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9. LOW-TEMPERATURE ALTERATION AND SUBSEQUENT REHEATING OF SHALLOW
OCEANIC CRUST AT HOLE 765D, ARGO ABYSSAL PLAIN1

Kathryn M. Gillis,2 John N. Ludden,3 Terry Plank,4 and Lawrence D. Hoy3

ABSTRACT

Volcanic basement recovered at Hole 765D is characterized by nonpervasive, oxidative alteration, typical of seafloor weathering.
Chilled margins and the mesostasis of the lavas are variably altered to assemblages of celadonite, Fe-oxyhydroxides, zeolites, and
calcite with trace saponite. Plagioclase is partially altered to Ca-Na zeolites and/or albite. Well-developed alteration halos parallel
fracture surfaces and extend several centimeters into the surrounding rock. These clay-rich halos are enriched in K2O and Fe2θ3
relative to the adjacent clay-poor rock. The halos and adjacent rock are characterized by δ 1 8 θ values 2%0-3‰ higher than those of
fresh MORB. The "freshness" of the samples and the scarcity of saponite suggest that the duration of seawater circulation was
short-lived. Albitization of plagioclase indicates that the volcanic rocks were altered initially at low temperatures and were
subsequently reheated off-axis in a closed environment. Reheating did not result in significant modification of the bulk composition
of the crust.

INTRODUCTION

Despite differences in geologic setting and age, the mineral-
ogical and geochemical characteristics of Deep Sea Drilling Proj-
ect/Ocean Drilling Program (DSDP/ODP) shallow basement
cores are remarkably similar (e.g., Honnorez, 1981). All show
evidence for seawater-rock interaction at low temperatures and
moderate to high water/rock ratios. Consistent sequences of sec-
ondary mineral deposition in voids document progressive stages
of alteration, from early, rock-dominated to later, seawater solu-
tions (Staudigel et al., 1981; Alt and Honnorez, 1984). Although
the duration of seawater-rock interaction is dependent upon fac-
tors such as the longevity of exposure to cold seawater and the
rate that cracks are filled, isotopic age dating indicates that sec-
ondary mineral deposition in the shallow crust generally ceases
within 10 to 20 m.y. of crustal formation (Staudigel et al., 1981;
Staudigel and Hart, 1985).

The alteration patterns of the basement core recovered at Site
765 in the Argo Abyssal Plain are similar to those of other shallow
basement cores. The absence of pervasive alteration, the preser-
vation of fresh glass, and the presence of well-developed altera-
tion halos permit detailed study of interaction between seawater
and fractured oceanic crust. The mineralogical and geochemical
characteristics of the alteration halos are documented here. A
two-stage model for the evolution of the alteration patterns is
proposed. The first stage involves low-temperature oxidative al-
teration in an environment open to seawater penetration and
circulation. The second stage involves off-axis, conductive re-
heating of the crust, after the crust has been closed to seawater
penetration by the deposition of clay-rich sediments and circula-
tion inhibited by the precipitation of secondary minerals in voids.
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GEOLOGIC SETTING

Site 765 is located within 25 to 75 km of the northwestern
Australian margin on the southern Argo Abyssal Plain, eastern
Indian Ocean (15°58.541'S, 117°34.459'E). Biostratigraphic ages
of the lowermost sediments indicate deposition between 138 and
142 Ma (Berriasian; McMinn, this volume), and the location of
this site on marine magnetic anomaly M25 indicates a basement
age of 156 ± 3 Ma (Fullerton et al., 1989). 40Ar/39Ar age data for
volcanic glasses and K/Ar ages for secondary celadonite give an
age of 155 ± 3 Ma (Ludden, this volume).

The volcanic basement in this area is overlain by a 1-km-thick
sequence of Lower Cretaceous to Quaternary sediments. The
Cretaceous sediments include noncalcareous claystones, radio-
larites, and altered ash layers. These clay-rich sediments are
overlain by a Tertiary sequence of calcareous turbidites and inter-
bedded claystones. The lowermost sediments contain significant
quantities of smectite and bentonite (Compton et al., this volume),
indicating an active volcanic environment during the first several
million years of sedimentation. The age difference between the
basal sediments and volcanic basement suggests a low rate of
sedimentation and a discontinuous sedimentary cover in the Ju-
rassic. In contrast, the alteration characteristics of the Hole 765D
core suggest that the basement section was sealed from seawater
penetration early in its history.

At Hole 765D, 247 m of volcanic basement was drilled, with
an average recovery of 31%. Twenty-two lithologic units were
identified on the basis of lithology and bulk-rock geochemistry.
Massive flows comprise 28%, pillow lavas 54%, brecciated pil-
low basalts 8%, autoclastic breccias 6%, and diabases 4% of the
recovered cores (Shipboard Scientific Party, 1990). The volcanic
rocks are aphyric to sparsely plagioclase and/or olivine-phyric
and are typical mid-ocean ridge tholeiites from the Indian Ocean.

RESULTS

Secondary Mineralogy
Techniques

Secondary mineral assemblages were determined optically, by
X-ray diffraction (XRD) and by microprobe analyses. XRD anal-
yses were performed on air-dried smear mounts using a Phillips
diffractometer. All samples with clay minerals were scanned from
2° to 50° 2θ, glycolated overnight, and rescanned from 2° to 20° 2θ.
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Major element analyses of minerals were determined at the
Massachusetts Institute of Technology with a JEOL 733 Super-
probe equipped with Tracor Northern software. Standard on-line
correction schemes include Bence-Albee and Ziebold-Ogilvie.
One notable feature of this machine is a high-resolution backscat-
ter imaging system that can depict zoning in mineral phases on a
very fine scale (e.g., <5 mol% anorthite over 1-2 µm). Structural
formulas of the clay minerals were calculated following the
method of Ross and Hendricks (1945); iron was considered Fe3+

for celadonite and celadonite-nontronite mixtures and Fe2+ for
saponite.

Clay Minerals

Celadonite and mixtures of celadonite and nontronite are the
most common clay minerals in the basement section of Hole
765D. Celadonite was identified by its nonexpandable basal 001
reflection at 10.5-11.0 Å and its distinctive bluish green color.
The presence of a small expandable peak at 16 Å and high Al
contents show that celadonite is mixed with smectite in some
samples (Table 1). Calculated structural formulas indicate that
most of these mixed clays are dioctahedral, suggesting that cela-
donite is mixed with nontronite. Both celadonite and celadonite-
nontronite mixtures are Fe rich, and celadonite has higher K2O
contents than celadonite-nontronite (Fig. 1). Mixtures of cela-
donite and Fe-oxyhydroxides are indicated by high Fe and K
contents and the orange-brown color of some groundmass clay
minerals (Table 1 and Fig. 1). Protoceladonite, a trioctahedral clay
mineral with an XRD pattern of saponite and the chemical char-
acteristics of celadonite (Donnelly et al., 1979; Adamson and
Richards, 1990), was not identified in the Hole 765D samples.

Smectite, identified by its broad 001 basal reflection at 16 Å,
which shifts to 18 Å upon glycolation, occurs primarily as an
alteration product of volcanic glass. Yellowish green smectite
occurs locally as a groundmass phase, where it is associated with
Fe-oxyhydroxides or celadonite. Microprobe analyses show that
the groundmass variety of smectite is saponite and that it is more
Mg rich than celadonite (Fig. 1).

Zeolites

Several varieties of zeolites occur as replacement products of
volcanic glass or plagioclase and as void-filling phases. Phil-
lipsite and analcime, identified by XRD, are alteration products
of volcanic glass, whereas radiating tabular clinoptilolite fills
vesicles in a few samples. Analcime, chabazite, and mesolite,
which locally replace plagioclase, were distinguished on the basis
of their Si/Al ratio, alkali/alkaline earth content, and optical
characteristics. Other varieties of Na-Ca zeolites were analyzed,
but were not positively identified. Additional XRD analyses are
in progress.

Analcime and mesolite are close to their end-member compo-
sitions, whereas chabazite is considerably more Na rich than its
ideal formula (Table 2). Clinoptilolite is distinguished from heu-
landite by its (Na + K)/Ca ratio (Boles, 1972) and higher Si/Al
ratio (Mumpton, 1960).

Carbonates

Calcite occurs throughout Hole 765D, filling fractures and,
locally, vesicles. It is most abundant in lithologic units where
tectonic breccias dominate. Several stages of growth are com-
monly indicated by successive layers of euhedral crystals in

Table 1. Representative clay mineral analyses, Hole 765D.

Core, section,
interval (cm)

Mineral

1R-2,

Celadonite
(vein)

30-34

Saponite
(ground-

mass)

Major element composition (wt%)

SiO2

A12O3

Fe2O3T
MnO
MgO
CaO
Na2O
K2O

Total

54.28
0.92

20.17
0.10
7.17
0.31
0.03
8.45

91.43

47.45
5.62

10.74
0.08

15.91
1.45
0.048
0.09

81.39

Cation proportions on the basis of 22 (O,

Si
A1VI

Total

AlIV
Fe
Mg

Total

Ca
K
Na

Total

7.86
0.14

8.00

0.02
2.44
1.55

4.01

0.05
1.56
-

1.61

7.5
0.5

8.00

0.55
1.42
3.76

5.73

0.25
_
-

0.25

2R-3,
122-127

Celadonite-
nontronite

mixture
(groundmass)

49.80
10.00
15.60

_
4.60
0.78
0.13
6.79

87.70

OH)

7.36
0.64

8.00

1.10
1.92
1.01

4.03

0.12
1.28
0.04

1.44

Celadonite
(ground-

mass)

54.06
1.43

20.92
0.02
5.82
0.27
0.05
7.20

89.77

7.91
0.09

8.00

0.16
2.56
1.27

3.99

0.04
1.34
-

1.38

5R-3, 110-117

Celadonite
(vein)

53.47
0.70

24.49
0.03
5.25
0.27
_

6.50

90.71

7.88
0.12

8.00

_
3.02
0.87

3.89

0.05
1.22
0.03

1.27

Saponite
(ground-

mass)

44.53
6.03

13.25
0.05

15.29
1.07
-

0.29

81.51

7.26
0.74

8.00

0.42
1.80
3.72

5.94

0.19
0.06
-

0.25

7R-3,

Celadonite-Fe
oxyhydroxides

mixture
(groundmass,
green zone)

37.71
3.93

30.31
_

3.78
0.53
0.09
4.67

81.02

6.4
0.79

7.19

_
4.3
0.96

5.26

0.10
1.01
0.03

1.14

0-7

Celadonite-
nontronite

mixture
(groundmass,
green zone)

51.95
6.04

16.93
0.12
5.30
0.95
0.08
5.96

87.33

7.69
0.31

8.00

0.74
2.09
1.17

4.00

0.15
1.12
0.02

1.29

19R-1,

Celadonite
(vein)

53.70
2.85

18.71
0.04
6.82
0.30
-

8.01

90.43

7.80
0.20

8.00

0.29
2.27
1.48

4.04

0.05
1.48
-

1.53

115-121

Celadonite
(vein)

47.88
4.36

19.75
0.07
3.87
0.56
-

5.59

86.02

7.62
0.38

8.00

0.44
2.63
0.92

3.99

0.10
1.13
-

1.23

Note: Total iron as Fe2C<3 f° r celadonite and mixtures of celadonite and nontronite and FeO for saponite; dash indicates not detected.
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Figure 1. Ahθ3-Fe2θ3-MgO molar proportions of the clay minerals. Squares,
celadonite; circles, celadonite-nontronite mixtures; triangles, saponite; dia-
monds, celadonite-Fe-oxyhydroxide mixtures.

Table 2. Representative calcite analyses, Hole 765D.

Core, section,
interval (cm)

1R-2, 30-34
(vein)

2R-2, 47-53
(vein)

7R-3, 0-7
(vesicle)

25R-1,34-41
(vein)

Na2O
CaO
FeOT

MnO
MgO

Total

0.03
58.47

0.03
0.04
1.01

59.58

-
60.19

0.09
0.28
0.23

60.80

0.04
56.50

0.04
0.2
0.08

56.86

0.03
60.8

0.03
0.02
0.58

61.5

Note: Total iron as FeO; - = not detected.

fractures. Cleavages are slightly bent in many calcite veins. Cal-
cite is pure in composition with <l mol% Mg and trace amounts
of MnO (Table 3).

Fe-oxyhydroxides

Fe-oxyhydroxides occur as groundmass-replacing and void-
filling phases throughout the core. The concentration of Fe-oxy-
hydroxides, particularly in the orange halos, makes many samples
appear oxidized. Fe-oxyhydroxides are generally amorphous;
however, goethite has been identified by XRD in two veins where
it is associated with quartz and celadonite.

Alteration Products of Plagioclase

Patchy zoning in igneous plagioclase reflects partial alteration
to assemblages of albite, analcime, and Ca-Na zeolites (Table 2
and Fig. 2). The degree of replacement is generally <10%, but
may be as great as 50% and is concentrated in the cores and along
fractures of individual grains. In Sample 123-765D-2R-3, 122-
127 cm, plagioclase has been completely altered to a complex
assemblage of K-feldspar, natrolite, and albite (Fig. 2D). The
alteration assemblage is consistent within individual samples and
is generally not associated with the alteration halos.

Alteration Patterns

The basement section recovered at Hole 765D is characterized
by nonpervasive alteration, which varies in intensity within and
between individual lithologic units. Well-developed orange and
green alteration halos locally parallel fracture surfaces and extend
several centimeters into the surrounding rock (see Shipboard
Scientific Party, 1990, figs. 100 and 101). The adjacent
groundmass is greenish gray to dark gray and does not contain
clay minerals. Fresh volcanic glass is locally preserved through-
out the core.

Glassy pillow margins and hyaloclastite have been altered to
assemblages of smectite, analcime, and phillipsite. Interpillow
interstices are filled with altered hyaloclastite or calcite. The
mesostasis has been altered to celadonite, Fe-oxyhydroxides,
mixtures of celadonite and nontronite, saponite, and rare zeolites.
Clay minerals locally line fractures in plagioclase and clinopy-
roxene. Massive flows have been altered to the same assemblages
as pillows, but are generally less altered than pillows. Tectonic
breccias within both pillows and massive flows are cemented with
1- to 2-cm-thick veins of calcite (see Shipboard Scientific Party,
1990, fig. 92).

Several stages of secondary mineral deposition can be recog-
nized on the basis of crosscutting relationships and precipitation
sequences in filled voids. The following generalization may be
made: (1) Fe-oxyhydroxides mixed with celadonite line fractures,
(2) celadonite ± Fe-oxyhydroxides or calcite ± Fe-oxyhydroxides
fills fractures, (3) calcite veins generally crosscut clay veins
(where clay minerals and calcite occur together in a vein, calcite
is the last phase to precipitate), and (4) successive layers of sparry
calcite, which grow perpendicular to the fracture surface, indicate
several stages of deposition.

Alteration halos, a few millimeters to a few centimeters wide,
rim many fractures throughout the hole (Table 4 and Fig. 3). Color
zonations within these halos may be simple or complex and reflect
the relative abundance of celadonite and Fe-oxyhydroxides that
replace the groundmass and fill voids. The general sequence of
zones away from a fracture is as follows:

1. Orange: Fe-oxyhydroxides and celadonite fill voids and
replace the mesostasis; celadonite generally lines voids, followed
by Fe-oxyhydroxides; a narrow zone of Fe-oxyhydroxides is
directly adjacent to the fracture surface in many samples.

2. Green: celadonite and minor Fe-oxyhydroxides occur in the
groundmass; Fe-oxyhydroxides or celadonite generally lines voids.

The boundary between these zones is gradational; all bounda-
ries with the adjacent rock are sharp and dark green to black. The
groundmass adjacent to the halos is "fresh" in that it contains no
clay minerals and only minor Fe-oxyhydroxides; however, pla-
gioclase generally has been partially altered to albite and/or Ca-
Na zeolites.

The replacement products of plagioclase are generally consis-
tent within individual samples such that plagioclase within halos
has been altered to the same assemblages as in the adjacent fresh
rock. For example, plagioclase in Sample 123-765D-2R-2, 47-53
cm, has been partially altered to chabazite and albite within its
orange halo and adjacent rock. In Sample 123-765D-25R-1, 34-
41 cm, however, plagioclase has been altered to analcime and
albite within the orange halo and to mesolite in the adjacent fresh
rock (Fig. 2B).

During the preliminary shipboard study of Hole 765D, the
scientists identified an alteration boundary at a sub-basement
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Table 3. Representative analyses of plagioclase and its alteration products, Hole 765D.

Core, section,
interval (cm)

Mineral

2R-3

K-feldspar

,122-127

Albite Natrolite

(same phenocryst)

Major element composition (wt%)

SiO2

Al 2 θ3
FeOT

MgO
CaO
Na2O
K2O

Total

Cation proportions

Si
Al
Fe
Mg
Ca
Na
K

Total

0

Analcime
Albite
Orthoclase

66.14
17.84
0.12
0.02
0.04
0.09

15.52

99.76

3.08
0.98
-
-
-
_

0.92

4.98

8

0
0
1.00

70.56
18.81

_
-
0.01

11.72
0.04

101.14

3.05
0.96
-
-
_
0.98
-

4.99

8

0
1.00
0

49.13
27.57

0.14
0.04
2.83
5.96
-

85.66

25.2
16.67
0.06
-

1.55
5.93
-

47.86

80

7R-3, 0-7

Igneous
plagioclase Albite

(same lath in green
zone"

50.86
29.38

0.62
0.33

13.49
3.6
-

98.28

2.36
1.6
0.02
-

0.67
0.32
-

4.97

8

0.67
0.33

-

70.38
19.22
0.09
0.03
0.19

11.01
-

100.92

3.07
0.99
_
-

0.93
-

4.99

8

0.01
0.99

-

Igneous
plagioclase

25R-1,34-41

Analcime Albite

(same lath in orange zone)

55.63
27.10

0.96
0.10

10.30
5.55
0.06

99.70

2.51
1.45
0.04
-

0.50
0.49
-

4.99

8

0.5
0.5

-

60.20
22.81

0.09
-

0.09
9.75
-

92.85

2.48
1.10
-
-
-

0.78

-

4.36

7

70.96
19.88
0.19
-
0.57

10.59
-

102.19

3.07
1.01
-
-
0.03
0.89

-

-

8

0.03
0.97
0

Igneous
plagioclase Mesolite

(same lath in
groundmass with no

clay minerals)

55.11
27.155

0.905
0.098

10.839
5.282
0.031

99.422

2.5
1.46
0.03

-
0.53
0.46

-

4.98

8

0.53
0.47

0

43.28
27.47

0.02
-

9.90
2.81
-

83.49

8.75
6.54
-
-

2.14
1.10

-

18.53

30

Note: Total iron as FeO; dash indicates not detected.

depth of approximately 1075 m (Core 123-765D-14R) based on
the disappearance of celadonite and a corresponding decrease in
K2O bulk-rock contents. This study has shown that there is no
vertical zonation of secondary minerals and that the lower K2O
bulk-rock contents reflect a decrease in the abundance of cela-
donite, rather than its disappearance.

Geochemistry Techniques

Five samples with well-developed alteration halos and the
adjacent rock were chosen for chemical analysis. Major element
and trace element data were obtained on 400-mg samples using
direct-current plasma emission spectrometry at Lamont-Doherty
Geological Observatory (Table 5). Details of the technique are
reported in Klein et al. (1991) and Plank and Ludden (this vol-
ume). The precision for major elements is better than 1 % and that
of trace elements is better than 2%.

The δ 1 8 θ contents of bulk rocks were determined using a
nuclide 6-60-RMS triple collector mass spectrometer at the Uni-
versité de Montreal. Oxygen was extracted by reaction with BrFs
at 680° to 700°C (Clayton and Mayeda, 1963). All results are
reported vs. V-SMOW (Baertschi, 1976). Analytical precision is
± 0.2%.

General Geochemical Characteristics
The basalts recovered at Site 765 are relatively evolved

(FeO*/MgO = 1-2) normal mid-ocean ridge tholeiites (Shipboard
Scientific Party, 1990) that are highly depleted in incompatible
trace elements (Ludden and Dionne, this volume). Glass and
whole-rock samples display a negative correlation between
FeO*/MgO ratios and Tiθ2 content which may reflect either
mantle source heterogeneity (Ishiwatari, this volume) or the sepa-
ration of melts from a heterogeneous mantle at different pressures
(Ludden and Dionne, this volume). High CaO and low Na2 con-

tents at a given MgO value relative to other mid-ocean ridge
tholeiites are thought to reflect a high degree of partial melting
(cf. Klein and Langmuir, 1987). The highly depleted trace element
content of the Hole 765D samples is also characteristic of basalts
derived from a high degree of partial melting.

Downhole primary geochemical trends show cyclic variations
in the abundance of Tiθ2, Zr, and other trace elements that are not
affected by alteration. Tiθ2/Zr ratios remain relatively constant
through the basement section, indicating that cyclic variation may
reflect the influx of different batches of magma that have under-
gone variable degrees of fractionation (Ludden and Dionne, this
volume).

The primary K2O contents of the lavas, based on microprobe
analyses of volcanic glass, vary from 0.05 to 0.1 wt% in Iow-Tiθ2
glasses to as much as 0.23% in high-Tiθ2 glasses. The least-al-
tered whole rocks have a K2O content between 0.1 and 0.25 wt%
and Rb contents < 1 ppm. Sr and Ba values are approximately 80
to 100 ppm and 5 to 8 ppm, respectively, in the freshest whole-
rock samples.

Chemical Effects of Alteration

Bulk compositional changes associated with alteration were
investigated using the downhole geochemical trends of the ship-
board X-ray-fluorescence data and from selected samples with
well-developed alteration halos. Whole-rock samples throughout
the hole are significantly enriched in K2O and Rb. Downhole plots
of these elements show that the upper 140 m of the hole is 5 to 10
times more enriched than the lower 120 m of the hole (Fig. 4).
This decrease in alkali content at a sub-basement depth of ap-
proximately 1075 m was attributed to the disappearance of
celadonite (Shipboard Scientific Party, 1990). Additional miner-
alogical data (this study), however, have shown that celadonite
occurs throughout the core and that the decrease in K2 and Rb
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Figure 2. Backscattered electron images (BEI) of plagioclase showing compositional variation within individual grains. Lighter grays in BEI indicate higher average
atomic element compositions, corresponding to igneous plagioclase (Anso-óo). The variation in contrast among the samples is due to photographic conditions and
does not reflect compositional differences. A. Green zone: igneous plagioclase partially altered to albite (Sample 123-765D-7R-3, 0-7 cm). B. Orange zone:
plagioclase altered to albite and analcime (Sample 123-765D-25R-1,34-^1 cm); C. Fresh rock: plagioclase partially altered to mesolite (Sample 123-765D-25R-1,
34-41 cm). D. Igneous plagioclase phenocryst completely altered to K-feldspar, natrolite, and albite (Sample 123-765D-2R-3, 122-127 cm). Abbreviations: P =
igneous plagioclase; A = albite; Z = zeolite; K = K-feldspar; C = clinopyroxene. Scale bar = 100 µm.

contents corresponds to a decrease in the degree of alteration, with
the alteration in the shallower basement more pervasive and
uniform.

To evaluate what elements are mobilized during the develop-
ment of the alteration halos, we compared the compositions of
alteration halos and their adjacent fresh rock in five samples.
Qualitative fluxes were calculated by dividing the compositions
of the alteration halos by those of the adjacent fresh rock (Table
6). This method indicates general trends of enrichment and deple-
tion, but does not account for accumulation/dilution effects.

K2O and, to a lesser extent, Fe2U3 are enriched in both the
orange and green halos. K2O enrichment, due to the presence of

celadonite, is generally comparable in both the orange and green
zones. In Sample 123-765D-23R-2, 72-76 cm, however, K2O
enrichment is greater in the green zone than in the orange zone
and may reflect a dilution caused by the high Fe2θ3 content in the
orange zone or a greater concentration of celadonite in the green
zone. The variation in the magnitude of K2O enrichment among
the samples is probably due to the K2O content of the fresh rock,
which was used in the flux calculation. For example, the K2O
content of the fresh portion of Sample 123-765D-9R-1, 82-90 cm,
is lower than might be estimated from the Tiθ2-K2θ correlation
for glass samples (i.e., samples with 1.4 wt% Tiθ2 have 0.12 wt%
K2O). If the K2O content predicted from the Tiθ2-K2θ correlation
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Table 4. Distribution of alteration halos, Hole 765D.

Core, section,
interval (cm)

2R-2, 47-53
5R-3, 110-116
7R-2, 112-117
7R-3, 0-7
9R-1, 82-90
19R-1, 115-121
23R-2, 72-76
24R-2, 81-86
25R-1, 34-^1
27R-3, 27-36

Vein type

Calcite + celadonite
Celadonite + Fe-oxyhydroxides
Celadonite + Fe-oxyhydroxides
Fe-oxyhydroxides
Open fractures
Fe-oxyhydroxides + celadonite
Open fractures
Fe-oxyhydroxides + celadonite
Calcite

Alteration halo

Orange

X
X
X
X
X

X

X
X

Green

X

X
X
X
X

Adjacent
groundmass

Altered Fresh

X
X

X
X
X
X
X

X
X

X

Figure 3. Sketches of typical alteration halos adjacent to filled and open
fractures. A. Orange halo adjacent to an open fracture (Sample 123-765D-7R-3,
0-7 cm). B. Orange and green halo adjacent to an open fracture (Sample
123-765D-9R-1, 82-90 cm). C. Green halo adjacent to an Fe-oxyhydroxide
vein (Sample 123-765D-19R-1, 115-121 cm). D. Orange and green halo
adjacent to a calcite vein (Sample 123-765D-25R-1, 34-41 cm). Horizontal
lines, orange halo; diagonal lines, green halo; dots, calcite vein. Arrows point
to the fracture surface.

value is used in the flux calculation, the calculated K2O flux of
Sample 123-765D-9R-1, 82-90 cm, is comparable to those of the
other samples. More precise measurements of the alkalis by iso-
tope dilution are in progress and will allow for better estimates of
alkali mobilization. The correlation of Rb and K2O (Fig. 4)
suggests that Rb is also enriched in both the orange and green
zones. Preferential removal of Rb from seawater relative to K
during celadonite and smectite precipitation (Staudigel et al.,
1981) indicates that Rb may be more enriched in the alteration
halos than K2O. Fe2U3 is most enriched in the orange zones,
where Fe-oxyhydroxides are most abundant (e.g., Sample 123-
765D-23R-2, 72-76 cm). A decrease in MgO in the alteration
halos of Samples 123-765D-9R-1, 82-90 cm, 123-765D-7R-3,
0-7 cm, and 123-765D-23R-2, 72-76 cm, may reflect alteration
of the mesostasis to celadonite and Fe-oxyhydroxides, whereas a
decrease in CaO in Samples 123-765D-19R-1, 115-121 cm, and
123-765D-25R-1, 34-41 cm, may reflect the partial replacement
of plagioclase by analcime and albite.

The alteration halos and their adjacent fresh rock are enriched
in 1 8 O relative to that of fresh mid-oceanic ridge basalts (MORBs;

5.Woo) by 2%o to 3%o throughout Hole 765D (Table 5), suggest-
ing that the lava sequence reacted with seawater at low tempera-
tures (e.g., Muehlenbachs, 1979). The δ 1 8 θ content of each
alteration halo is generally within ± 0 . 1 % o of that of the adjacent
fresh rock, showing that even the freshest rocks have reacted with
seawater. Trace amounts of clay minerals along grain boundaries
and/or the partial zeolitization of plagioclase probably contrib-
uted to the increase in δ 1 8 θ in the freshest samples. The variation
in δ 1 8 θ content among the samples may reflect variation in the
relative abundance of secondary minerals in the groundmass or
small fluctuations in temperature. Similar variations within and
among samples have been documented in other DSDP/ODP cores
that underwent low-temperature alteration (e.g., Sites 396 and
417, Böhlkeetal., 1984).

DISCUSSION

Development of Alteration Halos

The alteration patterns at Hole 765D are similar to those
documented for most other DSDP/ODP shallow basement cores
(e.g., Sites 417, 418, 396; see Honnorez, 1981). The secondary
mineralogy and associated chemical fluxes of these cores show
that the upper few tens to hundreds of meters of oceanic basement
has been altered by oxygenated seawater at low temperatures
(e.g., Alt and Honnorez, 1984). The thickness and pervasiveness
of this oxidative alteration, generally referred to as seafloor
weathering, is dependent upon the duration of open circulation of
cold seawater and, thus, the rate and nature of sedimentation
(Gillis and Robinson, 1988).

Mineralogical zonations adjacent to fractures have been rec-
ognized in many DSDP cores (e.g., Hole 396B; Seyfried et al.,
1978; Andrews, 1980; Böhlke et al., 1980; Adamson and Rich-
ards, 1990). Scientists generally think that these zonations form
as oxygenated seawater migrates inward along grain boundaries
and reacts with the basalt. Initially, basaltic Fe is oxidized and
leached from the rock, forming Fe collides (Seyfried et al., 1978).
Some Fe precipitates as Fe-oxyhydroxides, liberating H+ and
inhibiting the formation of Mg-saponite (Bass, 1976; Seyfried et
al., 1978). If sufficient K, Si, and Al are available, some Fe
floccules act as the precursor for celadonite precipitation (Wise
and Eugster, 1964; Seyfried et al., 1978). As seawater continues
to diffuse inward, it is eventually depleted in oxygen; the forma-
tion of Fe-oxyhydroxides is inhibited and saponite is precipitated.
These evolved seawater-derived solutions, with high alkali cation
to H+ ion ratios, would also lead to the replacement of plagioclase
by zeolites (Hey, 1966; Barrows, 1980). Increased Na+/K+ ratios
in these solutions, due to the precipitation of celadonite, may
favor the formation of analcime and other Na-rich zeolites (e.g.,
chabazite and natrolite) (Alt and Honnorez, 1984). With a conti-
nuous supply of oxygenated seawater, zones of Fe-oxyhydroxides
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Table 5. Major and trace element composition of representative alteration halos and adjacent groundmass, Hole 756D.

Core, section,
interval (cm) 7R-3,0-7 9R-1,82-90 19R-1, 115-121 23R-2,72-76 25R-1,34-41

Zone Fresh Orange

Major element composition (wt%)

SiO2

TiO2

A12O3

Fe2O3T
MgO
MnO
CaO
Na2O
K2O
P 2 O 5

Total

LOI

50.55
1.41

15.53
8.72
6.82
0.16

13.61
2.85
0.40
0.11

100.16

2.41

49.52
1.26

14.01
13.77

6.56
0.19

11.42
2.46
0.82
0.10

100.10

1.48

Trace element composition (ppm)

Sr
Ba
Zr
Y
Cu
Ni
SC
Zn
V
Cr

δ>βo

90.4
4.7

79.9
35.8
33.2

118.3
47.4
89.9

339.8
298.7

8.6

79.3
4.7

74.4
33.9
43.2
76.7
43.4
94.1

351.2
280.1

8.6

Fresh

51.41
1.41

15.32
9.71
8.13
0.157

11.6
2.61
0.04
0.11

100.50

2.80

90.1
5.1

81.9
32.5
90.5

118.7
47.4
75.7

357.3
267.5

n.d.

Green

50.9
1.33

14.18
12.14
6.80
0.19

11.06
2.38
0.77
0.10

99.86

1.23

79
4.5

75.9
33
80.6

106.4
43.3
82.4

339.6
244.4

n.d.

Orange

50.16
1.32

14.07
13.58

6.54
0.19

11.3
2.36
0.73
0.10

100.40

1.43

79.2
4.8

77
35.1
93.2
65.8
43.1
89.9

345.3
252.1

n.d.

Fresh

52.33
1.59

14.55
9.56
6.85
0.174

12.48
3.05
0.28
0.132

100.00

0.97

86.6
6.9

94.3
41.8
33
79.4
44.9
74.6

338.1
200.3

8.2

Green

51.25
1.56

14.07
11.8
6.51
0.182

10.75
2.87
0.819
0.126

99.94

1.46

81.5
5.3

98.7
35.3
41.3
69.9
44.5
85

351.5
224.0

8.3

Fresh

51.46
1.65

14.89
9.70
7.33
0.18

11.64
2.87
0.12

.14

99.98

1.67

85.9
5.4

98.8
40.7

199.4
75.1
46.7

110.4
342.6
190.9

n.d.

Orange

47.71
1.60

13.96
17.19

5.77
0.23

10.94
2.81
0.38
0.15

100.74

1.65

85.4
8.7

99.3
43.9
41.0
68.7
45.0

107.6
425.5
173.4

n.d.

Green

51.36
1.67

14.98
11.13

6.10
0.16

10.84
2.89
0.83
0.14

100.11

1.72

87.0
8.1

105.0
36.9
26.8
57.6
45.6
97.1

348.5
73.49

n.d.

Fresh

51.16
1.49

14.99
10.04

6.98
0.20

11.41
3.53
0.28
0.13

100.21

2.77

190.7
8.9

86
38.2
32.3
67.5
45.5
81.7

315.5
195.5

9.7

Orange

50.59
1.50

13.43
13.57

6.79
0.22
9.87
3.82
0.46
0.13

100.38

2.59

81.4
8.2

92
35.9
41.7
71
45.8
86.4

380.8
225.2

10.0

Note: Total iron as Fe 2 O 3 ; n.d. = not determined; LOI = loss on ignition.

a u u

1000

1100

1200

--
-
• (
-
η

• • •••
•

•
•

4

I

• «

i

't

»

>

1 1 1

0 10 20 30 0 0.5 1.0 1.5 2.0
Rubidium (ppm) K?O (wt%)

Figure 4. Depth profile of K2O and Rb contents of the basement section at Hole
765D.

and celadonite migrate inward, overprinting previously formed
minerals (Andrews, 1980).

Alteration halos identified in very young volcanic rocks, gen-
erally referred to as black halos, are thought represent the incipi-
ent stage of the mineralogical zonations observed in old oceanic
crust (Honnorez, 1981; Adamson and Richards, 1990). Secondary

minerals associated with black halos fill preexisting voids; how-
ever, these halos may occur up to several centimeters from a
fracture and show no petrographic evidence for the migration of
fluids between the fracture and the halo. The source of the altering
fluids is thought to be a mixture of seawater and low-temperature
hydrothermal fluids (Adamson and Richards, 1990).

Mineralogic zonation within the alteration halos at Site 765 is
similar to that in other DSDP cores; however, saponite is scarce
in the groundmass of the volcanic rocks at Hole 765D. Where
present, saponite occurs in the groundmass adjacent to alteration
halos mixed with celadonite and/or Fe-oxyhydroxides. The asso-
ciation of saponite with celadonite and Fe-oxyhydroxides implies
that an oxidative alteration front migrated inward from the frac-
ture and overprinted earlier alteration. The scarcity of saponite
and the absence of clay minerals in the interior of most of the core,
particularly in the lower 120 m, imply that the volcanic rocks at
Site 765 were sealed early in its history and that the duration of
seawater-rock interaction was short-lived.

Experimental studies and δ 1 8 θ contents of celadonite and
nontronite from other areas indicate that temperatures during
formation of the alteration halos were <40°C (Seyfried et al.,
1978; Stakes and O'Neill, 1982; Böhlke et al., 1984). The O-iso-
topic content of the altered whole rocks at Hole 765D is compa-
rable to that of basalts altered at low temperatures elsewhere
(Böhlke et al., 1984; Alt et al., 1986b). Stable temperature ranges
for the zeolites identified in Hole 765D are generally <50°C in
oceanic environments (Honnorez, 1978; Kristmannsdöttir and
Tömasson, 1978; Böhlke et al., 1984).

Evidence for High-Temperature Alteration
Partial albitization of plagioclase (generally 10%) occurs in

most samples and may be associated with analcime, Na-rich
natrolite, or chabazite. Albitized plagioclase is not spatially asso-
ciated with the halos, and its presence is not influenced by the
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Table 6. Calculated elemental fluxes, Hole 765D.

Core, section,
interval (cm)

Flux

SiO2

TiO 2

A12O3

Fe 2 O 3

MgO
MnO
CaO
Na2O
K2O
P 2 O 5

7R-3,
0-7

Or/Fr

0.98
0.93
0.96
1.24
0.87
1.04
0.95
1.18
2.41
0.91

9R-1,

Or/Fr

0.98
0.94
0.92
1.40
0.80
1.20
0.97
0.90

19.81
0.95

82-90

Gr/Fr

0.99
0.94
0.93
1.25
0.80
1.21
0.95
0.91

20.81
0.99

19R-1,
115-121

Gr/Fr

0.98
0.98
0.97
1.23
0.95
1.05
0.86
0.94
2.92
0.99

23R-2,

Or/Fr

0.93
0.97
0.94
1.77
0.79
1.27
0.94
0.98
3.15
1.04

72-76

Gr/Fr

1.00
1.01
1.01
1.15
0.83
0.90
0.93
1.01
6.92
1.00

25R-1,
34-41

Or/Fr

0.99
1.01
0.90
1.35
0.97
1.11
0.87
1.08
1.65
0.99

Note: Values greater than 1 indicate enrichment, values less than 1 indicate depletion;
only values greater than 1.1 and less than 0.9 are considered significant. Or = orange
zone; Gr = green zone; Fr = adjacent "fresh" whole rock. Ratios were calculated using
bulk-rock compositions normalized to 100% on a volatile-free basis.

degree of alteration (i.e., percentage of clay minerals). Albitiza-
tion of the anorthitic component of plagioclase requires the addi-
tion of Na+ and Siθ2(aq) and indicates a reaction with solutions
with a high Na+/Mg+ ratio (e.g., Seewald, 1987). If Na-Ca zeolites
formed prior to albite, the transformation of zeolite to albite
should require the addition of variable amounts of Al, Si, and Na.
For example, the transformation of either analcime or mesolite to
albite requires the addition of Siθ2 and, possibly, Al3 + (Liou,
1971), both of which might be locally derived by the hydrolysis
of basalt. The transformation of igneous plagioclase or zeolites to
albite occurs at temperatures >100°C in geothermal and burial
metamorphic terrains (Liou, 1971; Kristmannsdöttir and Tömas-
son, 1978).

The partial albitization of plagioclase in the basalts at Hole
765D is problematical as the clay mineral and zeolite assemblages
and bulk-rock geochemistry indicate that seawater-rock interac-
tion occurred at temperatures <50°C. In contrast, albitized plagio-
clase in oceanic rocks and ophiolites occurs at the lava/dike
transition and within sheeted dike complexes where temperatures
are inferred to be >100°C (Alt et al., 1986a; Gillis and Robinson,
1990). Possible alteration histories, where a segment of shallow
oceanic crust undergoes both low- and high-temperature altera-
tion, are reviewed in the following section and their applicability
to Hole 765 is considered.

1. Open-system hydrothermal convection. Albitization may
occur during an initial stage of high-temperature alteration, pre-
sumably at a ridge axis, prior to the formation of low-temperature
secondary phases. Because the shallow crust is a high-permeabil-
ity environment, high temperatures can be maintained only within
focused hydrothermal discharge zones. If the crust at Hole 765D
passed through a zone of upwelling, the rocks should resemble
hydrothermal alteration pipes in ophiolites, where lavas have been
pervasively altered to greenschist facies mineral assemblages and
overprinted by low-temperature minerals (e.g., Troodos ophiolite;
Richards et al., 1989).

2. Closed-system hydrothermal convection. Albitization may
occur in an off-axis setting, where the basement is open to fluid
circulation, but is sealed from cold seawater penetration by an
impermeable sedimentary cover. In such a closed environment, it
is possible that hydrothermal circulation might cause isotherms
to move up in the crust, producing high temperatures near the
lava/sediment boundary. However, circulation of hot hydrother-
mal fluids should reset the low-temperature O-isotope signature
of the rocks and might lead to the addition of other components,
such as Ca-rich phases, neither of which occurred at Hole 765D.

3. Conductive reheating of oceanic crust. Albitization may
occur off-axis, after the crust has been sealed from cold seawater

penetration by the deposition of an impermeable sedimentary
cover and precipitation of secondary minerals in voids has low-
ered the permeability of the crust below the level necessary for
circulation. Conductive reheating of the crust, as result of the
conductive heat flow in the lithosphere, should lead to the pro-
grade reaction of plagioclase or zeolites to albite (Kuniyoshi and
Liou, 1976). To reach the temperatures required for albitization
in the shallow crust, heat-flow values that are typical of young
oceanic crust would be required. Because only in-situ interstitial
fluids should be present in this setting, the O-isotopic composition
of the rocks should not be reset and there would be no addition of
components of high-temperature hydrothermal alteration.

An alteration history that involves conductive reheating is the
most applicable scenario for Hole 765D. Although the stratig-
raphy of the sediment sequence indicates that the basement
section at Site 765 remained open for several million years, the
alteration characteristics of the Hole 765D core suggest that the
crust was sealed from seawater penetration early in its history. To
resolve this discrepancy, additional data are required.

A similar model can be envisaged for DSDP/ODP Hole 504B,
where the secondary mineral assemblages (Alt et al., 1986a),
current basement temperatures (Shipboard Scientific Party,
1988), and magnetic properties (e.g., Curie temperature; Pariso
and Johnson, in press) suggest that the lower few hundred meters
of the volcanic section was initially altered at low temperatures
and has been reheated subsequently to temperatures >100°C.
Thus, crustal reheating may be a common process in oceanic crust
generated in sedimented environments. As the metamorphic reac-
tions observed in reheated oceanic crust do not require an external
fluid source, off-axis reheating of the crust should result in iso-
chemical exchange, and the bulk composition of the crust should
not be modified further.

CONCLUSIONS

The volcanic basement recovered at Hole 765D underwent
low-temperature oxidative alteration that is typical of most shal-
low crustal sections recovered by DSDP/ODP. Well-developed
alteration halos parallel fracture surfaces throughout the core and
exhibit consistent mineralogical and geochemical zonations. The
scarcity of saponite suggests that the rocks were exposed only to
oxygenated seawater and that the duration of seawater circulation
was short-lived. Albitization of plagioclase in this shallow base-
ment section indicates that the section of crust sampled at Hole
765D was initially altered at low temperatures and was reheated
off-axis by conductive heat flow in a closed environment. Reheat-
ing did not result in significant modification of the bulk compo-
sition of the crust.
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