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ABSTRACT

B, Li, and other trace elements were analyzed in samples from 12 celadonite and smectite-rich veins from oxidative
and non-oxidative alteration zones in basalts from Holes 597B and 597C. The oxidative alteration zones are character-
ized by celadonite and Fe-oxyhydroxide and conspicuously high K, Rb, and B concentrations. In contrast, the non-oxi-
dative alteration zones are characterized by Mg-rich smectite (saponite), talc, and calcite and high Li concentrations.
Neither B nor Li reaches high concentrations in high-Al high-Ti veins that appear to have formed by replacement of ba-
salt. B, Li, and Rb enrichments in vein assemblages of low-temperature origin reflect an important removal mechanism
from seawater for these species.

The alteration zones characterized by Mg-smectite and talc are strikingly enriched in Ni. There is a correlation be-
tween the Ni-enriched smectite and the presence of olivine in the host basalt; the correlation indicates that olivine alter-
ation may be the source of the Ni. Other transition elements, including Cr, Mn, Co, Cu, and Zn, are often found in sig-
nificant concentrations in the celadonite and high-Mg smectite veins, but their enrichments are neither as large nor as
consistent as the enrichment of Ni in the Mg-smectite veins.

Two high-Al, high-Ti vein assemblages of smectite and noncrystalline phases have transition element abundances
similar to those of the host basalts but are relatively depleted in Cu and Cr. The material in these veins may have formed
by replacement with concomitant release of Cu and Cr to circulating aqueous fluids.

INTRODUCTION

Low-temperature basalt-seawater interaction signifi-
cantly affects the chemistry and mineralogy of the up-
per portions of oceanic crust. In basalt exposed to oxy-
genated seawater, zeolites (e.g., phillipsite), celadonite,
Fe-oxides and oxyhydroxides, and Mn-oxides fill frac-
tures and vesicles; in deeper basalts, which are exposed
to a relatively oxygen-depleted, chemically evolved fluid
of seawater derivation, such phases as saponite, talc, and
calcite characterize alteration (Bass, 1976; Donnelly,
Thompson, et al., 1980; Honnorez, 1981; Thompson,
1983). These ubiquitous alteration products greatly influ-
ence the geochemical cycles of numerous elements (e.g.,
oxygen isotopes, Muehlenbachs and Clayton, 1976; K,
Rb, Cs, and U, Hart and Staudigel, 1982; and other ele-
mental components dissolved in seawater, Thompson,
1983, and references therein).

The geochemical cycles of B and Li appear to be
strongly influenced by both low-temperature diagenesis
and the hydrothermal alteration of basalt (Edmond et
al., 1979; Thompson, 1983; Seyfried et al., 1984; Stof-
fyn-Egli and Mackenzie, 1984). B and Li are conspicu-
ously enriched in basalt altered by seawater at relatively
low temperatures (Thompson, 1983; Donnelly, Pritchard,
et al., 1980) but are leached from basalt during high-
temperature hydrothermal alteration (Edmond et al.,
1979; Edmond et al., 1982). Seyfried et al. (1984) have
experimentally demonstrated that B and Li are removed
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from solution and enriched in various alteration phases
at temperatures below 150°C during basalt-seawater in-
teraction, whereas at temperatures greater than 150°C
these species partition effectively into the fluid phase.
B, however, is more effectively leached than Li (Seyfried
et al., 1984).

Recent estimates of the magnitude of B and Li re-
moval from seawater during low-temperature basalt-sea-
water interaction range up to 40% and 78% of the river
flux of these species, respectively (Seyfried et al., 1984;
Stoffyn-Egli and Mackenzie, 1984). However, the accu-
racy of these estimates is critically dependent on the ac-
tual abundances of B and Li concentrations in discrete
alteration phases of basalt and vein minerals. In this
study the distribution of B and Li in vein alteration as-
semblages is studied in detail. We are particularly con-
cerned about the following:

1. How are B and Li distributions influenced by re-
dox reactions as reflected by the concentrations of these
species in oxidative and non-oxidative portions of al-
tered oceanic crust?

2. What is the extent of chemical and mineralogic
control on the distribution of B and Li in low-tempera-
ture alteration phases?

3. What are the chemical and mineralogic controls
on the distribution of other selected trace elements (e.g.,
Rb, Sr, Ba, Sc, V, Cr, Co, Ni, Cu, Zn, Y, Ga)?

METHODS AND PROCEDURES
Samples were carefully separated from 12 different veins and ground

lightly in an agate mortar until each sample was homogeneous. Ali-
quots of 5 to 10 mg were used for X-ray diffraction analysis; an addi-
tional aliquot of 10 mg was used for B analysis. The remaining materi-
al was used for major, minor, and trace element analysis. If sufficient
material was available, a < 1 µm fraction was size separated for clay
mineral X-ray diffraction purposes.
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X-ray diffraction analysis was carried out on bulk and < 1 µm frac-
tions by using a Norelco X-ray diffractometer with curved crystal mono-
chromator and CuKα radiation. Diffractograms were run from 2 to
30° 2θ/min on oriented mounts to enhance clay mineral basal reflec-
tions. Both untreated and glycerated samples were analyzed to distin-
guish smectite from other phyllosilicate phases.

A spectrophotometric technique modified after that of Bhargava
and Hines (1970) was employed for B analysis. This technique involved
the dissolution of the sample in a mixture of HF, H3PO4, H2O2,
NH4F HF, and Fe metal, which was followed by the addition of
methylene blue and hexamethylene tetramine solution. Fe metal was dis-
solved along with the sample to catalyze formation of the BF 4 complex.
Spectrophotometric measurements were made on the fluoroborate-
methylene blue complex after it was separated from the matrix by a
double extraction process with dichloroethane. Appropriate rock stan-
dards spiked with B were used to evaluate the accuracy of the tech-
nique, and the accuracy of the B values reported for these samples was
± 5 % .

The major and minor element chemistry of all samples was ana-
lyzed; each analysis used 10 to 60 mg of material. Sample material was
digested at room temperature in a mixture of HF and HC1. Following
dissolution, sufficient boric acid was introduced to complex excess
F . Major element chemistry was determined on highly diluted solu-
tions by DC-plasma atomic emission spectrometry. Solutions chemically
equivalent to the major element chemistry of samples were then pre-
pared from ultra-pure chemicals. These solutions were spiked with ap-
propriate additions of Li, Rb, Ba, Sr, Sc, V, Cr, Co, Ni, Cu, Zn, Y,
and Ga and used as standards for trace element determinations. The
blank solution for these determinations contained the major element
chemistry of the sample but lacked addition of the trace element com-
ponents. Error analysis revealed that the accuracy of the reported con-
centrations of trace elements ranged from ±2 to ± 10%.

RESULTS

X-Ray Diffraction Analysis

X-ray diffraction analysis of vein separates revealed
celadonite, smectite, talc, and calcite (Table 1). In some
veins the celadonite was very poorly crystallized (it is
called proto-celadonite in Table 1), as indicated by the
relative sparsity and typical asymmetry of X-ray diffrac-

Table 1. Description and mineralogy of veins from Hole 597B and
597C basalts.

Sample
(interval in cm)

597B-2-3, 89-93

597C-4-4, 16-23

597C-7-1, 7-9

597C-7-1, 129-132

597C-8-3, 110-112

597C-9-3, 6-8

597C-9-4, 122-128

597C-10-1, 7-12

597C-10-6, 57-62

597C-10-6, 90-94

597C-11-2, 21-27

597C-11-2, 77-84

Description

0.4-mm-wide vein filled with light
green to yellow mineral

Very thin coating of dark green clay
minerals on both surfaces of open
fracture

0.6-mm-wide vein filled with light
green mineral, stained yellow to
red in places

0.5-mm coating of brown to yellow
brown stained mineral on fracture
surface

0.4-mm-wide vein filled with green
mineral

— 1-mm-thick coat of flaky green gray
material on a fracture surface

Extremely thin coat of green gray
mineral on a fracture surface

Fracture surface coated with dark
green mineral, stained red brown
in places

Fracture surface coated with dark
green to brown clay mineral and
minor calcite

Fracture surface with thick coat of
green to brown clay minerals

Fracture surface with thick coat of
dark green mineral and calcite

Fracture surface with somewhat thick
coat of dark green clay, stained red
in places

Mineralogy

Proto-celadonitea

Smectite

Proto-celadonite, Fe-oxyhydroxide

Proto-celadonite, Fe-oxyhydroxide

Celadonite, minor smectite

Smectite

Smectite

Celadonite, Fe-oxyhydroxide,
minor smectite

Smectite, calcite

Smectite, talc

Smectite, calcite, talc

Smectite, calcite

a Very poorly crystallized celadonite; see Results (this chapter).

tion reflections. In addition, the celadonite was often dis-
colored red or yellow, indicating the presence of a dis-
crete Fe-oxyhydroxide phase. This phase was amorphous,
as indicated by its failure to generate any X-ray diffrac-
tion reflections, but, as will be discussed later, chemical
analysis reveals it to be a significant phase in at least
three of the veins.

Smectite, talc, and calcite, in contrast, were well crys-
tallized, as indicated by sharp and relatively intense X-
ray reflections. These phases often occur together (Table
1), and their well crystallized nature and the absence of
discrete Fe-oxide phases suggest formation under rela-
tively reducing conditions.

Vein material contamination by nonvein minerals was
indicated by the presence of plagioclase feldspar reflec-
tions in many of the X-ray diffraction patterns. Such con-
tamination was unavoidable, because many of the veins
were extremely thin and irregular, and large amounts of
material were required for trace element analysis. How-
ever, the contamination complicates the handling of the
chemical data.

Major Element Chemistry

Major element chemistry of vein alteration reflects,
as one would expect, mineralogic variability. For exam-
ple, celadonite-rich samples are characterized by relative-
ly high K2O and Fe 2 O 3 T and low A12O3 (Table 2). The
extremely high concentration of Fe 2 O 3 T in several of the
celadonite-rich veins (for example 597C-7-1, 7-9 cm) is
well above that found in pure celadonite at other locali-
ties (where it was generally < 2 5 % ; Weaver and Pollard,
1973). Thus, we infer the presence of Fe-oxyhydroxides,
which act to dilute celadonite components and enhance
Fe2O3 T. The high Ca and Ti contents of some of the cel-
adonites indicate that the samples are not pure mineral
separates. An attempt was made to estimate the total
amount of impurities in collected samples from the
amount of Ti they contain.

Ti is considered to be essentially immobile during low-
temperature basalt-seawater interaction (Honnorez, 1981).
Two explanations are possible for the occurrence of ap-
preciable amounts of Ti in some of the samples: (1) it
can be considered a sampling artifact, because small but
significant amounts of basaltic material were included
with vein materials; or (2) it can be considered a residual
phase; that is, Ti may have been left behind during the
alteration and replacement of host rock components.
Microprobe analysis of high-Mg smectites (saponites) and
celadonites from other DSDP drill cores generally reveals
average TiO2 concentrations below 0.07 wt.% (Donnel-
ly, Pritchard, et al., 1980), but many individual analyses
reveal much higher Ti contents. All samples in the present
study have TiO2 contents of 0.14 wt.% or more. Samples
with the highest TiO2 contents in this study were usually
obtained from the thinnest veins and revealed plagioclase
reflections in their X-ray diffraction patterns. Therefore,
it is assumed that most of the Ti in the samples came
from the sampling of altered wallrock immediately ad-
jacent to the vein. An exception to this generalization is
Sample 597C-9-3, 6-8 cm, which not only had the high-
est TiO2 concentrations but also came from a thick,
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Table 2. Chemical analyses of celadonite-rich veins, interlaboratory basalts, and smectite-talc-calcite veins from Holes 597B and 597C.

Sample
Interval (cm)

Oxides (wt.%)

SiO2

TiO2

A12O3

Fe->OaT3

MnO
MgO
CaO
Na2O
K2O
P2O5

Total

Element (ppm)

B
Li
Rb
Sc
V
Cr
Co
Ni
Cu
Zn
Sr
Ba
Y
Ga

597B-2-3
89-93

48.1
0.40
3.85

26.5
0.038
4.3
2.38
0.05
5.55
NA

91.2

670
18

220
36

106
85

<4
47

166
180
29
9
NA
NA

Celadonite-rich veins

597C-7-1
7-9

41.8
0.20
2.85

37.0
0.14
3.2
2.01
0.35
4.36
NA

91.9

660
8

151
10
67
72
20
61
41
22
32
33
NA
NA

597C-7-1
129-132

36.4
0.29
4.30

41.2
0.14
4.7
2.85
0.67
2.07

NA

92.6

335
8

71
7

75
51

<4
29
21
32
39
10
NA
NA

597C-8-3
110-112

48.2
0.37
5.94

23.4
0.14
4.6
6.11
1.65
2.59

NA

93.0

NA
<2
82
26

121
47
19
28

8
60
44
10
NA
NA

597C-10-1
7-12

43.3
0.18
2.67

33.8
0.11
3.9
1.85
0.53
4.59
0.04

90.9

477
11

258
11

130
27
17
25
10
33
25
19
38
10

Interlab
basalts

597C-4-5
120-130

50.8
1.35

14.8
11.8
0.164
7.34

11.8
2.44
0.052
0.104

100.7

NA
NA

< l
44

345
197
42
63

136
97
88
12.2
33
17

597C-8-2
85-96

50.8
1.50

13.8
13.2
0.196
7.25

11.1
2.50
0.116
0.121

100.6

NA
NA
2

46
390
97
46
55

149
105
82
10.3
35
15

597C-4-4
16-23

46.8
0.67
7.25

16.2
0.10

10.6
4.69
1.83
0.17
NA

88.3

NA
41

<IO
25

192
373

16
159
22
62
51
10
NA
NA

High-Mg smectite-rich veins

597C-10-6
57-62

41.2
0.29
9.0

16.5
0.21

14.8
6.73
0.65
0.56
0.06

90.0

108
71

169
12
91
63
88

287
531
71

200
52
20

<20

597C-10-6
90-94

47.0
0.16
5.48

13.6
0.14

21.0
2.34
1.17
0.40
0.99

92.3

63
77
12
6

120
5

47
175
77
31
30

110
23
10

597C-11-2
21-27

36.9
0.15
8.1

12.3
0.19

13.2
15.0
1.57
0.36
0.05

87.8

50
72
9

15
53

192
56

206
177
44
66
7

14
14

597C-11-2
77-84

42.6
0.14
9.1

18.7
0.14

14.3
2.57
2.55
0.34
NA

90.4

NA
43

<3
5

95
18
79

231
95
54
32
12
NA
NA

High-Al,
high-Ti, smectite-

rich veins

597C-9-3
6-8

45.6
1.94

13.5
15.2
0.14

10.5
4.79
2.94
0.13
0.19

94.9

11
14
4

35
399
22
40
37
2

83
78
10
52
10

597C-9-4
122-128

49.9
0.86

10.7
15.4
0.12

10.5
6.35
2.62
0.14
0.08

96.7

39
<4

6
42

256
39
43
41

9
98
54
10
21
12

Note: NA = not analyzed
a Total Fe expressed in wt.

easy-to-sample vein and revealed no contaminants in X-
ray diffraction patterns. Thus, (2) above best explains
the relatively high Ti content of this sample.

The amount of Ti that a sample contains can be used
to estimate the upper limit of the sampling-induced con-
tamination of vein samples by basalt. The Ti contents of
the interlaboratory basalts collected from Hole 597C, if
these basalts are assumed to be representative of the host
basalts (Table 2), suggest that the upper limit of the
amount of basalt included with vein mineralization as a
result of sampling ranges from 10 to 60%. This estimate
seems high, and the X-ray diffraction results suggest that
some Ti occurs in the vein minerals themselves.

Smectite-rich assemblages contain relatively high
Fe2O3T and MgO contents, are low in alkalies (especially
K2O), and contain variable amounts of A12O3 (Table 2).
The high A12O3 and TiO2 contents of smectite-rich sam-
ples from the veins at 597C-9-3, 6-8 cm and 597C-9-4,
122-128 cm, combined with the samples' high total ox-
ides, indicate that these veins probably contain large
components of extensively altered basalt in addition to
the smectite clay minerals that were revealed in the X-ray
patterns. These smectites may be dioctahedral Al-rich
varieties, although this possibility has not been verified
by X-ray diffraction. Material chemically analogous to
dioctahedral Al-rich smectite has been identified at nu-
merous DSDP sites (see Honnorez, 1981, and references
therein), as has the high-Mg variety of smectite, which is
presumably a trioctahedral phase, possibly iron-rich sap-
onite (Seyfried et al., 1978).

The surprisingly large amount of P2O5 in Sample
597C-10-6, 90-94 cm (0.99%, Table 2) can only be inter-
preted as being due to the presence of a mineral such as
apatite or a compositional equivalent.

Trace Elements

Boron

Trace element data for the vein alteration assemblages
(Table 2) indicate that relative to the mid-ocean-ridge
basalt B is greatly enriched in highly oxidized celadon-
ite-dominated alteration zones but only slightly enriched
in Mg-rich smectite zones; that is, the B concentration
in celadonite greatly exceeds that in the Mg-rich smectite
phases. The abundance of B in these low-temperature
alteration products of basalt is directly related to the
abundance of K (Fig. 1), a relation that indicates that
celadonite is the dominant repository for the B. The K/
B ratio of 65 is less than that of seawater (88), a compar-
ison that suggests that B is extracted from seawater slight-
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•

•
• Celadonite—Fe-oxyhydroxide
A High-Mg smectite—talc—calcite
• High Al, high Ti, smectite bearing

i < i

0 1 2 3 4 5
K2O (wt.%)

Figure 1. B versus K2O for Hole 597B and 597C vein samples.
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ly more efficiently than K; we are assuming, of course,
that a fluid of seawater chemistry was involved in the al-
teration processes that resulted in celadonite formation.
Donnelly, Pritchard, et al. (1980) noted a K/B ratio of
470 in altered basalts, 310 in hyaloclastites, and 100 in
fresh basalts from DSDP Hole 417D. Thus, for whole
rock alteration, it would appear that K is more efficient-
ly extracted from seawater than B.

Typical celadonites have a K2O content of about 7%
(Donnelly, Pritchard, et al., 1980). Thus, a K/B ratio of
65 would suggest that pure celadonite contains roughly
900 ppm B, less than half the 2000 ppm predicted by
Harder (1970) for micas precipitated from seawater.

Lithium

The distribution of Li in the vein assemblages is more
difficult to interpret than the distribution of B. In gen-
eral, Li concentrations are low in the celadonite-rich al-
teration zones and in high-Al2O3 smectite-rich veins, but
they are high in the high-Mg smectite-rich, talc-bearing
veins (Table 2). Thus, the concentration of lithium co-
varies with the concentration of Mg (Fig. 2) and is in-
versely related to the concentration of K. The fairly low
Li concentrations in the celadonite and Fe-oxyhydrox-
ide-rich veins may be related to the relatively low MgO
contents of these phases. The low concentrations of Li
in the veins at 597C-9-3, 6-8 cm and 597C-9-4, 122-128
cm are anomalous and may be related to the particular
mode of formation of the smectites in these veins.

Selected Transition Elements (Sc, Ti, V, Cr, Mn, Co,
Ni, Cu, Zn)

Transition element concentrations (except for Fe) for
the three groups of alteration phases are presented in Ta-
ble 2 and Figures 3 A to C. In Figures 3 A to C the maxi-
mum amount of trace element addition due to contami-
nation by host basalt can be inferred by noting the level
at which Ti plots on the diagram and drawing a straight
horizontal line through it. In effect, this type of dia-
gram illustrates the relative mobility of each of the ele-
ments. An element that plots significantly above the Ti

100

V Cr Mn Co Ni Cu Zn

Cr Mn Co
Element

Zn

10 15
MgO (wt.%)

Figure 2. Li versus Mg for Hole 597B and 597C vein samples. Legend
as in Figure 1.

Figure 3. Normalized transition element (except Fe) concentrations of
Hole 597B and 597C vein materials. The normalizing values are
the average concentrations of interlab basalts (listed in Table 2)
from Hole 597C. A. Celadonite-Fe-oxyhydroxide assemblages. B.
High-Mg smectite-talc-calcite assemblages. C. High-Al, high-Ti,
smectite-bearing assemblages.

ratio for a given sample indicates transport to the vein in
fluids during alteration of the rock. Conversely, an ele-
ment that plots significantly below this ratio indicates
removal of that element from basalt during the altera-
tion of the host rock.

Definite trends are apparent within each group. For
example, celadonite-rich samples show only slight and
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variable enrichment of the Cr-Zn transition elements in
comparison with the so-called immobile elements (Sc,
Ti, V; Fig. 3A). High-Mg smectite, talc-rich veins (Fig.
3B) are generally enriched in Cr-Zn transition elements
(especially Ni) compared with Sc, Ti, and V, whereas in
the high-Al2O3, high-TiO2 smectite assemblage (Fig. 3C),
the transition element ratios are similar to unaltered host
basalt, with the exception of Cr and Cu.

Rb
The concentrations of Rb in vein assemblages are

closely related to the concentrations of K (Fig. 4). Sam-
ple 597C-10-6, 57-62 cm does not obey this relation-
ship, however, and may have a source of Rb other than
celadonite, the dominant K-rich mineral. The relation-
ship between K and Rb in altered oceanic basalt has been
previously reported (e.g., see Humphris et al., 1980; Hart
and Staudigel, 1982). Typically, whole rock alteration re-
sults in higher K/Rb ratios than the alteration of vein-
rich assemblages. For example, Humphris et al. (1980)
report a K/Rb ratio of 800 for whole rock alteration at
DSDP Holes 417A and 418A, and Hart and Staudigel
(1982) report K/Rb values of approximately 533 and 348
for whole rock and smectite-palagonite-rich alteration,
respectively, at DSDP Hole 418A. The K/Rb ratio of
approximately 240 (excluding Sample 597C-10-6, 57-62
cm) in vein assemblages from Holes 597B and 597C is
distinctly lower than any previously reported ratio.

Y, Ga, Ba, Sr
Our data show that Y and Ga concentrations in vein

alteration from Holes 597C and 597B are not greatly
different from an inferred unaltered host basalt (i.e., in-
terlab basalts 597-4-5, 120-130 cm; Table 2). Two low-
A12O3, smectite-rich samples (597C-10-6, 57-62 cm and
597C-10-6, 90-94 cm) have conspicuously high Ba val-
ues; all other samples have Ba concentrations similar to
unaltered basalt. The Ba-rich samples may contain small
but significant amounts of calcareous sediment. Calcite
was identified in one of these samples (597C-10-6, 57-
62 cm); the other (597C-10-6, 90-94 cm) contained anom-

300

200 -

100 -

Figure 4. Rb versus K2O for Hole 597B and 597C vein minerals. Leg-
end as in Figure 1.

alous P2O5 but no detectable carbonate- or phosphate-
bearing phase.

Sr was less concentrated in the vein samples than in
the interlab basalts in all except one sample (597C-10-6,
57-62 cm). As noted previously, this sample was also
anomalous in Rb. The high Sr in this sample may be re-
lated to the presence of calcite, although Sample 597C-
11-2, 21-27 cm, which contained considerably more cal-
cite, had distinctly less Sr. It is more likely that the
anomalous behavior of Rb, Sr, and Ba in Sample 597C-
10-6, 57-62 cm is related to a single as yet unknown
cause.

DISCUSSION
Seyfried et al. (1984) have experimentally documented

the temperature dependence of B and Li exchange dur-
ing basalt-seawater interaction. In addition to tempera-
ture, however, alteration chemistry and mineralogy great-
ly constrain the exchange reactions of these two species.
For example, the results of the present investigation leave
little doubt that celadonite or proto-celadonite is the
primary repository for B in oceanic crust altered by sea-
water at relatively low temperatures.

Shaskina (1961) described the formation of celadon-
ite veins in altered basalt as the process of "joint coagu-
lation of Fe2O3, A12O3, and SiO2 from colloidal solutions
saturated with alkalies." This seems like a reasonable
explanation for celadonite formation in DSDP basalt,
where, as noted previously, celadonite is typically asso-
ciated with ferric oxide and characterizes alteration un-
der relatively oxidizing conditions. As is typical of mi-
cas and mica-like minerals, celadonite has a relatively
high layer charge (0.88 per half unit cell), and the greater
portion of this octahedral substitution is specifically Fe2"1"
or Mg2+ replacing Al3+or Fe3+. Tetrahedral charge (0.1
to 0.2 per half unit cell) invariably results from Al3+ for
Si4+ substitution (Weaver and Pollard, 1973). Indeed, the
composition of some natural celadonites can approach
the pure tetrasilicic end member (Foster, 1969).

The mechanism by which B is taken up by celadonite
and other mica minerals (e.g., illite) has been discussed
in detail by Harder (1970). In general, the charge of the
B atom and its size (0.23 Å) make it probable that the B
atom replaces aluminum in the highly accessible outer
tetrahedral positions. Leaching studies have shown that
most of the B is not mobilized by acid treatments unless
acids that dissolve the mineral (HF) are used (Harder,
1970). In addition, infrared studies of B-rich clays (Stu-
bican and Roy, 1962) reveal the presence of B in tetrahe-
dral positions. Thus, B enrichment in appropriate clay
minerals appears to be a two-step process: first, adsorp-
tion of B on the surface of the clay, a step that can be
described by a Freundlich adsorption equation (Lerman,
1966); then, slow incorporation of B into tetrahedral
layers.

On the other hand, Harder (1970) suggests that B
uptake during the formation of authigenic mica miner-
als in sediments may not be related to a simple adsorp-
tion process. In such cases, the B content may be quite
high as the result of the direct incorporation of B into
the lattice of the newly formed minerals. For example, B
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concentrations of 2000 ppm are common for authigenic
glauconites that formed under marine conditions. It
would not be surprising to find comparable B concen-
trations in celadonites, since celadonites are chemically
and structurally similar to glauconites, differing mostly
in the location of layer charge (e.g., much of the layer
charge in glauconites is derived from substitution of Al3 +

for Si4+ in the tetrahedral layer). However, this study
has shown that although celadonites from Site 597 are
highly enriched in B, pure celadonite separates probably
contain only about 900 ppm B.

The conspicuously high B concentrations in micas
(celadonite, illite, etc.) relative to other phyllosilicates
suggest that the mica structure is inherently favorable
for B substitution. Stubican and Roy (1962) suggest that
K ions have some influence on the stabilization of BO4
groups in the tetrahedral layers. Thus, B uptake by cela-
donite-rich portions of altered oceanic crust results as
much from the structural control as it does from the
availability of B in seawater.

The behavior of Li in vein alteration, like that of B,
reflects a considerable degree of structural control. For
examçle, Li and Mg have similar ionic radii (0.76 Å and
0.72 Å, respectively), so it is not surprising that altera-
tion phases rich in Mg (smectites) are rich in Li as well
(see Table 2). This assessment is consistent with experi-
mental results (Seyfried et al., 1984) that have shown
that during relatively low-temperature (< 150°C) basalt-
seawater interaction, Mg removal from solution precedes
Li removal. These results indicate that the presence of a
Mg-rich substrate may be necessary before Li can be re-
moved from solution.

In addition to concentrating elements from seawater
(e.g., B, Li), the vein assemblage and whole rock altera-
tion phases can act as a repository for transition ele-
ments liberated from primary igneous minerals and glass
rendered unstable by the action of aqueous fluids at low
temperatures. For example, the Mg-rich smectites are con-
spicuously enriched in Ni compared with the other alter-
ation phases and the inferred unaltered host basalt. At
least one study (Donnelly, Thompson et al., 1980) has
noted a slight correlation between high Ni concentra-
tions and saponite abundance. Seawater, which typically
contains less than 2 ppb Ni, is an unlikely source for the
Ni unless disturbingly great amounts of seawater are in-
volved in the alteration process.

Olivine, which can have high Ni contents because of
its high partition coefficient for Ni in magmatic systems,
is a good candidate as the source of this Ni. Olivine ap-
pears to be a minor phase in the basalts at Site 597;
however, its distribution seems to be related to the distri-
bution of Ni-rich smectite. That is, in the core interval
between 121.3 and 143.5 m, where olivine is absent,
smectites are not Ni enriched (e.g., 597C-9-3, 6-8 cm
and 597C-9-4, 122-128 cm), whereas smectite samples
from above or below this interval contain abundant Ni.
Such a correlation suggests not only that olivine altera-
tion is the source of the Ni but also that Ni derived from
olivine alteration is transported only locally. Ni mobili-
zation suggests that sulfide ion, which severely restricts

the solubility of Ni2+ (Garrels and Christ, 1965), is prob-
ably absent during the formation of these Ni-bearing
smectites.

It is not surprising that high-Mg smectites and possi-
bly talc are compatible hosts for Ni. Ni2+ ion (0.69 Å) is
similar to Mg2+ ion in both size and charge, so these
ions are easily interchangeable. These characteristics and
the high crystal field octahedral site preference energy of
Ni2+ may explain why Ni appears to be so much more
enriched in the high-Mg smectite assemblages than in the
other transition elements.

The high-Mg smectites and (to a lesser degree) the
celadonites are also enriched in some of the other transi-
tion elements. The source of these elements is unknown,
although the alteration of olivine may have supplied
some of them. Another possible source is the alteration
of glass. Previous studies have shown that mobilization
of transition elements (Sc, Co, Cr, Ni, Cu, Zn) occurs
during palagonitization of basaltic glass (Ailin-Pyzik and
Sommer, 1981; Staudigel and Hart, 1982).

An element that may be relatively mobile during ba-
salt alteration but not retained by secondary phases is
Cu. Evidence for this is provided by the conspicuous de-
pletion of Cu from basalt altered to high-Ti, high-Al,
smectite-bearing assemblages.

The slight to moderate enrichment of nearly all of
the transition elements compared with Ti in the cela-
donites and high-Mg smectites (Figs. 3A, B) lends sup-
port to the hypothesis that Ti is the most immobile of
the transition elements in the low-temperature system
studied here. These slight differences, however, are prob-
ably not large enough to be within the limits of resolu-
tion of bulk rock studies. More detailed work on larger
vein samples will be necessary to further our understand-
ing of transition element mobility in the low-tempera-
ture basalt-seawater system.

SUMMARY
This study has demonstrated the importance of min-

eralogic control on the distribution of B, Li, and Rb
during low-temperature alteration of the oceanic crust;
celadonite is preferentially enriched in B and Rb, where-
as high-Mg smectite and talc are enriched in Li. B prob-
ably substitutes for Al in tetrahedral sites in celadonite,
whereas Rb substitutes for K in interlayer sites. Maxi-
mum concentrations of B in pure celadonite are proba-
bly about 900 ppm, which is less than the 2000 ppm B
concentrations reported for authigenic glauconites.

Li, which has an ionic radius similar to that of Mg,
substitutes for Mg in octahedral sites in Mg-rich smec-
tite and talc. Its lower abundance in the celadonite-rich
zones is probably due to the absence of a suitable host
mineral.

Cr-Cu transition elements, especially Ni, show en-
richment compared with Sc, Ti, and V in high-Mg smec-
tite-rich assemblages. Olivine alteration is a likely source
for the Ni and possibly for the other transition elements.
High Ni concentrations in high-Mg, low-Al smectite and
talc demonstrates the similarity between Ni2+ and Mg2+
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in size and charge and the high affinity of Ni2+ for crys-
talline octahedral sites.

In contrast to the high-Mg smectite samples, celado-
nites show slight, if any, enrichment of Cr-Cu transition
elements. In addition, two high-Al, high-Ti vein assem-
blages that contain smectite and amorphous materials
have transition element patterns similar to those of the
host basalt, except for Cu and Cr, which are depleted.
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