon after eruption (Alt and Honnorez, 1984),

When observed in hand specimen and thin section, occurrences of
calcium carbonate were not recorded as aragonite or calcite unless
identified by XRD (Fig. 3). Both aragonite and calcite can occur in
fibrous. blocky. or prismatic habits, and either aragonite, calcite, or
mixtures of these minerals can be present as veins and breccia ce-
ments. Chemical and isotopic compositions of carbonates from Hole
896A are discussed later in this chapter.

Phillipsite is present both as veins and replacing volcanic glass,
commonly as fine veinlets between zones of vitreous and saponitized
glass. Fe-oxyhydroxides, natrolite, and analcite were identified in
hand specimen and optically in thin section, but microprobe analyses
of these phases were not conducted. One spectacular zeolite-filled
vug was recovered in Sample 148-896A-27R-3, 10-16 c¢m (Piece 2).
This vug, approximately 5 cm in diameter, comprises euhedral anal-
cite icositetrahedra and fibroradial natrolite (see fig. 36, p. 146, Alt,
Kinoshita, Stokking, et al., 1993). The *’Sr/*Sr of these phases are
presented in a following section. K-feldspar was identified optically
and confirmed by energy dispersive (EDS) microprobe analysis in
two breccia samples (at 393 and 444 mbsf), where it partly replaces
plagioclase phenocrysts.

WHOLE-ROCK GEOCHEMISTRY

The assessment of the changes in bulk-rock compositions that re-
sult from interactions between seawater and basalt is important for
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Figure 4. Compositions of secondary phyllosilicates from Hole 896A plotted
vs. Fe/(Fe + Mg). Units are moles per O,,(OH), of calculated structural for-
mulas in Tables | and 2. Squares = saponite; triangles = celadonite. The
saponite and celadonite have distinct Fe:Mg ratios, although celadonites
delineate a trend towards saponite. which indicates the presence of saponite/
celadonite mixtures. The total Al of saponite exhibits an elongate trend
toward altered glass with high Al contents.

several reasons: (1) to decipher magmatic processes obscured by al-
teration: (2) to constrain geochemical budgets associated with sea-
floor weathering and hydrothermal alteration; and (3) to assess the
changes in weathering and alteration processes with the temporal and
thermal evolution of the ocean basement.

Eighty-four whole-rock samples from Hole 896A have been ana-
lyzed for major oxide. trace-clement and volatile contents (Table 3).
Each of these samples have been classified into one of the alteration
types previously described. These new data were combined with the
shipboard XRF analyses. which were also classified by alteration
type using the shipboard thin section descriptions (Alt, Kinoshita,
Stokking, et al., 1993). There is generally good agreement between
the shipboard whole-rock analyses (Nottingham) and the new data
presented here. Slight systematic shifts to higher Zr and lower Y con-
centrations exist in the new data compared with the shipboard analy-

ALTERATION OF UPPER OCEAN CRUST, HOLE 896A

0.8
0.7
0.6
— 05 Glauconite
<= Saponite
o []
0.4
§ - Q}OO o A %
o3 2 %
= - Mixed |,
’ layer 73
0.1 Celadonite
R —
0.0 0.2 0.4 06 08 1.0
Interlayer K
10§ Celadonite
I (Buckley et al., 1978)
84

Hole B96A "celadonite”

K50 (wi%)
o

1 Saponite
1 -
[ SRR T .
20 24 28 32 36

Octahedral total

Figure 5. Upper plot shows tetrahedral Al vs. interlayer K* contents from
structural formulas of secondary phyllosilicates (moles per O,[OH1,). Solid
squares = saponite; open symbols = celadonite. Different symbols show
range within a particular sample. Lower plot shows K,O (wt%) vs. octahe-
dral occupancy (same symbols). Celadonites from Hole 896A fall along a
trend from pure celadonite (Buckley et al.. 1978) to saponite, suggesting the
presence of mixtures of celadonite and saponite.

ses, but these offsets are minor and have been ignored for the
purposes of this paper (see Bach et al., this volume). Shipboard XRF
analyses of Rb, Pb, Nb, and REE were not used in this paper because
the reported concentrations are at or below the level of reliable quan-
tification for this technique.

Basaltic Glass Compositions

In order to constrain absolute changes in chemical composition
caused by alteration or mineralization processes, a detailed knowl-
edge of the chemistry of the protolith is required. Obtaining this in-
formation is particularly difficult in magmatic complexes that show
significant igneous differentiation as one must separate the combined
effects of magmatic processes from alteration. Methods have been
developed to assess the mass changes in altered igneous series (e.g.,
MacLean, 1990; Bednarz and Schmincke, 1989), however, a quanti-
tative approach is beyond the scope of this paper and only a qualita-
tive description of the changes associated with seafloor alteration in
Hole 896A arc presented.

An extensive database of microprobe analyses of fresh glass from
Hole 896A has been compiled by Fisk et al. (this volume), and the
data are plotted vs. depth as the shaded areas in Figure 6A. Glasses
are present only in the pillow lavas and hence there is a paucity of
data from some intervals in the core, particularly from 370 to 410
mbsf, where massive units are common. Glass analyses define a dis-
tinctive trend of igneous fractionation with depth, with increasing
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Table 2. Representative electron microprobe analyses of celadonite from Hole 896A.

Core, section: 2R-1 2R-1 3R-1 3R-1 3R-1 17R-3 I7R-3 17R-3 29R-1 29R-1 29R-1 29R-1 29R-1
Interval (cm); 101-108  101-108  135-139  135-139 135-139 45-47 4547 4547 10-14 10-14 10-14 10-14 10-14
Piece no.: 22 22 17 17 17 4 4 4 2 2 % 2 2
Spot: 4:1 4:2 1:3 2:1 2:3 1:2 1:3 2:1 1:1 2:1 2:2 2:3 33
Occurrence: Vug Vug Vug Vug Vug, After After After Euhedral Hexagonal Hexagonal — Small Euhedral
= reddish olivine olivine olivine vug vug vug vug vug
Si0, 45.25 46.27 4540 44.28 42.25 48.26 48.80 49.55 49,40 49.58 49.21 48.18 48.72
TiO), 0.03 0.01 0.03 0.00 0.02 0.22 0.06 0.03 0.06 0.08 0.10 0.19 0.25
AlLO, 4.69 4407 4.61 3.80 3.29 354 303 1.98 391 4.02 4.61 4.81 5.41
Fe,0, 28.05 28.25 27.53 29,94 33.25 28.72 2849 29.27 26,61 27.00 26.27 27.34 26.34
MnO 0.09 0.08 0.16 0.15 0.17 0.02 0.02 0.02 0.04 0.04 0.02 0.04 0.05
MgO 1.23 6.74 8.75 8.40 7.70 452 472 5.09 491 4.66 4.64 435 4.45
Ca0 117 1.15 1.20 1.02 1.02 0.63 0.61 0.50 0.50 0.53 0.54 0.66 0.64
Na.O 0.15 013 0.15 0.06 0.12 0.15 0.12 011 010 0.10 0.09 0.13 0.10
K.O 4.449 510 360 313 3.32 6,77 6.83 7.13 7.83 7.73 7.72 7.68 7.43
Total 91.14 91.81 91.42 90.78 oL 15 92.83 92.68 93.67 93.35 93.72 93.19 93.38 93.39
Cations
Tetrahedral
Sit 3419 3.477 3.398 3.362 3.253 3.601 3.642 3.671 3.651 3.650 3.636 3.574 3.589
Al (IV) 0417 0.361 0.406 0.340 0.299 0.311 0.267 0.172 0.340 0.349 0.364 0.421 0411
Fe* 0.164 0.162 0.195 0.298 0.448 0.088 0.091 0.156 0.008 0.001 0.005
Sum (1V) 4.000 4.000 4.000 +.000 +.000 +.000 4.000 4.000 4.000 4.000 4.000 4.000 4,000
Octahedral
Ti* 0.002 0.001 0.002 0.000 0.001 0.012 0.004 0.002 0.003 0.004 0.005 0.011 0.014
Al (V1) 0.037 0.059
Fe' 1.430 1.436 1.355 1.413 1.479 1.525 1.509 1.475 1.472 1.494 1.460 1.521 1.461
Mn* 0.006 0.005 0.010 0.010 0.011 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.003
Mg 0814 0.755 0.977 0.950 0.884 0.503 0.525 0.562 0.541 0.511 0511 0.481 0.489
Sum (V1) 2.252 2.197 2343 2373 2.376 2.041 2,039 2.040 2.019 2012 2015 2.016 2.025
Interlayer
Ca™ 0.095 0.092 0.096 0.083 0.084 0.051 0.049 0.040 0.040 0.042 0.043 0.053 0.051
Na 0,022 0.019 0.022 0.009 0.018 0.021 0.017 0.016 0.014 0.014 0.013 0.019 0.015
K* 0.432 0.489 0.344 0.303 0.326 0.644 0.630 0.673 0.738 0.726 0.727 0.727 0.698
Interlayer total 0.549 0.600 0.461 0.396 0.428 0716 0.716 0.729 0.792 0.781 0.783 0.799 0.763
Fe*{(Fe™ + Mg) 0.662 0.679 0.614 0.643 0.686 0.762 0.753 0.744 0.732 0.745 0.741 0.760 0.749

Note: Structural formulas calculated on the basis of O, (OH).. lron assumed to be Fe™ in all analyses.

Si0,, TiO,, FeO* (total iron as FeO) and Na,O and decreasing Al,O,
and MgO to =420 mbsf (the base of massive Unit 36). A sharp step
to lower and then higher TiO, concentrations near the bottom of the
hole may indicate the beginning of another, deeper magma fraction-
ation sequence.

Glass data are plotted vs. TiO, as a measure of igneous fraction-
ation in Figure 7. Major element concentrations display magmatic
differentiation trends typical of basaltic melts (i.e.. increasing SiO,,
FeO*, and Na,O and decreasing Mg# (= atomic ratio of 100 x Mg/
[Mg + Fe*]), Al,O;, MgO, and CaO with increasing TiO,).

Major Element Oxides

Major element oxide concentrations for whole-rock samples are
plotted vs. depth in Figure 6A and vs. TiO, in Figure 7. These figures
illustrate some significant differences between glass and whole-rock
compositions. Analyses of glass record quenched liquid composi-
tions, but the whole-rock samples include both the liquid and pheno-
cryst phases accumulated in the magma. Basalts from Hole 896A
contain an average of =10% phenocrysis: mostly 4%—12% plagio-
clase and <4% olivine, with <0.5% clinopyroxene phenocrysts
present below 350 mbsf (Alt, Kinoshita, Stokking, et al., 1993). Pre-
liminary modeling indicates that the major differences between glass
and whole-rock compositions in Figures 6A and 7 are explained by
the accumulation of plagioclase and olivine in the magmas. SiO,,
FeO*, TiO,, and MgO contents of the glasses decrease and Al,O,
contents increase with phenocryst accumulation to coincide roughly
with the whole-rock data. CaO contents of the glasses also increase
slightly and Na,O contents decrease slightly, but the glass and whole-
rock data sets for these elements still overlap significantly. K,O and
P,O; contents of the glasses decrease by insignificant amounts
through accumulation of phenocrysts.

Loss on ignition (LOI) and Fe oxidation ratio (Fe'*/Fe'™") are
plotted vs. depth on Figure 6A as convenient measures of alteration,
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and Mg# is plotted as an indicator of magmatic differentiation. Al-
most all samples are hydrated and oxidized relative to primary
MORB magmas. LOIs range from 0% up to 3.45 wi% for the breccia
Sample 148-896A-23R-1, 24-28 cm (Piece 3), values which are ele-
vated significantly above the expected water contents of fresh MORB
for these Mg# (0.1-0.2 wt%; Michael, 1988: Dixon et al., 1988). All
samples are oxidized relative to MORB glass (Fe**/Fe™=().12; Pu-
chelt and Emmermann, 1983), although there is not a clear distinction
between the alteration types. Celadonite and Fe(O,0H),-bearing
samples generally have higher Fe**/Fe™ ratios, but some Type |
(saponite only) samples are also highly oxidized. There is a slight de-
crease in average Fe'*/Fe™ ratio with depth, but a wide range of
values exists to the bottom of the hole (Fig. 6A).

K,0 is clearly enriched in whole-rock samples, and the larger
range of whole-rock concentrations for many elements relative to the
glass data may be caused by alteration. P,Os displays little systematic
change with depth, though a couple of samples are strongly enriched
in phosphorous, which is most likely the result of adsorption of phos-
phates onto Fe-oxyhydroxides (e.g., Mills et al., 1994).

Only one breccia was analyzed. Sample 148-896A-23R-1, 24-28
cm (Piece 3). comprises clasts of brecciated fine-grained, massive ba-
salt altered to saponite, Fe(O,0H),, and minor K-feldspar in a matrix
of saponite + Fe(O,0OH),. This sample is highly altered and the matrix
makes up about 40% of the sample. This breccia displays profound
geochemical changes in comparison to fresh glass. It is strongly en-
riched in Na,O, K,O0, Al,O;, and MgO; depleted in SiO,: and strongly
depleted in CaO. Total Fe is unchanged and the MgO enrichment is
reflected in a relatively high Mg#, The compositional changes to this
breccia are much greater than other whole-rock samples, which sug-
gests that analyses of further breccias are required for a comprehen-
sive assessment of chemical change in the oceanic crust.

The compositional changes in the whole-rock samples are far
greater that would be expected were they merely due to the hydration
of basalt. In Figure 8A, major element oxides are plotted vs. LOI,



ALTERATION OF UPPER OCEAN CRUST, HOLE 896A

Table 3. Major, trace, and rare earth element analyses of whole-rock samples from Hole 896A.

Core, section: IR-1 1R-1 2R-1 2R-1 3R-1 3R-1 IR-1 4R-1 4R-1
Interval (cm): 14-18 3640 50-55 58-63 61-63 135-139 141-143 57-62 106112
Piece no.: 4 8 1 13 8 17 17 9 17
Rock type: P P P P P P P P
Description: Black halo + brown Brown Gray Brown Brown-gray Red Gray Gray-brown Brown
Alteration assemblage: Cel + Sap + Cel + Sap + Sap Sap + Sap + Cel + Sap + Sap + Cel + Sap+  Cel + Sap
Fe(0.0H), Fe(0.0H), Fe(O,0H),  Fe(O.0H), Fe(Q.0H), Fe(0,0H), Fe(O,0H),
Other secondary minerals: COy COy CO4
Alteration type: 3 3 | 2 2 3 2 3 4
Unit: I 3 7 7 8 9 9 9 10
Depth (mbsf): 195.24 195.46 201.40 201.48 21051 211.25 211.31 21947 219.96
Major elements (wi%):
Si0, 48.66 49.85 49.05 47.98 49.42 48.19 49.39 48.97 4745
TiO, 0.75 0.76 0.76 0.78 0.73 0.70 0.70 0.75 0.75
ALO, 17.95 18.23 18.51 19.09 18.01 16.99 16.97 17.73 17.43
Fe,0,* 9.05 B.06 7.91 10.23 8,42 9.75 9.36 8.82 10.92
Fe,0, 4.82 315 3.53 7.01 343 4.60 3.60 3.88 6.13
FeO) 3.80 442 3.94 2.90 4.49 4.63 5.18 4.44 4.31
MnO 0.13 0.12 0.13 0.13 0.15 0.18 0.18 0.16 0.17
MgO 7.30 6.85 7.04 6.53 7.34 7.84 7.65 7.53 6.75
CaO 13.42 12.76 13.06 11.51 13.16 13.18 13.47 13.28 13.28
Na,O 1.98 2.10 2.08 2.29 1.99 1.80 1.79 1.96 1.91
K.O0 0.10 0.32 0.07 0.24 0.08 0.07 0.02 0.07 0.15
PO 0.10 0.04 0.06 0.09 0,05 0.05 0.05 0.06 0.21
H.O 1.35 .14 1.36 2,29 1.33 1.49 1.26 1.28 1.75
CO. 0.17 0.20 0.17 0.30 0.21
LOI .52 1.14 1.36 249 1.33 1.66 1.56 1.28 1.96
Total 100.93 100.22 100.00 101.34 100.68 100.40 101.13 100.58 100.96
Mgit 62 63 64 56 63 6l 62 63 55
FeM/Femah 0.53 0.39 0.45 0.68 0.1 047 0.38 0.44 0.56
Trace elements (ppm):
Li 10.23 574
5 421 984
Se 42 43
Cr 400 432 434 465 423 404 400 419 418
Ni 121 159 171 115 175 160 174 164 120
Cu 86 105 93 107 100 95 102 85 79
Zn 62 60 66 65 62 63 6l 66 66
Ga 15 14 15 15 14 14 14 15 14
Rb 1.70 2 1 0 2 1.26 0.41 2 2
Sr 75 75 15 85 73 67 87 72 74
Y 27 20 23 28 20 23 24 22 21
Zr 39 38 37 41 6 37 37 37 39
Nb 0.21 0.21
Cs 0.09 0.02
La 0.75 0.79
Ce 3.06 3.5
Nd 3.83 3.93
Sm 1.64 1.66
Eu 0.68 0.61
Gd 249 2.53
Th 0.49 0.51
Dy 3.60 3.72
Ho 0.77 0.80
Er 245 2.54
Tm 0.36 0.38
Yb 2,52 2.61
Lu 0.37 0.38
Hf 1.07 1.04
Tl 0.04 0.32
Th 0.02 0.02
u 0.04 0.01

along with lines that represent the dilution effect of simple hydration
of arbitrary starting concentrations (LOI = 0.2 wt%) of particular ox-
ides. A number of samples with low losses (or gains) on ignition may
represent the least altered rocks from Hole 896A. These samples have
anomalous physical and magnetic properties (see Alt, Kinoshita,
Stokking, et al., 1993; H. Worm, pers. comm., 1994) including high
sonic velocities and “fresh-basalt-like” magnetic behavior when
heated.

Many elements exhibit enrichment or depletion trends with in-
creasing LOI that deviate significantly from the dilution lines (see
Fig. 8A). TiO, is generally considered to be an immobile element
during low-temperature alteration processes (e.g., Pearce and Cann,
1973). TiO, concentrations fall into two groupings (Fig. 8A), follow-
ing the igneous trends exhibited by glasses in Figure 7, with lower
TiO, contents falling at higher losses on ignition. Trends of increas-
ing SiO, and decreasing Al,O; and CaO with decreasing LOI (and
generally increasing TiO,) in Figure 8A are consistent with the dif-
ferentiation of liquids and lower proportions of accumulated plagio-

clase and olivine phenocrysts. These trends also indicate that rocks of
more primitive compositions have higher LOI and are hence more al-
tered than rocks with more evolved compositions. Similarly, MgO
contents decrease with increasing LOI, which is consistent with the
accumulation of plagioclase phenocrysts in the rocks and with more
intense alteration of rocks of more primitive compositions. But some
loss of Mg may have occurred during alteration of the rocks as well
(Bohlke et al., 1981; Alt and Honnorez, 1984; Alt, in press). Other
trends in Figure 8A confirm the K,O and P,Os gains apparent in Fig-
ure 6A, and suggest the addition of Na,O to and the loss of MnO from
these rocks.

Total iron (FeO*) exhibits increasing scatter with increasing LOI
(Fig. 8A). Mg# does not display any consistent trend with LOI and
most analyses fall within the range displayed by fresh glass (Fig. 8B).
There is a strong trend of increasing Fe*/Fe ™" with LOI, however,
and ferrous and ferric iron display trends of decreasing and increasing
concentrations, respectively, with LOI These trends project back to-
ward the expected primary concentrations (for Fe**/Fe™ = 0.12)
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Table 3 (continued).

Core, section: 5R-2 S5R-2 5R-3 SR-3 6R-1 6R-1 6R-3 8R-1 8R-1 9R-1 9R-1
Interval (cm): 17-20 69-T72 35-39 35-39  70-72 120-124 BO-86 64-72 98-106 4449 130-135
Piece no.: 1 2 5 5 8 13 14 14 20 7 25
Rock type: P P M M P P P P [ P P
Description: Gray Brown Red Gray Gray Gray Gray Brown Brown Brown Brown
Alteration assemblage: Sap  Cel + Sap + Sap + Sap Sap Cel + Sap + Sap + Cel + Sap+  Cel + Sap+ Sap + Sap +
FelO.0H), Fe(O.0H), Fe(O.0H), Fe(0.0H), Fe(Q.0H), Fe(O,0H), Fe(O,0H), Fe(0,0H),

Other secondary minerals: Chlorite Phillipsite
Alteration type: | 3 2 | | 3 2 3 ¥ 2 2
Unit: 10 10 11 11 12 12 13 14 14 14 14
Depth (mbsf): 22949 230.01 23113 231,13 238.60 239.10 241.58 257.74 258.08 267.14 268.00
Major elements (wit%):

Si0, 48,93 48.43 48.93 48.59 48.59 48.63 47.46 48.42 48.64 48.73

TiO, 0.76 0.74 0.75 0.74 0.75 0.78 0.78 0.77 0.75 0.76

AlLO, 17.36 17.22 16.96 17.04 17.00 16.69 18.06 17.62 17.42 16.57

Fe.O, 932 9.21 977 9.08 9.32 9.65 9.97 8.84 9.31 977

Fe,0, 3.67 3.59 4.20 210 3.87 3.83 591 397 3.98 4.26

FeO 5.08 5.06 5.01 6.28 4.90 5.23 3.65 438 4.79 4.96

MnO 0.18 0.17 0.16 0.16 0.18 0.17 0.13 15 0.15 0.16

MgO 741 7.80 7.88 8.74 8.90 7.56 7.32 8.25 6.99 8.33

CaO 13.44 13.14 13.24 12.17 12.47 13.28 12.20 12.46 13.38 12.16

Nua.0O 1.87 1.86 1.89 1.80 1.82 1.87 2.05 1.93 1.92 1.94

K.0 0.06 0.09 0.03 0.09 0.10 0.06 0.18 0.10 0.06 0.12

P.O, 0.05 0.06 0.05 0.05 0.07 0.05 0.20 0.06 0.05 0.07

H.O 1.25 144 1.12 1.28 1.22 2.05 1.35 1.97 1.59 1.37 1.85

O, 0.16 0.22 0.20 0.29 0.17

LOI 1.25 1.44 1.28 1.50 1.22 2.25 1.35 2.26 1.59 1.37 2.02

Total 100.61 100,14 100,92 99.66 101.45 100.07 100.59 100,18 100.02 100.62

Mg# 61 63 62 66 65 6l 59 65 60 63

Fe*/Femst 0.39 0.39 043 0.23 0.42 0.40 0.59 0.45 0.43 0.44
Trace elements (ppm):

Li 11.28

S 136

Se 46

Cr 412 407 378 392 400 385 417 412 403 401 403

Ni 153 160 143 172 157 145 147 89 137 148 127

Cu 96 96 91 102 98 74 102 74 96 94 97

Zn 66 65 62 62 64 6l 68 64 65 67 65

Ga 15 14 14 15 14 14 15 14 15 15 14

Rb 2 4 0.64 0.22 2 2 2 2 3 2 2

Sr 67 68 65 63 72 69 66 50 82 73 79

Y 22 21 23 25 21 24 22 32 22 21 26

o 37 37 39 39 38 38 39 40 39 37 41

Nb 0.27

Cs 0.04

La 0.85

Ce 340

Nd 4.30

Sm 1.81

Eu 0.75

Gd 2.80

Th 0.56

Dy 394

Ho 0.88

Er 2.73

Tm 0.42

Yb 271

Lu 0.42

Hf 113

Ti 0.10

Th 0.03

U 0.07

(Fig. 8B). These data indicate that iron is oxidized in situ as opposed
to the addition of oxidized iron from the alteration fluid. The four al-
teration types have overlapping ferric and ferrous iron contents, but
there is a tendency for Type | (saponite only) alteration samples to
have low Fe**/Fe'To4h for a particular LOI.

The diagnostic chemical characteristics of the three main alter-
ation minerals, saponite (high MgO). celadonite (high K,O and
Fe,0;). and Fe(O,0H), (high Fe,0,), suggests that a geochemical
subdivision of the alteration assemblages based on these elements
should be possible, but there is significant overlap in whole rock
compositions of the different alteration types. This is caused by sam-
ples being mixtures of two or more alteration types with varying pro-
portions of different secondary minerals, so that a continuum exists
between the different groups. Also, many of the chemical trends are
in the same direction for the different alteration types, with the main
differences being the relative magnitudes of the changes (e.g., K0,
L‘OI’ Fc.‘-t‘fFe‘Tmul?)_

The magnitude of chemical changes also depends upon whether
the samples are from massive flows or pillow lavas. In general, sam-
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ples from massive units are less altered than rocks of the same alter-
ation type from pillow lavas. In particular, samples of Type |
alteration taken from massive flows have very low K,0 (0.02 wt%)
contents and only slightly increased Fe**/Fe™" ratios. These rocks
are probably the least altered of the whole-rock samples analyzed in
this study.

Trace Elements

Trace-element data are presented in Table 3 and bulk-rock chem-
ical changes are summarized in Table 4 for the different alteration
types. A variety of trace elements are plotted vs. depth in Figure 6B
and against LOI in Figure 9. Tie lines on some of these plots connect
analyses of different alteration types from the same sample. Cr, Ni,
Cu, and Sr contents vary with depth in a manner similar to that dis-
played by the Al,0, and MgO contents of the fresh glasses and reflect
igneous trends. Whole-rock concentrations of these trace elements
decrease from the top of the hole down to =370 mbsf, then step to
higher then lower contents at greater depths. V, Zn, Y. and Zr display
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Table 3 (continued).
Core, section: 10R-1 10R-1 LIR-1 1R-1 HIR-1 11R-3 1IR3 12R-1 12R-1 12R-1
Interval (em): 97-101 107-110 22-26 4245 80-85 4147 80-84 10-15 15-17 72-78
Piece no.: 9 9 3 3 8 7 14 | | 10
Rock type: P P P P P P P P P
Description: Gray Brown Brown Gray Gray Brown Brown Gray + red Brown Orange + brown
Alteration assemblage: Sap Cel + Sap + Cel +Sap+  Cel + Sap Sap + Cel + Sap Sap + Sap + Sap + Cel + Sap +
Fe(O,0H), Fe(0,0H), Fe(O,0H),  + Fe(0.0H), Fe(O,0H), Fe(O,0H);  Fe(0.0H), Fe(0,0H),

Other secondary minerals: Co; COy, Phillipsite €Oy
Alteration type: I 3 3 4 2 3 2 2 2 3
Unit; 14 14 14 14 14 16 16 16 16 16
Depth (mbsf): 277.37 27747 286.22 286.42 286.80 289.33 289.72 295,70 295.80 206.32
Major elements (wt5e):

5i0, 49.43 48.87 48.81 48.10 48.62 48.66 48.73 48.20 48.55 48.11

TiO, 0.76 0.76 0.78 0.75 0.77 0.79 0.78 0.79 0.79 0.74

AlLO, 16.74 16.87 17.25 16.66 17.32 17.21 17.58 17.34 17.22 16.98

Fe.O, 9.43 9.9] 9.75 9.51 9.21 9.71 9.35 9.59 8.66 9.68

Fe,0, 2.61 4.14 4.28 .56 381 4.50 4.09 4.24 2.87 4.16

FeO 6.13 519 492 5.35 4.86 4.68 4.73 481 5.21 496

MnO 0.17 018 0.18 0.18 0.17 0.15 0.16 017 0.18 0.17

MgO 8.48 8.41 7.70 8.57 71.32 7.28 6.79 F2T 7.39 7.74

CaO 13.21 13.22 13.44 12.82 13.44 13.42 13.59 13.35 13.38 13.17

Na,O 1.76 1.79 1.83 1.76 .88 1.98 1.89 1.91 1.88 1.85

K.O 0.02 0.13 0.07 0.10 0.07 0.07 0.05 0.1 0.02 0.09

PO, 0.05 0.06 0.06 .08 0.06 0.06 0.06 0.05 0.06 0.06

H.0O 0.85 1.41 1.29 1.71 1.30 1.29 1.26 1.19 1.00 1.30

Cco. ol6 0.18 0.18 0.18 0.33 0.18 0.25

LOI 0.85 1.57 1.47 1.89 1.30 1.47 1.26 1.52 1.18 1.55

Total 100.88 101.77 101.32 100.40 100.14 100.79 100.22 100.29 99.30 100.11

Mg# 64 63 6l 64 6l 60 59 60 63 61l

Fe'/Femat 0.28 0.42 0.44 0.37 0.41 0.46 0.44 0.44 0.33 043
Trace elements (ppm):

Li 6.15

S 113

Se 40

Cr 393 381 97 385 397 400 409 358 354 366

Ni 151 146 126 142 151 119 152 136 148 138

Cu 95 99 97 87 92 92 94 81 92 920

Zn 63 63 63 62 65 65 70 66 64 64

Ga 14 14 16 14 14 15 14 15 16 14

Rb 0.34 241 1.35 1.74 2 1 2 2.34 0.28 2

Sr 61 63 70 67 71 69 72 97 65 81

Y 21 25 25 24 22 26 21 26 26 25

Zr 37 40 41 39 38 41 39 42 42 40

Nb 0.27

Cs 0.16

La 0.80

Ce 340

Nd 4,06

Sm 1.69

Eu 0.70

Gd 261

Th 0.58

Dy 3.65

Ho 0.79

Er 242

Tm 0.41

Yb 241

Lu 0.40

Hf 1.13

m 0.02

Th 0.03

u 0.04

a pattern antithetic to Cr, similar to that yielded by $i0,, TiO,, FeOQ#,
or Na,O. There is a strong correlation in the behavior of the relatively
immobile high-field-strength (HFS) elements TiO,, Zr, and Y (+ Nb
and Hf).

Concentrations of Li are generally similar to or higher than those
proposed for fresh N-MORB (3—4 ppm; Ryan and Langmuir, 1987).
Although the data are limited, enrichments in Li appear to be greater
in the upper part of the core. Fe(O,0H), + celadonite-bearing assem-
blages are enriched relative to neighboring Type | basalts and there
is a loose positive correlation between Li and LOI (Fig. 9). The brec-
cia sample (148-896A-23R-1, 24-28 cm. Piece 3) has a very high Li
content (11.9 ppm). Lithium generally behaves like the heavy alkali
elements (e.g., K, Rb) during alteration or follows Mg?*, which has a
similar ionic radius, but there are no convincing correlations between
Li and K,O, Rb, or MgO contents.

Sulfur displays variable behavior with depth (Fig. 6B). Most Type
| saponite-bearing basalts show little deviations from expected
MORB compositions of 960 + 60 ppm (Alt et al., 1989); however,
some Type | samples from the main massive units intersected at

=370 mbsf are strongly enriched in S. Fe(O,0H),- and celadonite-
bearing samples are generally depleted, and some rocks have been
quantitatively stripped of S. This agrees with the observation that Fe-
oxyhydroxides replace sulfides in the red-colored rocks and the com-
mon occurrence of secondary sulfides in the adjacent dark gray sapo-
nite-bearing host rocks. When plotted vs. LOIL, there is a general
division between the gray saponitic basalts and the Fe(O,OH),-bear-
ing assemblages at primary and depleted S concentrations, respec-
tively (Fig. 9).

Vanadium follows a trend similar to fresh glass FeO* and TiO,
contents in plots against depth, which reflects igneous processes (Fig.
6B). There appears to be a strong depletion of V with increasing LOI
(Fig. 9), but this actually reflects the clustering of V contents into two
igneous groups, as is also displayed by TiO, (Fig. 7).

The behavior of other trace elements is less evident. Cr and Ni de-
fine weak fractionation trends similar to MgO or Al203 in the glasses
(Fig. 6B), and there are no clear trends of enrichments or depletions
with LOI (Fig. 9). Cu and Zn define reciprocal trends with depth,
mimicking MgO and FeO#*, respectively (Fig. 6B). Neither element
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Table 3 (continued).

Core, section: 12R-1 12R-2 12R-2  [4R-1 14R-1
Interval (cm): 90-95 12-16 30-34 4549 134-136
Piece no.: 11 1 3 2 15
Rock type: P P P M P
Description: Brown Gray, red-brown  Gray Gray  Red-brown
Alteration assemblage: Sap + Cel+Sap+ Cel+Sap  Sap Sap +
FelO,0H), Fe(0,0H), Fe(0.0H),

Other secondary minerals; Chlorite
Alteration type: 2 3 4 2
Unit: 17 17 17 I8 19
Depth (mbsf): 206.50 297.17 29735 315.05 315.94
Major elements (wt%):

Si0, 48.39 50.31 4807  48.04 48.96

TiO, 0.77 0.76 0.73 0.79 0.83

ALO, 17.12 17.37 17.09 17.30 17.76

Fe.O/ 9.46 9.09 9.05 9.55 9.14

Fe,0, 378 293 377 3.89 4.14

Fe 5.1 5.54 475 5.09 4.50

MnO 0.18 017 017 018 0.15

MgO 7.51 7.81 7.97 7.20 6.77

Cal 1332 13.44 13.00 13.32 13.41

Na,O 1.86 1.88 1.81 1.87 2.01

K.O 0.07 0.02 012 0.07 0.05

P.O, 0.07 0.05 0.05 0.07 0.05

H.O 1.38 0.81 1.55 1.30 1.26

Co. 0.25

LOI 1.38 081 1.80 1.30 1.26

Total 100,11 101.68 99.85 99.66 100,38

Mpg# 6l 63 64 60 59

Fe't/Fem=tt (.40 0.32 042 0.41 0.45
Trace elements (ppm):

Li

5

Sc

Cr 405 369 374 394 383

Ni 155 151 140 143 141

Cu 88 99 a1 93 92

Zn 67 63 61 68 73

Ga 14 15 14 15 15

Rh 2 2 3 3 2

Sr 67 62 71 67 72

Y 22 21 25 22 23

Zr kH] 37 39 40 42

Nb

Cs

La

Ce

Nd

Sm

Eu

Gd

T

Dy

Ho

Er

Tm

Yh

Lu

Hf

T

u

14R-2 14R-2 14R-3 15R-2 16R-1
55-62 137-141 28-32 04 59-65
7 19 5 | 7
P P 3 P M
Gray, clast in breccia  Gray, red-brown Red Red-brown Red-brown
Sap Cel + Sap + Sap + Sap + Cel + Sap +
Fe(O,0H),  Fe(0.0H), Fe(O,0OH),  Fe(O.0H),
Phillipsite
1 3 2 2 3
20 21 21 23 24
316.56 317.38 317.76 325.69 33449
48,77 48.18 48.28 48.68 48.96
0.91 0.75 0.75 0.80 0.86
16.90 17.00 17.21 17.37 16.89
9.39 10.05 943 947 9.76
4.05 441 3.98 3.38 3.69
4.80 507 4.95 5.48 5.46
0.16 0.18 0.18 016 0.17
7.38 7.65 7.82 179 7.63
13.09 13.18 13,15 12.64 12.95
2,01 1.89 1.89 1.88 1.94
0.07 0.07 0.06 0.09 0.12
0.06 0.06 0.06 0.06 0.07
1.19 1.29 1.22 141 0.81
0.16
119 1.45 1.22 1.41 0.81
99.92 100.44 100,08 100.34 100.15
61 60 62 62 6l
0.43 0.44 0.42 0.36 0.38
405 364 376 369 363
113 134 152 126 1o
100 92 74 93 88
75 62 64 69 71
15 14 15 15 16
2 2 2 3 4
72 66 68 68 63
24 25 22 22 24
45 40 38 40 43

displays any particular behavior with respect to LOI, though Type 1
saponitic rocks generally have higher base metal contents than adja-
cent Fe(O,0H),-bearing samples. There is no significant correlation
between Cu and Zn or between these elements and S (Fig. 10), except
that the samples with very low S content tend to be depleted in Cu,
reflecting oxidation and loss of primary Cu-sulfides from these sam-
ples. Doe (1994) has suggested that Zn is a mildly incompatible ele-
ment in MORB and most likely incorporated into titanomagnetite.
Data for fresh basalts [rom the East Pacific Rise indicate a strong cor-
relation between Zn contents and the sum of TiO, + Fe,0,* (total iron
as ferric iron oxide), but a relationship between TiO, + Fe,0.* and
Cu is more equivocal (Doe, 1994). No such relationships are apparent
for either Zn or Cu and TiO, + Fe,04* for the Hole 896A data (Fig.
10). Zn concentrations for Hole 896A fresh glass compositions pre-
dicted from the Doe (1994) correlation are shown in Figure 10. Even
if only gray Type 1 basalts, which are the least chemically altered
rocks from Hole 896A, are considered there is still no good relation-
ship between Zn and TiO, + Fe,04*.

Rubidium has very low concentrations in the Type 1 saponite ba-
salts, generally less than 0.5 ppm. which is close to primary igneous
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values. Although there is no well-developed trend of increasing Rb
with LOI (Fig. 9), Rb is strongly enriched in alteration Types 2, 3,
and 4 with greater than 7 ppm Rb in some samples. Rb correlates pos-
itively with K,O (Fig. 11), and celadonite-bearing assemblages are
the most strongly enriched. Strontium displays a good trend of in-
creasing concentrations with LOI (Fig. 9), though there is consider-
able overlap between the different alteration assemblages. The
immobile elements Y and Zr do not display any strong relationship in
comparison to LOI (Fig. 9), though there is a hint of Zr depletion with
increasing LOL

The behavior of ultra-trace elements with LOl is addressed in Fig-
ure 12, Different alteration zones for adjacent samples are joined by
tie-lines. The numerous subvertical tie-lines in Figures 9 and 12 illus-
trate that the formation of the different alteration types is generally
not accompanied by an increase in volatile content. Nb, Hf, and Th
do not display any consistent behavior. Cs is strongly enriched in all
samples compared with pristine N-MORB (7 ppb; Sun and McDon-
ough, 1989), and Cs enrichments generally correlate with K,O and
Rb enrichments. Type | basalts have a limited range of Cs contents
(30-80 ppb) whereas the other alteration types are significantly more
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Table 3 (continued).
Core, section: 16R-2 17R-1 17R-1 17R-2 17R-3 17R-4 18R-1 18R-2 20R-1 20R-1
Interval (cm): 86-90 30-36 130-135 12-76 4547 59-62 73-79 37-41 80-83 128-131
Piece no.: 2 3 16 6 4 4 [ 6 17 26
Rock type: M P P P P M P P M M
Description: Orange-brown  Gray Red, gray Gray Black halo + gray Gray Gray Gray Gray Brown
Alteration assemblage: Sap + Sap Cel + Sap + Sup Cel + Sap + Sap + Cel Sap Sap Cel + Sap + Sap +
Fe(0,0H), Fe(O,0H), Fe(0,0H), Fe(0,0H), Fe(O,0H),

Other secondary minerals; Phillipsite
Alteration type: 2 | 1 3 4 1 1 3 2

nit: 24 25 27 27 27 28 29 30 31 3l
Depth (mbsf): 336.11 343.80 344.80 345.72 346.89 348,49 353.83 354.92 364.30 364.78
Major elements (wt%):

510, 48.28 48.88 49.37 4802 49.28 49.39 49.17 49,03 48.53 49.26

TiO, 0.78 0.90 0.89 0.90 0.93 0.89 1.02 1.00 0.92 0.94

AlLO, 17.55 16.44 16.57 16.34 15.35 16.31 16.61 17.40 15.78 16.90

Fe,04" 9.33 10.02 9.89 9.64 111 9.69 9.63 8.64 10.53 9.50

Fe,0, 4.62 3.44 3.60 278 4.23 3.18 3.95 3.44 443 345

FeO 4.23 592 5.66 6.17 6.19 5.85 5.1 4.68 5.49 544

MnO 0.15 0.18 0.18 0.17 0.19 0.18 0.18 0.15 0.16 0.18

MgO 7.48 7.95 7.56 7.80 T.97 7.82 8.13 7.63 8.46 7.60

CaQ 13.03 13,00 12,93 12.97 12,63 12.94 12.02 11.74 11.66 13.07

Na,0 2.00 1.91 1.95 1.93 1.86 1.91 2,18 221 2,13 1.98

K,O 0.05 0.07 0.20 0.04 0.29 0.15 0.07 0.09 0.24 0.06

PO 0.06 0.08 0.07 0.07 0.07 0.07 0.08 0.07 0.11 0.08

H.O 1.41 0.77 0.76 0.85 0.78 0.61 1.10 1.12 1.61 0.87

Co, 0.17 0.17 0.13 0.24

LOI 1.58 0.77 0.76 1.02 0.91 0.61 1.10 1.12 1.85 0.87

Total 100.28 100.18 100.35 99.78 100.57 99.94 100.17 99.07 100.36 100.41

Mg# 61 61 60 62 9 62 63 64 61 61

FeX/Fe/mh 0.50 0.34 0.36 0.29 0.38 0.33 041 0.40 042 0.36
Trace clements (ppm):

Li 6.80 5.34

5 691 865

Sc 48 46

Cr 370 337 337 333 350 331 383 382 334 373

Ni 112 88 89 99 90 122 98 114 78 98

Cu 80 72 76 84 86 87 85 83 63 80

Zn 67 72 73 74 73 73 86 81 73 77

Ga 15 16 17 14 14 16 17 16 15 16

Rb 1 3 5 .40 6.83 3 1.12 0.40 5 3

Sr 70 63 6l 63 58 61 63 69 64 62

¥ 25 25 24 29 29 25 27 24 31 25

Zr 41 45 45 48 49 45 48 48 46 45

Nb 0.33 0.35

Cs 0.03 0.08

La 1.24 1.12

Ce 4.53 4.06

Nd 540 5.06

Sm 2.20 2.11

Eu 0.95 0.85

Gd 346 3.05

Th 0.71 0.59

Dy 445 4,08

Ho 1.01 0.94

Er 2.91 2.64

Tm 0.48 042

Yb 2.80 274

Lu 0.48 041

Hf 1.51 1.36

Tl 0.04 0.05

Th 0.02 0.03

u 0.03 0.05

enriched in Cs (up to 330 ppb), and the breccia (Sample 148-896A-
23R-1, 24-28 cm, Piece 3) is very strongly enriched (512 ppb Cs).
Tl is one of the most sensitive indicators of low-temperature sea-
water-basalt interactions (McGoldrick et al., 1979). Tl shows con-
trasting behavior between the different alteration assemblages,
though unlike most other mobile trace elements Tl is generally more
strongly enriched in the gray Type 1 saponite basalts in Hole 896A.
McGoldrick et al. (1979) reported TI concentrations for fresh basalts
of below 12 ppb, and analyses from the lower volcanic rocks in Hole
504B indicate an average Tl concentration of =3.4 ppb (Hubberten et
al., 1983). Tl commonly behaves geochemically in a similar fashion
to K (Hubberten et al., 1983), but Tl concentrations for Hole 896A
differ inversely with respect to K,O (Fig. 11), so the high TI values
from Hole 896A do not appear to be related to either the presence of
celadonite or Fe(O,0H),. Tl contents are insensitive to variations in
MgO, but are strongly influenced by the concentration of S (Fig. 13),
suggesting that (secondary) pyrite is the host phase for the enriched
TI or that Tl is concentrated during alteration under more reducing
conditions. Assuming that all S is present as pyrite and that all TI is

resident in pyrite, this would lead to Tl concentrations up to =200
ppm in the pyrite. Such high Tl concentrations are not unrealistic
(e.g., DeAlbuquerque and Shaw, 1974). The behavior of Tl in Hole
896A contrasts to that described for Hole 504B where Tl enrichments
are accompanied by low sulfur and high potassium contents and a
high iron oxidation ratio, with the converse true for Tl-poor samples
(Hubberten et al., 1983).

Uranium appears to behave similarly to P,Os in Hole 896A ba-
salts, with both elements exhibiting slight positive correlations with
Fet/Fe™4h and rough negative trends with S contents (Fig. 14). For
paired alteration zones, the celadonite- and Fe(O,OH),-bearing alter-
ation types tend to be enriched in both U and P,05 compared to adja-
cent Type 1 saponite zones. These data suggest that both U and P are
adsorbed onto Fe-oxyhydroxides in the rocks. It may be possible that
discrete secondary phosphate phases contain U (Mills et al., 1994),
but there is no direct evidence for this. The increase in U in altered
basalts is demonstrated in a plot of Th/U vs. U on which Th/U de-
creases from an original value of 2.5 (e.g., Sun and McDonough,
1989) with increasing U content.
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Table 3 (continued).
Core, section: 21R-1 21R-2 21R-2 22R-1 22R-2 22R-2 22R-2 22R-4 23R-1 24R-1
Interval (cm): T9-84 60-63 63-66 5-10 97-102 97-102 121-123 26-31 24-28 19-21
Piece no.: 13 8 8 2 14 14 16 4 3 1
Rack type: M M M M M M M M B M
Description: Brown Red Gray Brown Red Gray Gray, brown Brown Brown breccia  Gray
Alteration assemblage: Cel + Sap + Sap + Sap Sap + Sap + Sap Sap + Cel + Sap + Sap + Sap
Fe(O.0H), Fe(0,0H), Fe(O,0H), Fe(O,0H), FelO,0H), Fe(O,0H), Fe(0,0H),

Other secondary minerals: COy COq Chlorite
Alteration type: 3 2 1 2 2° 1 2 3 2 |
Unit: 3l 31 31 32 32 32 32 33 35 36
Depth (mbsf): 373.79 375.08 375.15 382.65 385.06 385.06 385.30 387.31 392.34 401.99
Major elements (wi%):

Si0, 49.03 48.34 48.20 49.49 49.04 50.27 49.19 49.07 48.01 48.50

TiO, 0.92 0.90 0.89 0.90 0.89 091 0.89 0.91 0.80 0.84

ALO, 18.94 17.27 16.89 16.41 16.04 16.35 16,65 16.97 16.67 16.35

Fe.0, 817 9.16 7.97 9.71 10.22 9.10 9.57 9.60 10.04 9.52

Fe,0, 4.31 3.52 3.14 3.55 4.00 281 3.30 3.68 6.76 2.15

FeO 347 5.07 4.34 5.54 5.59 5.66 5.64 5.33 2.95 6.63

MnO 012 0.18 0.16 0.19 0.19 017 0.15 0.15 0.2 0.16

MgO 6.6] 7.62 7.74 7.59 7.85 7.89 7.75 7.96 10,29 9.39

Ca0 11.97 12,51 13.59 13.15 13.08 13.16 12.39 12,33 7.97 12.28

Na.O 2.52 2.28 2.26 1.89 1.85 1.91 1.95 2.05 2.41 1.99

K.O 0.13 0.05 0.01 0.05 0.05 0.01 0.12 0.11 0.63 0.01

P.O, 0.09 0.06 0.05 0.06 0.07 0.06 0.06 0.09 0.07 0.05

H.,0 1.34 1.44 1.14 0.79 0.95 0.99 1.38 1.06 3.07 1.55

CO. 0.23 1.34 0.18 0.16 0.38 0.19

LOI1 1.34 1.67 2.48 0.79 113 1.15 1.38 1.06 345 1.74

Total 99.83 100,01 100.23 100.20 100.39 100,97 100.10 100.29 100.45 100.83

Mg# 62 62 66 6l 60 63 62 62 67 66

Fe'/FeTuan 0.53 0.38 0.39 0.37 0.39 0.31 0.35 0.38 0.67 0.23
Trace elements (ppm):

Li 6.90 5.44 1.70 6.64 12.39

s 148 1605 676 61l 69

Se 41 38 42 42 39

Cr 413 383 332 363 351 336 363 376 a6l 367

Ni 114 107 148 128 114 125 120 115 158 145

Cu 90 91 88 84 76 83 82 79 54 89

Zn 68 63 6l 75 71 70 76 75 59 60

Gia 16 15 14 16 14 15 15 16 14 14

Rb 4 2.26 0.18 | .08 0.22 2 3 7.15 0.24

Sr e 76 a5 58 60 58 64 65 Bl 63

Y 22 26 24 24 27 28 23 26 21 25

Zr a7 47 46 44 45 46 4 4 41 a1

Nb 0.24 0.28 0.24 0.31 0.24

Cs 0.33 0.08 0.12 0.08 0.51

La 0.87 0.93 092 0.97 0.75

Ce 363 3.53 3.68 3.50 3.08

Nd 4.60 4.50 444 4.50 4.04

Sm 1.91 1.83 1.82 1.90 1.56

Eu 0.83 (.80 0.75 0.77 0.71

Gd 2.82 2.63 2.81 2.78 245

Th 0.61 0.51 0.60 0.55 0.47

Dy 3.76 3.49 384 392 3.23

Ho (.80 0.78 0.84 (.88 0.70

Er 241 2.26 254 2,57 2.04

Tm 0.40 0.35 0.42 0.39 0.31

Yh 2.31 2.33 2.53 2.64 2.04

Lu 0.39 0.34 0.40 0.39 0.32

Hf 1.18 1.27 1.24 1.26 .16

TI 0.05 0.43 0.05 0.20 0.01

Th 0.02 0.02 0.02 0.02 0.02

u 0,02 0.02 0.03 0.02 0.05

Studies of weathered basalts dredged from the ocean floor indi-
cate strong enrichments in REE relative 1o fresh basalts (Ludden and
Thompson, 1979), however, such strong enrichments are generally
not observed in samples from drill cores (Staudigel and Hart, 1983)
and this is the case for samples from Hole 896A. Chondrite-normal-
ized REE plots for paired alteration zones from Hole 896A are shown
in Figure 15, against a background that displays the full range of REE
data from the core. There is remarkable consistency between the trac-
es for the different alteration types, with each sample describing light
REE-depleted patterns typical of fresh N-MORB, and with the heavy
REE at concentrations approximately 10 times that of chondrite.
Slight irregularities in the profiles are due to minor analytical noise.

OXYGEN, CARBON, AND STRONTIUM ISOTOPIC
STUDIES OF HOLE 896A

Stable O, C, S, and H and strontium isotopes are useful tracers of
fluid-rock interaction in oceanic systems because of the different, and
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known, isotopic signatures of seawater and fresh MORB, and the rel-
atively similar abundance of these tracers in both the fluid and rock
(cf., Pb, Nd). Isotopic analyses of rocks and minerals can be used to
estimate the temperatures of interaction, {luid isotopic composition,
and the fluid fluxes involved. A subset of the whole-rock samples
characterized for their major and trace-element chemistry were ana-
lyzed for their oxygen and strontium isotopic compositions. In addi-
tion to these analyses, calcium carbonates, smectites, and zeolites
present as vein and vug fillings and as breccia cements in the Hole
896A cores were investigated for their isotopic signatures,

Whole-rock Oxygen and Strontium Isotopic
Characteristics

Oxygen and strontium isotopic analyses, as well as Sr and Rb con-
tents measured by TIMS-ID, of 29 samples from Hole 896A are pre-
sented in Table 5, and are plotted in Figures 16 through 19, 3Sr/*Sr
and 8'%0 measurements are plotted vs. depth, with respect to their dif-
ferent alteration types, in Figure 16. All samples have ¥Sr/*Sr ele-
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Table 3 (continued).
Core, section: 24R-1 24R-1 24R-1 24R-5 25R-1 25R-2 26R-1 26R-3 26R-3 26R-3
Interval (cm): 4349 4349 105-109  12-16 120-123 122-125 04 15-19 30-34 31-34
Piece no.: 3 3 7 2 16 22 1 1 3 3
Rock type: M M M M P P M P P P
Description: Red Gray Gray Gray Brown Brown Brown Brown Gray Gray
Alteration assemblage: Sap + Sap Sap Sap Cel + Sap + Sap + Sap + Sap Sap Sap
Fe(O,0H), Fe(O,0H),  Fe(O.0H),  Fe(0,0H),

Other secondary minerals: Chlorite Chlorite Chlorite
Alteration type: 2 1 1 1 3 2 2 | 1 |
Unit: 36 36 36 36 37 37 37 42 42 42
Depth (mbsf): 402.39 40239 40285 407.80 41250 414.02 421.00 42401 42416 42440
Major elements (wt%):

Si0, 48.35 48.40 48.44 49.27 48.34 48.25 48.82 47.95 48.59 48.71

TiO, 0.86 0.80 0.81 (L85 0.88 0.87 0.84 0.86 0.88 0.85

AlLO, 17.10 17.20 16.66 16.88 17.66 17.87 17.16 16.94 17.68 17.25

Fe,0, 9.35 8.12 9.18 9.14 9.24 943 9.47 9.85 9.73 944

Fe.0, 4.52 1.33 1.94 3.00 427 4.61 3.54 5.50 4.06 4.11

FeO 4.34 472 6.51 5.52 447 4.33 5.33 391 5.10 479

MnQO 0.18 0.16 0.15 0.15 0.14 0.15 0.18 0.14 .18 0.18

MgO 1.57 7.71 9.41 8.27 6.46 6.36 8.99 7.82 6.95 7.68

Ca0 12.86 13.34 12.23 12.69 13.13 13.26 12.57 12.51 13.08 12.54

Na,O 2.21 2.10 2.00 2,16 2.26 225 2,06 2.23 2.19 223

K.0 0.04 0.01 0.01 0.02 0.04 0.04 0.07 0.08 0.05 0.06

PO, 0.06 0.05 0.03 0.05 0.05 0.05 0.05 0.07 0.04 0.04

H.O 1.42 1.55 1.35 1L.96 1.31 1.32 1.50 1.67 1.42 1.69

CO, 0.50 0.95 0.25 0.29

LO1 1.92 2.50 1.35 0.96 1.31 132 1.50 1.92 1.42 1.98

Total 100,48 100.37 100.28 100.43 99.49 99.84 101.68 100,35 100.77 100.94

Mg# 62 65 67 64 58 57 65 61 59 62

Fe'{[Feg/ T 0.48 0.16 0.21 0.33 0.46 0.49 0.37 0.56 0.42 0.44
Trace elements (ppm):

Li 7.80 6.88

S 207 1020

Sc 38 39

Cr 382 400 357 375 390 396 383 390 398 383

Ni 136 145 147 153 167 170 165 155 175 198

Cu 84 84 83 88 91 91 85 89 85 84

Zn 64 64 59 63 69 67 63 69 66 64

Ga 14 14 15 15 16 15 15 15 14 15

Rb 1.96 0.18 0.22 1 2 I 3 2.05 1.02 2

Sr 75 81 61 71 75 74 67 70 68 70

Y 26 19 21 21 22 22 21 26 21 24

Zr 45 36 41 42 +4 44 42 45 44 43

Nb 0.28 0.26

Cs 0.18 0.04

La 0.78 0.80

Ce 333 3.19

Nd 4.57 4.22

Sm 1.66 1.50

Eu 0.73 0.69

Gd 251 2.45

Th 0.51 0.51

Dy 3.86 3.53

Ho 0.77 0.71

Er 232 221

Tm 0.34 0.34

Yb 2.30 2.38

Lu 0.38 0.35

HI () 1.21

Tl 0.09 0.37

Th 0.02 0.03

U 0.05 0.03

Notes: P = pillow lava, M = mussneumt B = breccia, Cel = celadonite, and Sap = saponite. LOI =

text. Mg# = atomic 100 x Mg“':’{Mg' + Fe*). Fe;03* = total iron as Fe;0s.

vated above the expected range for fresh MORB (=0.7025-0.7027),
though significantly below values for present-day or 5.9-Ma seawater
of 0.70917 and 0.70893, respectively (e.g., Hodell et al., 1991).

The enrichment in radiogenic *’Sr and the range displayed by the
different alteration types decreases with depth. Samples below 400
mbsf are slightly elevated (¥Sr/**Sr = 0.7027-0.7037) above the
MORB baseline and there are only small variations between different
alteration types (e.g., subsamples of Sample148-896A-29R-1, 10-21
cm. Piece 2; Table 5). Higher up in the core, juxtaposed subsamples
of contrasting alteration assemblages have quite different strontium
isotopic compositions (Fig. 16), though a consistent pattern of elevat-

ed ¥Sr/**Sr and a particular type of alteration is not observed. Breccia
Sample 148-896A-23R-1, 24-28 cm (Piece 3), yields a moderately
elevated ¥Sr/*Sr (=0.7048), indicating substantial incorporation of
seawaler strontium (=65% seawater Sr). The Sr isotopic profile for

loss on ignition, and BD = below detection limit. Alteration types as classified in

Hole 896A is similar to that of nearby Hole 504B (see Alt et al., this
volume, and references therein) however, samples from this study are
more enriched in radiogenic strontium than the Hole 504B analyses.
This may reflect, to some extent. a sampling bias towards less altered
material in the Hole 504B studies.

Fresh MORB has 80 = 5.9%¢ = 0.3%. (Taylor, 1968). All sam-
ples from Hole 896A have oxygen isotopic compositions elevated
with respect to pristine MORB, indicating isotopic exchange of oxy-
gen between secawater and basalts at low temperatures (£150°C). In
contrast to the strontium isotopic profile, sample pairs from the upper
portion of the hole display only slight differences between the alter-
ation assemblages. There are however, significant isotopic differenc-
es between the Type 1 and 2 basalts from the massive units between
370 and 415 mbsf, with the gray saponite basalts yielding higher 3'*0
than the neighboring Fe(O,0H),-bearing samples. Samples from the
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Table 3 (continued).
Core, section: 27R-1 27R-1 28R-1 29R-1 29R-1 29R-1 29R-1 29R-1 30R-1 30R-2
Interval (cm): 124-130  137-141 0-5 10-14 10-14 14-21 3541 109-112 65-70 5-10
Piece no.: 15 16 | 2 2 2 5 16 10 |
Rock type: P P P P P . P P M P M
Desceription: Gray Gray Brown Light gray Black Red Gray Brown Red-brown Red, gray
Alteration assemblage: Sap Cel + Sap Sap + Sap Cel + Sap+  Cel + Sap + Sap Sap + Sap + Cel + Sap +
Fe(0.0H), Fe(O,0H),  Fe(O,0H), Fe(O.OH),  Fe(0.0H),  Fe(O.0H),

Other secondary minerals: Phillipsite
Alteration type: 4 2 | 3 3 I 2 2 3
Unit: 44 44 47 48 48 48 48 49 50 51
Depth (mbsf): 43174 43187 440.00 449.80 449.80 449.80 45005 450.79 459.95 460.84
Major elements (wi%):

Si0, 48.83 48.49 48.44 49.65 49.56 49.50 50.20 49,14 49.40 50.11

TiO, 0.65 0.87 0.68 0.88 0.88 0.87 0.88 0.86 0.82 0.88

AlLLO, 16.38 16.38 17.25 15.55 15.38 15.26 15.45 17.13 15.91 15.41

Fe.O/ 9.68 9.56 9.98 9.17 9.53 10.68 9.93 9.33 917 10.37

Fe.0, 1.44 3.44 440 2.55 2.85 3.76 2.67 4.14 2.60 3.40

FeO 7.41 5.50 5.02 5.95 6.01 6.23 6.53 4.67 591 6.27

MnO 0.16 0.18 0.16 0.18 0.19 0.20 0.20 0.17 0.20 0.23

MgO 9.50 7.80 7.42 8.57 8.42 8.04 8.52 7.52 8.06 8.33

CaO 13.20 13.10 13.84 13.06 13.00 12.95 13.09 13.31 12.82 13.05

Na,O 1.67 2.03 1.79 2.06 2.06 1.98 2.00 222 2.06 2.01

K.O 0.03 0.10 0.04 0.08 0.12 0.28 0.10 0.03 0.05 0.17

P,0, 0.04 0.07 0.04 0.06 0.07 0.06 0.06 0.06 0.07 0.06

H.O 0.53 0.79 1.46 0.61 0.72 0.66 .40 0.83 0.58 0.48

CO, 0.18 0.15 0.13 0.19

LOI 0.53 0.79 146 0.79 0.87 0.79 0.40 1.02 0.58 (.48

Taotal 100.64 99.36 101.08 100.02 100.05 100.60 100.82 100.78 99.12 101.08

Mg# 66 62 60 65 64 60 63 61 64 61

Fe MR 015 0.36 0.44 0.28 0.30 0.35 0.27 0.44 0.28 0.33
Trace elements (ppm):

i 3.84 in 4.85 4.79 4.30

656 520 241 281 258

Sc 38 41 46 43 45

Cr 410 433 420 380 401 411 393 357 418 399

Ni 155 143 157 134 131 103 124 124 133 108

Cu 84 77 83 95 107 101 106 94 91 1ol

Zn 63 L) 65 76 77 71 72 60 69 72

Ga 13 15 15 14 15 14 14 15 15 15

Rb 0.48 3 0.73 0.91 2.04 7.02 1.26 2 2 5

Sr 70 70 70 58 58 56 58 69 63 58

Y 16 23 16 28 29 26 24 25 23 25

Zr 28 43 30 44 44 43 41 42 40 42

Nb 0.24 0.25 0.42 0.38 0.40

Cs 0.02 0.03 0.03 0.08 0.21

La 0.66 0.72 0.90 0.86 0.87

Ce 2.66 2.79 352 345 3.29

Nd 3.27 347 4.56 4.49 4.15

Sm 1.33 1.39 1.99 1.81 1.75

Eu 0.55 0.57 0.79 0.71 0.70

Gd 1.83 2.13 2.73 273 2.70

Th 0.37 0.42 0.54 0.55 0.52

Dy 2.58 2.73 4.06 4.16 381

Ho 0.55 0.61 0.88 0.94 0.80

Er 1.72 1.79 2.60 261 241

Tm 0.26 0.28 0.38 0.39 0.36

Yb 1.74 1.90 2.6l 261 2.42

Lu 0.27 0.29 0.38 0.38 0.33

Hf 0.88 (.93 1.15 1.21 1.22

Tl BD 0.02 0.03 0.03 0.05

Th 0.01 0.01 0.02 0.02 0.02

u 0.02 0.02 0.04 0.05 0.03

pillow lavas deeper than 415 mbsf have only slightly elevated §'*O,
and analyses of the different alteration types cluster tightly, consis-
tent with the Sr isotope analyses of these samples. The saponite +
Fe(O,0H), + carbonate-rich breccia (Sample 148-896A-23R-1, 24—
28 cm, Piece 3) has a highly elevated 80 of 9.3%e.

8'%0 and *7Sr/*Sr are compared in Figure 17, Values for both pa-
rameters increase during low-temperature isotopic exchange with
seawater, There are no consistent trends between the different alter-
ation types and the isotopic measurements. A number of alteration
sensitive parameters are plotted vs. ¥Sr/*Sr in Figure 18 to ascertain
the processes and phases most important in the incorporation of sea-
water Sr. There is little variation of whole-rock CaO with *Sr/*Sr,
though the two samples with the least radiogenic isotopic ratios have
relatively low CaO contents. There is no correlation between Na,O
and ¥'Sr/**Sr. These parameters are important because plagioclase
contains most of the Sr in fresh basalt, and the alteration of the pri-
mary plagioclase to albite or clay minerals should be accompanied by
isotopic exchange of seawater strontium and elevated *’Sr/*Sr in the
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secondary mineral-bearing altered assemblages. The absence of a
correlation between CaO and Na,O and ¥Sr/*®Sr agrees with petro-
graphic observations that the primary feldspars are little altered, and
hence predominantly retain their primary isotopic characteristics.
K,O is enriched in most samples compared to fresh basaltic glass.
This enrichment is accounted for by the presence of potassium-bear-
ing celadonite (and, to a much lesser extent, saponite and rare K-feld-
spar) filling of pore space and replacing phenocrysts, particularly in
the Fe(O,0H),-bearing basalts. The strong potassium enrichment in a
number of samples with relatively low ¥’Sr/*Sr ratios, indicates that
celadonite does not contain much strontium. Rb displays a similar
pattern with ¥Sr/*Sr as K,O. Strontium contents and *’Sr/*Sr are
presently not available for samples of celadonite from Hole 896A.
Strontium concentrations form two subparallel trends with in-
creasing ¥Sr/%Sr, which indicates that elevated ¥'Sr /**Sr reflect both
the exchange and addition of seawater strontium to the altered rocks.
This agrees with the strong trend of increasing strontium contents
with increasing LOI (Fig. 9). The reason for the two subparallel



trends is not apparent though this may reflect interaction with seawa-
ter-derived fluids with different strontium contents and isotopic char-
acteristics.

Fe**/Fe'™ shows a rough trend of increase with increasing 5Sr/
%8r (Fig. 18). The tie-lines between sample pairs of different alter-
ation assemblages display a variety of attitudes emphasizing the ir-
regular behavior of these parameters. #Sr/*Sr is generally insensitive
to LOI (Fig. 18), which includes both structurally bound water and
other volatile components, of which CO, is generally the most impor-
tant. CO, contents were analyzed for all the samples characterized for
their isotopic compositions. The limit of reliable CO, analysis is
probably 0.3 wt% (see Table 3). Most samples have low “back-
ground™ CO, contents of less than 0.2 wi% and are essentially car-
bonate free. A number of samples have high CO, contents, including
two samples of type | saponite basalt that have higher than expected
¥8r/fSr. ¥Sr/*Sr is plotted vs. measured H,O and CO, (Fig. 18).
¥Sr/*Sr is essentially insensitive to these parameters, though sam-
ples with high CO, appear enriched in ¥’Sr. In general, high ¥Sr/*Sr
are not the result of the simple addition of carbonate, though the St/
#8r of some samples may have been elevated somewhat by this pro-
cess.

A number of Sr contents and strontium isotopic compositions of
carbonate veins and cements from Hole 896A are available (see Ta-
ble 6 and subsequent section). By identifying the carbonate mineral
present in the contaminated whole-rock and its mode of formation
(see subsequent section) “carbonate-free™ ¥'Sr/*Sr and Sr contents
were calculated (see Fig. 18). Calcium carbonate from Hole 896A
displays only a limited range of strontium isotopic compositions
(¥7Sr/%Sr = (0.7079-0.7088), but Sr contents are highly variable (35—
3340 ppm, Table 6), which complicates these preliminary calcula-
tions. Further analyses of acid leachates and residues will have to be
conducted to better constrain the effects of secondary carbonates on
whole-rock Sr contents and isotopic compositions.

There are general trends of increasing whole-rock 8'*0 with Fe**/
Fe™uh and LOI (Fig. 19), though carbonate-bearing type 1 basalts
(Samples 148-896A-21R-2, 60-63 cm, Piece 8, and 24R-1, 43-49
cm, Piece 3) have higher 8'*0 than might be expected given the trend
from the majority of the samples toward the breccia sample (148-
896A-23R-1, 24-28 ¢m, Piece 3). Carbonate-free whole-rock 8'*0
values can be calculated for these samples in a fashion similar to that
for the strontium isotopes, though with less uncertainty as the amount
of oxygen in the carbonate is stoichiometrically fixed. The recalcu-
lated values are shown in the plot of H,O vs. 8'*0 on Figure 19. The
&'%0 of the two outlier samples is significantly reduced, though not
sufficiently so to group them with the main cluster of analyses.

A few samples fall close to the mixing trends between basalt and
smectite formed at 0°-50°C (Muehlenbachs and Clayton, 1972:
Bohlke et al., 1984), but most samples fall above these lines (Fig. 19).
This is typical of many slightly altered basalts drilled from the oce-
anic crust and is most likely the result of several effects in the Hole
896A rocks, including the presence of high-H,O, low-8'*0 Fe-oxy-
hydroxides, as well as higher alteration temperatures (Bohlke et al.,
1984).

Isotopic Compositions and Trace-element Contents
of Carbonates from Hole 896A

Calcium carbonate veins and breccia cements are present
throughout the Hole 896A core. 8'°C in calcite, aragonite, and calci-
um carbonate mixtures range from —1.24%¢ to 2.0%. (Table 6; Fig.
20), which is consistent with the precipitation of carbonate from sea-
water. There are no systematic differences in the carbon isotopic
compositions of the carbonate polymorphs (Figs. 20, 21), but there is
a subtle trend of decreasing 8"°C with depth, though a range of com-
positions is present at any particular level. These analyses are consis-
tent with the carbon isotopic measurements from the upper 400 m of
basement in Hole 504B (Alt et al., 1986b).

ALTERATION OF UPPER OCEAN CRUST, HOLE 896A

Carbonate "0 values from Hole 896A have a bimodal distribu-
tion (Table 6; Fig. 20) with analyses falling in the ranges from 21.2%.
10 24.2%¢ and from 26.1%o to 28.1%e. Calcite and aragonite, in both
blocky and fibrous habits are present in each group. 'O measure-
ments of carbonates from Hole 504B range from 24%. to 33%e.. but
display no bimodal distribution (Alt et al., 1986b).

The bimodal distribution of §'%0 values for Hole 896A carbonates
suggests two different regimes of carbonate mineral formation. As-
suming formation in equilibrium with normal seawater (8"*0 = 0%0),
the higher 8'0 carbonates precipitated at 26°-35°C and lower 8'*0
carbonates formed at higher temperatures of 47°-67°C (Friedman
and O'Neil, 1977; Fig 20). Alternatively, the bimodal distribution of
8'"0 could have resulted from precipitation of carbonate from differ-
ent composition fluids. Pore fluids in the sediments overlying Hole
504B have &'*0 as low as —3%¢ to —4%c as the result of low-tempera-
ture interaction of pore fluids with basaltic material in the sediment
and basement (Mottl et al., 1983). If the low-8'"*0 carbonates in Hole
896A formed from fluids having 8'*0 = —4%¢, they would have
formed at temperatures of 26°-42°C (Friedman and O’Neil, 1977).
These temperatures overlap those for the high-8'*0 carbonates if the
latter formed from unaltered seawater. Thus, the bimodal distribution
of carbonate 8'*0 values can be accounted for by either variations in
temperature or fluid composition (or both); however, additional con-
straints provided by Sr isotopes and trace-element contents suggest
that higher temperatures were the major difference causing the 'O
variations of the carbonates.

All calcite, high-8'%0 aragonite, and mixed carbonate samples
from Hole 896A have remarkably similar Sr isotopic compositions,
which are apparently insensitive to depth of occurrence, carbonate
mineralogy, and habit or oxygen isotopic composition (*’Sr/*Sr =
0.708775 + 0.000066 [26], N = 11; Table 6; Figs. 20-22). Analyses
of three splits of Sample 148-896A-14R-2, 55-62 cm (Piece 7), are
almost within error of each other, with the clear, glassy separate
slightly less radiogenic than the cloudy carbonate and the bulk mix-
ture. Two samples of blocky and one of fibrous, low-8'¥0 aragonite
have somewhat lower ¥Sr/%Sr than the range displayed by the other
carbonates. Low-8'%0 aragonite is only a minor phase in Hole 896A
and is generally present in uncommon fine veinlets. The *Sr/**Sr of
the fibrous, low-3'%0 aragonite (Sample 148-896A-22R-1, 53-54
cm, Piece 6) is just outside the 2o range exhibited by the majority of
carbonates and may not be anomalous. The saponite residue from this
sample has a ¥Sr/*Sr of 0.708571. The two low-8'30 blocky arago-
nites are significantly less radiogenic (*’Sr/*Sr = 0.7079-0.7084)
than the other carbonates.

The strontium isotopic composition of seawater has increased
monotonically for the last 45 Ma (Burke et al., 1982; Hodell et al.,
1991) and present-day and 5.9-Ma seawater have *'Sr/**Sr ratios of
0.70919 and 0.70895, respectively (Hodell et al., 1991). All carbon-
ate samples from Hole 896A (and Hole 504B; see Hart et al., 1994)
have ¥Sr/*Sr lower than that of 5.9-Ma seawater (Fig. 20), though
significantly higher than fresh MORB or altered basalt (¥Sr/*Sr =
0.7027-0.7055). Carbonate *’Sr/*Sr ratios lower than seawater val-
ues require the incorporation of basaltic strontium (¥Sr/*Sr =
0.7025-0.7027) and preclude the use of the seawater strontium curve
for constraining the time of deposition of these carbonates. Pore wa-
ters in the overlying sediments may have *Sr/%Sr depleted with re-
spect to modern seawater, but the lower value of this depletion is
limited by the age of the oldest sediment (<5.9 Ma), and hence sedi-
ment pore waters cannot be the cause of the depleted radiogenic
strontium ratios in the carbonate veins.

Depending on the time of carbonate precipitation (0-5.9 Ma) and
the nature of the host rock with which basement fluids interacted
(YSr/%Sr = 0.7027-0.7055), approximately 2%—10% of the stron-
tium in the carbonates must have been derived from the basalt. The
limited range of ¥Sr/*Sr ratios recorded from the majority of carbon-
ates indicate that basement fluids, at the time of carbonate deposition,
were buffered to this strontium isotopic composition by wall rock in-
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Figure 6. A. Shipboard and shore-based whole-rock major element contents plotted vs.

depth for Hole 896A. Lithologic column provided for reference. Patterns

as in Figure 3. Samples distinguished by secondary mineral assemblage: squares = Type 1 saponite; diamonds = Type 2 saponite + Fe(O,0H),: triangles = Type
3 celadonite + saponite + Fe(O.0H),: circles = Type 4 celadonite + saponite: (+) = breccia (Sample 148-896A-23R-1, 24-28 cm, Piece 3). Stippled area shows
the range of fresh glass compositions (Fisk et al., this volume). Dashed line in Fe''/Fe'™ panel indicates the primary N-MORB iron oxidation state of (.12.
Solid line is a regression line though the 25-m averages of measured Fe't/Fe'™: ! B, Whole-rock trace-element contents of shiphoard and new shore-based sam-
ple analyses from Hole 896A plotted vs. depth. Horizontal lines join subsamples with different alteration minerals in the Li panel. Subvertical solid and dashed
lines shows the average primary S concentration of N-MORB (= | standard deviation: 960 + 60 ppm: e.g., Altet al., 1989).

teraction, at least in the upper few hundred meters of the ocean crust.
There is no consistent difference between low- and high-8'*0 carbon-
ates with respect to ¥'Sr/*Sr (Fig. 21) or proportion of basaltic Sr
present (Fig. 22), which indicates no significant difference in amount
of seawater-rock interaction before carbonate deposition. This sup-
ports the interpretation that there were no significant differences in
the 8'%0 of the fluids that formed the low- and high-8'O carbonates,
and that the oxygen isotope variations of the carbonates reflect main-
ly differences in their temperatures of formation.

For the low-8'%0 aragonite with the lowest ¥'Sr/%Sr (=0.7079),
the proportion of rock-derived strontium is 15%—30%, approximate-
ly twice that in the other carbonates. This indicates that the fluid from
which this carbonate precipitated contained a significantly greater
basalt component, and suggests that the fluid could have been more
depleted in "*O. However, the trace-element composition of this sam-
ple is consistent with a higher temperature of formation than the high-
0'*0 carbonates (see below).

The trace-element concentrations of carbonate minerals display
contrasting behavior between the high- and low-8'*0 phases (Table
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6: Fig. 23). The high-8'%0 calcites and aragonites have low Mg, Mn,
and Fe (<100 ppm) but high Sr contents, whereas the low-8'*0 car-
bonates have variable but significantly higher Mg, Mn, and Fe and
lower Sr (Fig. 23). The two low-8'"0 aragonite samples have ex-
tremely low Sr content (35 and 49 ppm) but incorporate the highest
concentrations of Mg, Mn, and Fe (up to 1920, 5980, and 799 ppm,
respectively). Mn and Fe concentrations increase linearly with in-
creasing Mg content (Fig. 24) in most carbonate samples. Carbonate
Sr concentrations decrease sharply with increasing Mg content. With
the exception of the low-8'%0 aragonite, the strontium contents of the
Hole 896A carbonates are similar to the limited data reported by Hart
et al. (1994) for aragonite from the upper part of Hole 504B (1150~
2300 ppm).

Low-Mg contents of the high-8'*0 carbonates indicate formation
from fluids with Mg/Ca ratios lower than seawater (Baker et al.,
1982; Delaney, 1989; Mucci and Morse, 1990), suggesting that the
seawater-derived basement fluids had lost Mg and possibly gained
Ca through prior reactions with basalt. If the low-8"°0 carbonates
formed from more highly reacted, 'O-depleted fluids, they would be
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Figure 6 (continued).

expected to have similarly low, or even lower, Mg contents. On the
contrary, the low-8'%0 carbonates have higher Mg contents. Mg is in-
creasingly partitioned from solution into Ca-carbonates with increas-
ing temperature (Mucci and Morse, 1990), so this supports the
interpretation that the low 8'*O-carbonates indeed formed at higher
temperatures than the other carbonates, and that their low 80 values
are not simply the result of formation from more highly-reacted flu-
ids.

The distribution coefficient of Sr in calcite is only slightly affect-
ed by temperature (e.g., Katz et al., 1972) and hence the low Sr con-
centrations (35-1690 ppm; Fig. 23) of the low 80 carbonates
suggest decreasing Sr/Ca of the fluids. Higher Mn and Fe concentra-
tions in the low 6'°0O carbonates reflect possible temperature effects
similar to Mg or a greater mobilization of metals by more reducing
conditions.

Strontium Isotopic Compositions of other Secondary
Minerals from Hole 896A

Saponite is the most abundant secondary mineral in Hole 896A.
Four of the five saponite samples from Hole 896A have measured
$18r/%Sr from 0.70842 to 0.70904 (Table 7: Fig. 25). However, some
of these saponite samples, have high Rb contents (>7 ppm) and high
YRb/ASr (=10) for which a significant age correction may be neces-
sary depending on the time of formation of the clay. Insufficient data
are presently available to construct a rigorous isochron but lower lim-
its on ¥’Sr/*Sr can be calculated as these clays can be no more than
5.9 Ma old. Applying this age correction these saponites could have

¥8r/%Sr initial ratios as low as 0.70825 (Table 7). One example of a
fibrous saponite from a fine (=1 mm) vein in pillow lavas from the
upper part of the core (Sample 148-896A-6R-2, 66-72 cm, Piece 8)
has a highly depleted strontium isotopic composition (¥Sr/*Sr =
0.7043 to 0.7044, for t = 5.9 to 0 Ma, respectively; Table 7). which is
similar to the ratios in the host rocks.

Sample 148-896A-27R-3, 10-16 cm (Piece 2), contains a large
(=5 em) vug filled with euhedral analcite and fibroradial natrolite
that, from textural criteria, grew within a fluid-filled cavity within the
pillow lavas. The natrolite sample has a *’Sr/*®Sr measured ratio of
0.707440, intermediate between MORB and seawater, but the anal-
cite ratio is extremely radiogenic (YSr/*Sr = 0.70914) close to the Sr
isotopic composition of modern seawater (=0.7092; Hodell et al.,
1991). The natrolite sample has a low ¥Rb/*Sr (=0.02) and there is
no significant age correction but the analcite has a moderately high
STRb/Sr (=3.62) and could have an initial ratios as low as 0.7088 (for
1 =15.9 Ma; see Fig. 25). These two minerals do not form a geologi-
cally sensible isochron (i.e.. requires t >5.9 Ma) and the near seawa-
ter-like *’Sr/*Sr ratio of the analcite suggests that this mineral may
have freely exchanged Sr with seawater up to the present day.

DISCUSSION
Timing of Alteration Effects in Hole 896A
The relative timing of different alteration processes and their ef-

fects in Hole 896A are directly constrained by the geometries of the
alteration halos and the filling sequences of veins and vesicles in the
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Figure 7. Whole-rock major element concentrations compared with TiQ., an
immobile incompatible element. Symbols as in Figure 6. Dots show the
range of [resh glass compositions (see Fisk et al., this volume).

rocks. Comparison of the alteration assemblages in Hole 896A with
other, particularly younger, rocks from the seafloor, in conjunction
with the results from heat-flow and pore-water surveys of ridge flank
environmenis provide further information on the timing and condi-
tions of seawater-basalt interaction.

Occurrences of the four alteration types in Hole 896A provide im-
portant controls on the timing of different alteration processes:

1. Type | saponite-rich rocks occur pervasively throughout the
core.

2. Type 2 saponite + Fe(O,0H), assemblages occur in reddish al-
teration halos around fractures, with alteration clearly related to cir-
culation of fluids in the fractures.

3. Celadonite is present locally in red alteration halos resulting in
the Type 3 saponite + celadonite + Fe(O,0H), assemblages, which
occur (a) within the halos forming a band close to or immediately
along fractures around which these halos are developed: (b) as patch-
es or bands enclosed irregularly within the halos; and (c) rarely as a
band at the outer edge of the red halo where it meets the dark gray,
saponite-rich host rock.
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4. Type 4 celadonite + saponite zones occur as darker alteration
halos along fractures in otherwise gray rocks containing the Type |
saponite assemblage.

Various geometrical relationships of the alteration assemblages sug-
gest that three different processes. forming saponite, celadonite, and
the Fe(O,0H),-rich halos, are superimposed in a variety of combina-
tions. This suggestion is supported by secondary mineral para-
genetic sequences in the rocks, and by analogy with other altered
seafloor basalts.

The filling sequences of veins and vesicles provide some con-
straints on the relative timing of these processes. The generalized se-
quence in Hole B96A is as follows: (1A) celadonite £ Fe(O,0H),:
(1B) Fe(O,0H),; (2) saponite + carbonates: and (3) carbonates + ze-
olites. Some variations and complications of this sequence exist,
however. One vein records a sequence from early saponite, to cela-
donite, and then saponite again. Minor chlorite is the earliest formed
phase locally in the coarser grained portions of massive units. This
chlorite most likely formed during initial cooling and penetration of
seawater into the rocks. Carbonates commonly formed simultaneous-
ly with saponite in some veins, but carbonate also commonly post-
dates saponite, indicating continuing or multiple stages of carbonate
formation. Carbonate veins postdate zeolites in some hyaloclastic
breccias, but in most cases carbonates and zeolites do not occur to-
gether so their relative timing is unconstrained. Despite these varia-
tions, which document local differences or fluctuations in alteration
conditions and their evolution, evidence for the generalized sequence
is strong. The presence in breccias of rock fragments displaying red
Fe(0.0H),-rich alteration halos, which are broken and cemented by
saponite, provides good evidence that the formation of saponite in
veins and breccias postdated (or at least continued to form later than)
the oxidation and development of the red halos.

Altered oceanic volcanic rocks drilled from other localities are
generally similar in mineralogy and sequence of alteration zonations
to those sampled in Hole 896A (e.g.. Andrews, 1977; Bohlke et al.,
1981; Alt and Honnorez, 1984; Alt et al., 1986a; Alt, 1993). Basalts
from oceanic crust younger than Hole 896A provide some constraints
on the absolute timing of seafloor alteration. Celadonite is the only
secondary mineral present in the very youngest basalts (<10 ka: Ad-
amson and Richards, 1990), celadonite + Fe-oxyhydroxides are
present in alteration halos in rocks less than 1 Ma, and saponite is
present with the other minerals in rocks >2 Ma (Humphris et al.,
1980; Laverne and Vivier, 1983). All of the mineral zones, including
late zeolites and carbonates, are present in 3.2-m.y.-old rocks (An-
drews, 1977), suggesting that most alteration of the crust may be
complete by about 3 Ma, although carbonate veins may continue to
form for several millions of years (e.g., Hart et al., 1994). Local and
regional differences in structure (fracturing, faulting, and primary
volcanic stratigraphy) and sedimentation rate most likely play impor-
tant roles in controlling the evolution and duration of alteration, how-
ever.

Alteration Processes in the Ridge-Flank Hydrothermal
Upflow Zone at Site 896

Alteration effects in the rocks recovered from Hole B96A are gen-
erally similar to those present in the uppermost volcanic rocks of
Hole 504B (<600 mbsf) that have been affected by oxidizing alter-
ation at low temperatures (0°~100°C) by the open circulation of sea-
water through the highly permeable upper extrusives (e.g., Altet al.,
1986a). The most striking differences between the Hole 896A and
504B cores include the greater abundance of carbonate, hyaloclastite
and breccias and the development of thick (=1 ¢cm) saponite veins in
the new hole.

Off-axis circulation and alteration of the volcanic section of ocean
crust can be broadly divided into “open™ and “restricted” circulation
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systems, in which open systems are colder and seawater dominated,
and restricted circulation is warmer and the compositions of seawater
fluids circulating in the basement are more altered (Alt and Hon-
norez, 1984; Alt et al., 1986a, 1992; Alt, 1993, in press; Mottl and
Wheat, 1994). Early celadonite formation at Site 896 probably oc-
curred during open circulation of seawater, but may also have been
influenced by solutions derived [rom deeper in the crust. In very
young rocks, where chemical changes can be determined unequivo-
cally by comparison to adjacent fresh rock, such early celadonite al-
teration results in addition of alkalies and iron to the rocks. In
addition, the rocks are oxidized and hydrated (Laverne and Vivier,
1983). Iron may be derived locally from the breakdown of igneous ti-
tanomagnetite or volcanic glass, but could also be derived from reac-
tions deeper in the voleanics, where conditions are more reducing and
iron more easily mobilized (Alt et al., 1986a; Alt, in press). Alterna-
tively, the formation of celadonite could be related to low-tempera-
ture, distal upwelling hydrothermal fluids close to the spreading axis.
There is no direct evidence for the temperature of formation of cela-
donite in Hole 896A, but celadonite in other seafloor basalts formed
at temperatures up to 40°C (e.g., Seyfried et al., 1978; Stakes and
O’Neil, 1982: Bohlke et al.. 1984). Chemical changes in the rocks in-
cluded increased alkali contents, hydration, and oxidation, and slight
increases in 'O and ¥'Sr/*Sr.

Open circulation of seawater through the upper crust occurs in
ridge-flank circulation systems relatively near the spreading axis,
where there is little sediment cover and common outcrops of base-
ment allow direct access of large volumes of seawater into the perme-
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Figure 8. A. Whole-rock major element concentrations compared (o loss on
ignition (LOI). Symbols as in Figure 6. Solid lines show the trend from an
arbitrary primary content (at LOI = 0 wi%), of simple dilution owing to
hydration. B. Magnesium number (Mg# = atomic ratio of 100 x Mg/[Mg +
Fe*]), iron oxidation (Fe*'/Fe™"), and measured ferrous and ferric iron con-
tents vs. LOL Solid and dashed horizontal lines show the average Mg number
(= 2 standard deviations) for [resh glasses from Hole 896A (see Fisk et al.,
this volume). Ferrous and ferric iron contents trend towards the expected
range of fresh glasses, assuming Fe't/Fe™ " = (.12 (e.g., Puchelt and
Emmermann, 1983).

able upper crust (e.g., Mottl and Wheat, 1994). The large flux of
seawaler into the crust results in low temperatures (<25°C) in the up-
per volcanic section (Mottl and Wheat, 1994; Wheat and Mottl, 1994)
and the composition of basement fluids is little changed from bottom
seawater and oxidized conditions are maintained. Similar conditions
have been inferred on the basis of whole-rock chemical changes in
basement rocks (e.g.. Alt and Honnorez, 1984: Alt et al., 1986a,
1992; Alt, 1993, in press). The formation of the Fe(O,0OH) -rich, red
alteration halos in Hole 896A occurred during such open circulation
of seawater. The main effect on the rocks was oxidation, but chemical
changes included increased H,O., alkali, U, and P contents, elevated
80 and ¥'Sr/*Sr, as well as losses of S and possibly TI, Mg, and Ca.
The general decrease of Fe**/Fe™ with depth in Hole 896A (Fig.
6A) possibly suggests a decreasing effect of cold seawater circulation
with depth in the crust; however, alteration throughout the crust is
heterogeneous and local high-permeability zones that control fluid
circulation in the basement may be present at greater depths in the
volcanic section, so this depth trend in Hole 896A must be taken with
caution.

Saponite contains ferrous iron and is commonly associated with
secondary pyrite in Hole 896A and other altered seafloor basalts, in-
dicating formation under reducing conditions and more restricted
seawater circulation. This more restricted circulation in ridge-flank
systems occurs farther off-axis, where sediment cover is thicker and
basement outcrops are less common (Mottl and Wheat, 1994; Fisher
et al., 1994). Basement temperatures are higher (>40°C) under such
conditions, and fluids circulating in the basement are significantly
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Table 4. Summary of secondary minerals and geochemical changes asso-
ciated with the development of the different alteration assemblages.

Type |

Type 2 Type 3 Type 4 Breccia
Diagnostic ~ Saponite  Saponite + Celadonite + Celadonite +  Saponite +
secondary FelO,0H), FelQ.OH), +  saponite celadonite +
minerals: saponite K-feldspar +
Fe(O,0H), +
CaCO,
Occurrence:  Pillows/  Pillows/ Pillows/ Pillows Pillows/
massive massive massive massive
Geochemical changes
Si0, =
MgO et
Ca0O —=
Na,O +
K;O + + ++ ++ ot
LOI + + + + -+t
Fe**{Fe!THah + i ++
Li + +
S -- — + -
Cu 3 * * + =
Zn & * + %
Rb (Cs) + 44 e+ s 4+
Sr (+) (+) (+) (+) (+)
T ++ +
u + + + +

Note: Blank = no change: + = enriched; ++ = strongly enriched; +++ = very strongly
enriched; - = depleted; — = strongly depleted: —— = very strongly depleted; + =
either enriched or depleted; (+) = slightly enriched with increasing hydration. Brec-
cia: Sample 148-896A-23R-1. 24-28 cm, Piece 3.

depleted in Mg compared to seawater (Mottl and Wheat, 1994). For-
mation of saponite, removing Mg from solution into breccia cements
and vein fillings, and postdating the oxidation halos in Hole 896A., is
consistent with this type of circulation. The pervasive clogging of
fractures and pore-space by saponite also further reduces basement
permeability and leads to even more restricted seawater circulation.
Temperatures of formation of saponite in other altered seafloor rocks,
estimated from oxygen isotope ratios, range from 15° to 170°C
(Stakes and O'Neil, 1982; Honnorez etal., 1983; Bohlke etal., 1984).

Sr isotope ratios of saponite veins from Hole 896A generally in-
dicate that basement fluids have near-seawater *’Sr/**Sr. One fibrous
saponite vein has a Sr isotopic composition similar to the host rock
(¥'Sr/*Sr = 0.7043; see Fig. 25), which suggests that fluids may react
locally to rock-dominated compositions, perhaps in regions of much
more restricted fluid access. Chemical changes in the rocks include
increased hydration, 8'0, and ¥'Sr/*Sr, very slight increases in alkali
concentrations, and local increases in S and TI contents. Although in-
dividual rocks may not show any significant gain of Mg, the abun-
dance of saponite veins and the strong Mg-enrichment of the breccia
indicate that the volcanic section as a whole has taken up Mg during
saponite formation.

Carbonate is in some cases associated with the formation of sapo-
nite in veins of Hole 8Y96A, but also postdates saponite in some veins.
Formation of carbonates led to slight increases in CO, and further in-
creases in 8'%0 and ¥Sr/*Sr in the host rocks. The carbonates formed
under two differing temperature regimes, at 27°-35°C and at 47°-
67°C. There is no direct constraint on relative or absolute timing of
the carbonates formed at the different temperatures, but the general
evolution of ridge-flank circulation from early low temperatures to
later higher temperatures suggests that the lower-temperature vein
carbonates formed before the higher temperature carbonates. Combi-
nation of the temperature at the basement/sediment interface in Hole
896A (=50°C: Alt, Kinoshita, Stokking, et al., 1993) with the thermal
gradient measured for the upper part of Hole 504B (116°C/km) pro-
vides an estimate of current temperatures in the crust at Site 896 (Fig.
20). Temperatures of formation estimated for the higher temperature
carbonates in Hole 896A are similar to the present-day temperatures
in the upper crust (Fig. 20). This suggests that these carbonates could
have formed under the current thermal conditions, that result from the
location of Site 896 in a zone of ridge-flank hydrothermal upwelling.
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Figure 9. Whole-rock trace-element concentrations vs. LOL Symbols as in
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It was hoped that the trace-element contents of the carbonates
might preserve a record of fluid compositions during the different
ridge-flank circulation regimes, with the early, low-temperature car-
bonates forming from more unaltered seawater and the later, higher-
temperature carbonates recording Mg-depleted seawater solutions.
Two high-temperature aragonites suggest local fluid evolution to
more rock-influenced compositions, but there is no evidence for sys-
tematic Mg depletion or increased 3Sr/*Sr ratios of basement fluids
from the low- to high-temperature carbonates (from relatively open
to more restricted seawater flow). The relatively high Fe and Mn con-
tents of the high-temperature carbonates indicates that Fe and Mn
were mobilized from basalt during this stage, and that conditions
were sufficiently reducing to mobilize these elements. The associa-
tion of pyrite with late calcite as well as the formation of late Mn cal-
cite in other submarine basalts (e.g., Alt and Honnorez, 1984; All,
1993) suggest that this evolution of fluid chemistry is common in the
upper ocean crust. The general similarity in *’Sr/*Sr of carbonate and
most saponite veins suggests that the fluids forming these minerals in
Hole B96A may have had similar Sr isotopic compositions, consistent
with petrographic evidence that at least some carbonate and saponite
formed simultaneously. It is possible that the oxygen isotopic com-
positions of saponites may record an increase in temperature, similar
to the carbonates, and such analyses are ongoing in order to test this
question.

Another question that remains is why the high-temperature car-
bonates are mostly restricted to the interval from 315-410 mbsf. It is
possible that the massive units in this zone somehow acted as barriers
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Figure 12. Whole-rock, low-abundance trace-element contents vs. LOL
Symbols as in Figure 6. Solid lines join adjacent subsamples with contrasting
secondary mineral assemblages.

or focused fluid flow (e.g., Pezard et al., 1993), but the presence of
high-temperature carbonates in the overlying pillow basalts indicates
that such fluids were present elsewhere as well. Most likely, the high-
temperature carbonates simply provide some record of the perme-
ability of the crust at the time of their formation: local high-perme-
ability zones are important in focusing fluid flow in the volcanic
section (Larson et al., 1993; Fisher et al., 1994). The permeability of
the crust evolves with time, with some zones becoming sealed with
secondary minerals and others opening up through fracturing and
faulting. The fibrous texture commonly exhibited by both saponite
and carbonate veins in Hole 896 A provides further evidence for these
processes (Alr, Kinoshita, Stokking, et al., 1993).

Analyses of aragonite from the upper volcanic section of Hole
504B (Staudigel and Hart, 1985; Hart et al.. 1994) indicate a range of
¥1Sr/%Sr ratios similar to, though not as tightly clustered as the calcite
and high-8'*0 aragonite in Hole 896A (*'Sr/*Sr = 0.70870 + 0.00015
[26], N = 6). These data suggest that carbonates may form at a spe-
cific point during the evolution of fluid-rock interactions in the up-
permost oceanic crust.

SUMMARY AND CONCLUSIONS

Hole 896A penetrates into the upper volcanic section of a ridge-
flank hydrothermal upflow zone. Secondary mineralogy and chemis-
try, whole-rock geochemistry, and oxygen, carbon, and strontium
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Figure 13. Whole-rock Tl concentrations compared with MgO and S. T con-
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of secondary pyrite. Symbols as in Figure 6.
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Figure 14. Whole-rock uranium concentrations vs. phosphorous and sulfur
contents and Fe™/Fe'"™ " and Th/U ratios. The decreasing Th/U ratio with
increasing U content indicates that U is enriched, particularly in the
Fe(O.0H) -bearing assemblages. In light of this relationship, the general
trend of increasing P and U concentrations indicates that both of these ele-
ments may be adsorbed onto Fe(O,0H),. Symbols as in Figure 6.

isotope data provide constraints on the conditions and evolution of
hydrothermal alteration and its effects on the upper crust at Site 896.

Fresh basaltic glass compositions exhibit trends against depth and
on variation diagrams that record magmatic processes. Relative to
these fresh glasses. the compositions of whole-rock samples reflect
both the accumulation of phenocrysts in the rocks and the integrated
effects of evolving conditions of alteration. Accumulation of plagio-
clase and minor olivine phenocrysts in the basalts led to higher Al and
Ca and lower Fe. Mg, and Ti in the whole-rocks compared 1o the
glasses. Alteration effects include increased H,0, CO,, Fe*/Fe!Toul,
K, Rb, Cs, U, P. "0, and *’St/*Sr: local losses and gains of S and
possibly Tl and possible slight losses of Ca and Mg. Overall, the
crust has gained Mg however, in the form of abundant millimeter- to
centimeter-sized saponite veins and breccia cements.

Breccias are sites of intense geochemical changes, exhibiting ex-
treme enrichments of Mg, alkalies and CO,. Breccias comprise 5% of
the core from Hole 896A, which was drilled with an average recovery
of 27.7%. Logging by down-hole geophysical tools (FMS and GLT;
see Brewer et al., 1994) suggests that the proportion of breccia in the
upper oceanic crust at Site 896A may be considerably higher. In light
of the significant changes in bulk rock chemistry exhibited by brec-
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Figure 15. Chondrite-normalized rare earth element concentrations for juxta-
posed rocks with contrasting secondary mineral assemblages. Stippled
regions show the full range of REE contents of samples from Hole 896A
(Table 3). REE contents of the upper few hundred meters of ocean basement
appear unaffected by low-temperature alteration processes. Symbols as in
Figure 6. Chondrite-normalization factors from Nakamura (1974).

cias (e.g., Sample 148-896A-23R-1, 24-28 cm, Piece 3), further
characterization and quantification of breccias is important to under-
stand alteration processes in the upper oceanic crust and for the esti-
mation of chemical fluxes related to low-temperature, seawater-
basalt interaction.

The alteration of the bulk rock can be classified into four alter-
ation types, based on the presence of diagnostic secondary minerals:
Type | saponite; Type 2 saponite + Fe(O,0H),; Type 3 celadonite +
saponite + Fe(O.OH),: and Type 4 celadonite + saponite. The classi-
fication of rocks using simple geochemical parameters is not possible
however, as a continuum of compositions exists between the differ-
ent secondary mineral assemblages. Samples commonly record the
integrated effects of superimposed alteration processes.

Alteration at Site 896 occurred in multiple stages that can be re-
lated to the evolution of hydrothermal circulation and the thermal his-
tory of the crust. Chlorite was the first secondary phase to form in
minor amounts in the coarser grained portions of massive units, dur-
ing initial cooling and penetration of scawater into the rocks.

Celadonite + Fe-oxyhydroxides formed at an early stage. before
the crust was | m.y. old, and perhaps younger than 10,000 yr. These
minerals occur in patchy or bandlike alteration halos along fractures
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Table 5. Oxygen and strontium isotopic compositions of whole-rock samples from Hole 896A.

Core, section,
interval (cm), Depth Alieration 80 875r/505r Sr Rb
piece no. (mbsf) Unit Host Description type (%e) (measured) 20 (ppm)  (ppm)
148-896A-
IR-1, 14-18 (Piece 4) 195.24 1 P Black halo + brown 3 6.7 0.704177 H1.0000 14 75 1.70
3R-1, 135-139 (Piece 17) 211.25 9 P Red 3 7.0 0.704037 +0.000014 67 1.26
3R-1, 141-143 (Piece 17) 211.31 9 P Gray 2 6.4 0.705129 10.000014 87 0.41
5R-3, 35-39 (Piece SA) 231.13 B M Gray 1 7.1 0.703639 +0.000014 65 0.22
5R-3, 35-39 (Piece 5A) 231.13 11 M Red 2 6.5 0.703734 H).000014 63 0.64
10R-1, 97-101 (Piece 9A) 27740 14 P Gray 1 7.0 0.703455 H0.000014 6l 0.34
10R-1, 107-110 (Piece 9B) 27747 14 P Brown 3 74 0.703987 10.000013 63 241
1IR-1, 22-26 (Piece 3C) 286.22 14 P Brown 3 7.1 0.704201 +0.000013 70 1.35
LIR-1, 42-45 (Piece 3E) 286.42 14 P Gray 4 1.7 0.704435 +0.000013 67 1.74
12R-1, 10-15 (Piece 1A) 295.70 16 P Gray + red 2 1.1 0.705550 40.000014 97 234
12R-1. 15-17 (Piece 1B) 295.80 16 P Brown 2 6.9 0.703721 0.000018 63 0.28
17R-2, 72-76 (Piece 6) 345.72 27 P Gray | 6.4 0.703633 HL.000015 63 0.40
I7R-3, 4547 (Piece 4) 346.89 27 P Black halo + gray 3 6.7 0.703412 +0.000014 58 6.83
18R-1, 73-79 (Piece 6) 353.83 29 F Gray | 73 0.704134 +0.000014 63 1.12
21R-2, 60-63 (Picce 8) 375.08 31 M Red 2 6.6 0.703387 +0.000015 76 2.26
21R-2, 63-66 (Piece 8) 375.15 31 M Gray 1 8.9 0.704468 0000015 95 0.18
22R-2, 97-102 (Piece 14) 385.06 32 M Gray 1 6.7 0.703324 +0.000015 58 0.22
22R-2. 97-102 (Piece 14) 385.06 32 M Red 2 6.9 0.703603 +0.000014 60 1.08
23R-1, 24-28 (Piece 3) 392.34 35 B Brown breccia 2 9.3 0704810 £0.000014 81 7.15
24R-1, 19-21 (Piece 1) 401.99 36 M Gray | 6.8 0.702776 HL.000015 63 0.24
24R-1, 4349 (Picce 3) 402.39 36 M Gray 1 10.4 0.703715 +0.000015 8l 0.18
24R-1, 4349 (Piece 3) 402.39 36 M Red 2 7.0 0.703343 +0.000013 15 1.96
24R-1, 105-109 (Piece 7) 402.85 36 M Gray | 0.702756 +0.000015 61 0.22
26R-3, 15-19 (Piece 1C) 424.M 42 P Brown 3 7.0 0.703090 HOLO00014 70 2,05
26R-3, 30-34 (Piece 3) 424.40 42 P Gray | 7.5 0.703233 H0.000020 68 1.02
29R-1, 10-14 (Piece 2) 449.80 48 P Light gray | 6.5 0.703120 +0.000014 58 0,91
29R-1, 10-14 (Piece 2) 449.80 48 F Black halo 3 6.4 0.703051 +0.000013 58 2.04
29R-1, 14-21 (Piece 2) 449.80 48 P Red 3 6.5 0.702973 +0.000015 56 7.02
29R-1, 35-41 (Piece 5) 450.05 48 P Gray 1 6.4 0.703033 +0.000027 58 1.26
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Figure 16. Whole-rock strontium (*Sr/*Sr) and oxygen (80, %¢) isotopic
compositions vs. depth in Hole 896A. Symbols as in Figure 6.

in the rocks. Temperatures were probably less than 50°C (e.g..
Bohlke et al., 1984), and the crust was open to free circulation of ox-
idizing seawater. Solutions derived from deeper in the volcanic sec-
tion, or distal, low-temperature hydrothermal fluids may have
provided some of the Fe, Si, and alkalies for celadonite formation.
Whole-rock chemical changes involved increased alkalies, and slight
increases in H,O, Fe**/Fe™ §'5Q, and ¥’Sr/*Sr.

Subsequently, Fe-oxyhydroxides formed reddish alteration halos
in the rocks, which are particularly well developed along fractures in
the massive units. This alteration occurred in relatively young crust,
where little sediment cover and abundant exposed basement outcrops
allowed open circulation of seawater, which maintained oxidizing
conditions and low temperatures. Whole-rock chemical changes are
characterized mainly by oxidation, but include increased H,0, alka-
lies, U, P, 80, and *'Sr/*Sr: local losses of S and possibly Tl and
possible slight losses of Ca and Mg.

The next alteration stage was characterized by the pervasive for-
mation of saponite replacing olivine. partly replacing plagioclase and

Figure 17. Whole-rock *Sr/*8r vs. 80 (%c). Symbols as in Figure 6.

glass, and filling fractures and cementing breccias. This alteration oc-
curred in slightly older crust, with thicker sediment cover and fewer
basement outcrops, that combined with the clogging of pore space
and fractures by saponite precipitation, resulted in a more restricted
circulation of seawater. Conditions were more reducing and temper-
atures were probably greater than 40°C (See Fig. 19; Mottl and
Wheat, 1994), perhaps as high as 100°~150°C. Whole-rock chemical
changes include increased Mg, H,0, 8'"*0, and ¥ St/%Sr; slight alkali
increases; and local gains of S and TI. Although individual whole-
rock samples may not have gained Mg, the abundance of saponite
filling fractures and cementing breccias records significant uptake of
Mg by the upper crust as a whole. Four saponites have *’Sr/*Sr =
0.70842-0.70875 indicating that fluids were partly evolved seawater.
One fibrous saponite vein has ¥Sr/*Sr = 0.704363, suggesting that
fluids may evolve to rock-dominated compositions in localized zones
of more restricted fluid access.

Calcium carbonates (both aragonite and calcite) formed in veins
and breccias, in some cases simultaneously with saponite, but in oth-
ers postdating saponite formation. From §'*0 measurements two gen-
erations of carbonate were identified: (1) an early, low-temperature
(26°-35°C) generation, with low Mg, Fe, and Mn concentrations and
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Figure 18. Whole-rock *'Sr/*Sr vs. alteration-sensitive geochemical parame-
ters. Sr contents and ¥'Sr/*Sr ratios, recalculated “carbonate-free™ (dots) are
plotted on the CO, and Sr vs, "Si/Sr panels, with dashed tie-lines joining
the measured and calculated values. The difficulty of estimating the Sr con-
tent of the carbonate is highlighted by Sample 148-896A-21R-2, 63-66 cm
(Piece 8), a Type | basalt from a massive flow that contains 1.34 wi% CO,.
Analysis reveals that the carbonate vein in this sample comprises fibrous ara-
gonite formed at =50°C (see text and Table 6). Sr content is not available for
this carbonate vein however. an analysis of a similar fibrous aragonite vein
from Samplel48-896A-22R-1, 53-54 ¢cm (Piece 6), suggests Sr concentra-
tions of =1010 ppm. Recalculation of the Sr/**Sr ratio of Sample 148-896A-
21R-2, 63-66 ¢cm (Piece 8), using Sr content of the carbonate of 1010 ppm,
vields a bulk rock strontium isotopic ratio of ¥Sr/*Sr = 0.70246 and a bulk-
rock Sr content of 67 ppm (cf., 0.70447, 95 ppm measured). Although the Sr
content is reasonable, the ¥Sr/*Sr ratio is much lower than all others mea-
sured from Hole B96A. A lower Sr content of the carbonate would increase
both the bulk-rock Sr content and the “Sr/Sr ratio (e.g.. it St = 925
ppm, then St .0 = 69 ppm and ¥'Sr/Sr,, na = 0.7027). Similarly. the
Sr content of the carbonate present in the Type | and 2 subsamples of Sample
148-896A-24R-1, 43-49 cm (Piece 3). will determine which alteration
assemblage has the higher ¥'St/*Sr ratio (for Sr.,,,. > 550 ppm, ¥'St/*Sr,, .,
> VSr/*S8r,.. ). The ¥Sr/Sr ratios of three other samples, including the
breccia sample (148-896A-23R-1, 24-28 cm, Piece 3), have been adjusted
for carbonate contents just above background levels (CO, < 0.3 wt%). Note
that the carbonate in the breccia sample is probably a high-temperature
(=66°C) blocky aragonite (see Table 6) with a very low Sr content (49 ppm),
lower than typical bulk-rock values (260 ppm). This results in a very slight
decrease in the bulk-rock ¥Sr/*Sr ratio, but an increase in Sr content as
recalculated carbonate-free. The recalculation of carbonate-free, whole-rock
Sr contents and *'Sr/*Sr ratios disrupts the two subparallel groups of sam-
ples; when Sr and "Si/*Sr are compared, however, two separate trends
remain.
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Figure 19. Whole-rock 8"#0 vs. Fe**/Fe!™ and volatile content. Dots show
the 80 of samples with significant carbonate, for measured values recalcu-
lated carbonate-free, Stippled region on the H,O vs. 80 plot shows the lim-
its of the smectite-basalt mixing line for temperatures of 0°-50°C
(Muchlenbachs and Clayton, 1972; Bohlke et al., 1984).

high Sr contents, that formed from partly reacted seawater with a de-
creased Mg/Ca ratio and contained 2.5%—10% basaltic Sr (carbonate
§18r/5%8r = 0.708775 = 0.000066 [26], N = 11); and (2) a later gener-
ation of carbonates with higher Mg, Fe, and Mn concentrations and
lower Sr contents formed at higher temperatures (47°-67°C). These
later generation carbonates may reflect more restricted circulation of
seawater, and higher basement temperatures (e.g., Mottl and Wheat,
1994), and could be related to the current thermal regime at Site 896;
a ridge-flank hydrothermal upflow zone with basement temperatures
greater than 50°C. Sr isotope compositions of the late carbonates are
indistinguishable from the earlier lower temperature generation
though rare, high-temperature (55°-66°C) aragonites formed from
circulating seawater-derived solutions that were locally more
evolved, containing up to 15%-30% basaltic Sr (¥’Sr/*Sr = 0.7079-
0.7084).

Zeolites are relatively late, in some cases preceding carbonate
precipitation, but of uncertain timing elsewhere. The low *Sr/*Sr of
natrolite (0.7074) suggests possible later formation, from more react-
ed basement fluids than most of the carbonates or saponites. A coex-
isting analcite has a high ¥St/*Sr (0.70914) very near the Sr isotopic
composition of present-day seawater suggesting that this mineral
may have continued to freely exchange Sr with seawater.

Alteration effects in the rocks recovered from Hole 896A are gen-
erally similar to those present in the uppermost volcanic rocks of
Hole 504B (<300 m sub-basement) that have been affected by oxidiz-
ing alteration at low temperatures (0°-~100°C) by the open circulation
of seawater through the highly permeable upper extrusives (e.g., Alt
et al., 1986a). The most striking differences between the Hole 896A
and the Hole S04B cores include the greater abundance of carbonate,
hyaloclastite and fragmentation breccias, and the development of
thick (=1 c¢m) saponite veins in the new hole.
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Table 6. Carbon, oxygen, and strontinm isotopic compositions and cation concentrations of calcium carbonate from veins and breccia cements in Hole 896A.

Core, section,

interval (cm), Depth Host a3 5'%0 5"%0 T (°C) 87gr/80gy Ca Mg Sr Fe Mn
piece no. (mbsf)  Unit  rock Sample description Mineralogy Texture (%PDB) (%PDB) (%SMOW) (fluid = 0%c) (measured)  #20  (wi%) (ppm) (ppm) (ppm} (ppm)
148-896A-

IR-1, 59-63 (Piece 12) 195.58 3 P Dark gray C F 0.7 -8.3 21.8 62
3R-1, 135-139 (Piece 17) 211.06 9 P Brown, Sap + Cel A F 0.6 -2.8 27.5 29
4R-1, 23-30 (Piece 5) 21909 9 V¥V Dark gray, thick Sap + CO A B 2.0 -3.2 27.1 32
5R-2, 20-23 (Piece 1) 22917 10 P Dark gray, 3 mm Sap + CO; A+C B 1.4 =27 276 29 0.708807 10.000021 39.9 26 2220 17 13
6R-3, 16-17 (Piece 2) 24029 12 P A B 1.6 =29 274 30
TR-1, 65-67 (Piece 10) 247.81 13 V,B  Dark gray, nontronite + phillisite + CO; + Sap A B 1.0 -2.5 27.8 28
8R-1, 45-48 (Piece 9) 25735 14 P Calcite vein C ? 12 9.0 21.2 67 0.708719 0.000018 400 232 177 61 1360
9R-1, 78-81 (Piece 13)  267.37 14 B,G  Calcite C ? 1.7 -3.2 27.1 32 0.708812  +0.000020 39.9 6 1850 15 29
10R-1, 24-27 (Piece 4) 276.61 14 G A ? 1.7 -28 27.5 30
11R-1, 42-45 (Piece 3) 286.06 14 P Dark gray, trace Cel, Fe(O,0H), A B 0.2 -33 26.9 32
LIR-2, 7-10 (Piece 1) 287.29 14 PV A+C B 0.7 -3.5 26.8 33 0708780 0000021 39.9 41 2020 17 120
12R-1, 0-8 (Piece 1) 29560 16 BV C B 0.7 =22 28.1 27 0708781 +0.000020 399 68 2590 39 55
12R-1, 63-71 (Piece 5)  295.83 16 B,V  Pillow-rim breccia A+C B 0.9 -3.1 272 31
13R-1, 2-5 (Piece 1) 305.10 17 VP Dark gray A B 0.6 -2.2 28.1 27
14R-2, 55-62 (Piece 7) 31633 20 P Dark gray, Sap + Cel 2 G/B 1.1 -1.7 224 58 0,708788 10000021 399 64 120 69 632
14R-2, 55-62 (Piece 7) 31633 20 P Glassy calcite separate C G 0.708727 +0.000026 399 208 1690 106 534
14R-2, 55-62 (Piece 7) 31633 20 P Cloudy calcite separate C B 0.708803 0000020 399 119 1260 50 443
I5R-1, 23-28 (Picce 4) 32448 22 v A+C ? -1.2 6.6 236 51 0.708732  £0.000023 400 271 359 141 1760
16R-2, 4347 (Piece I) 33508 24 M Brown + gray, Sap c G 0.8 —6.4 23.8 50
17R-2,72-76 (Piece 6) 34551 27 PG  Dark gray A B 0.7 -6.4 23.7 50
21R-2, 63-66 (Piece 8) 37476 31 MV Dark gray A F -0.5 -7.1 23.1 54
22R-1,53-54 (Piece 6) 382,80 32 P Dark gray, fibrous CO; + Sap A F 0.4 6.0 24.2 47 0708690 0000021 398 1160 1010 388 28
22R-1, 53-54 (Piece 6) 382.80 32 P Intergrown saponite residue Residue F 0.708571  +0.000018
23R-1, 31-36 (Piece 5) 39237 36 v A ? 0.2 -8.8 21.3 66 0.708452  +0.000026 399 734 49 294 3850
24R-1, 4349 (Piece 3) 40220 36 M Dark gray C E .6 —6.8 234 52
24R-1, 80-84 (Piece 5) 40241 36 v A ? 04 -7.2 229 55 0.707911  £0.000029 39.8 1920 35 799 5980
25R-1, 20-27 (Piece 4) 41146 37 PG Dark gray c B 0.8 -28 27.5 30 0.708776  +0.000023 39.8 97 330 57 49
27R-1, 25-30 (Piece 2) 430,74 42 P Brown, Sap, thick CO vein A B 1.2 —4.1 26.1 36 0.708797  +0.000018 399 21 2560 10 23
30R-1, 27-33 (Piece 5) 45954 50 P.B  Breccia: Sap + blocky CO, A? B 0.3 -3.8 26.5 35

Note: Host: P = pillow lava, M = massive unit, B = breceia, G = glass, V = vein, Sap = saponite, Cel = celadonite, Fe(O,0H), = Fe-oxyhydroxide, and COy = calcium carhonate. Mineralogy: C = calcite, and A = aragonite. Texture: F =
fibrous, B = blocky, and G = glassy.
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Figure 20. Carbon (8"°C. %e), oxygen (80, %) and strontium (¥Sr/%Sr) isotopic compositions of calcium carbonate minerals vs. depth in Hole 896A. Squares
= calcite; circles = aragonite; triangles = calcite-aragonite mixtures; crosses with vertical bars = low 80, fibrous aragonite: simple cross = leached residue
(fibrous saponite) in Sample 148-896A-22R-1, 53-54 cm (Piece 6). Solid and open symbols denote high- and low- 8'*0 carbonate, respectively. Temperature of
formation of carbonates calculated asuming a fluid "0 = 0% using the carbonate-water fractionation relationship of Friedman and O’Neil (1977). A geogherm
for Hole 896A was calculated from the equilibrium thermal gradient at Hole 504B (Alt, Kinoshita, Stokking, et al., 1993), anchored to the measured basement/
sediment interface temperature of =50°C in Hole 896A. Calcium carbonates from Hole 896A show a limited range of *'St/*Sr ratios, slightly lower than either
the ¥'Sr/*Sr of modern or 5.9-Ma seawater, requiring the exchange of basaltic Sr with the basement {luids before the precipitation of carbonate.
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Figure 25. Compilation of whole-rock, carbonate, and secondary mineral
¥St/*Sr ratios for Hole 896A. Open squares = whole rock: solid squares =
caleium carbonate; cross = fibrous saponite residue from Sample 148-896A-
22R-1, 53-54 ¢m (Piece 6); solid triangles = measured ¥Sr/%Sr for saponite:
solid diamonds = measured ¥'Sr/*Sr for zeolites from open-space-filled vug
(Sample 148-896A-27R-3, 10~16 cm, Piece 2); open triangles and diamonds
= age-corrected MSr/Sr for saponite and zeolite samples, respectively
(recalculated for 5.9 Ma using measured Rb and Sr concentrations). Stippled
region shows composition of fresh MORB.



