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Abstract

The major elements, rare earth elements (REE) and trace elements of four basalt samples from central and western Pacific ferro-
manganese crust provinces have been analyzed using chemical methods and ICP — MS, respectively. The results indicate that the
samples have been extensively altered and that the contents of their major elements have changed significantly. However, the simi-
larity of REE partition patterns and trace element contents of basalt samples to those of fresh oceanic island basalts (OIB) indicate
that the basalt samples originated as OIB. Because of low-temperature alteration, the contents of Al,O;, Fe,0,, MnO, K,O and
P, 05 increased, while MgO and FeO decreased. Active components, such as magnesium and iron, were leached from OIB resul-
ting in the relative enrichment of SiO,. The leaching of active components can cause the relative enrichment of REE, while the
precipitation of LREE-rich ferromanganese oxides in vesicles and fissures not only causes an increase of REE contents, but also
induces “fractionation” of LREE and HREE. Based on the enrichment mechanism of REE contents, the theoretical quantities of
precipitated ferromanganese oxides and the depleted quantities of active components are calculated ; the depleted quantities of ac-
tive components for the unit mass of fresh basalts vary in the range of 0. 15 ~0. 657, and the precipitated quantities of ferromanga-
nese oxides for the unit mass of fresh basalts vary in the range of 0. 006 ~0.042. Of the major elements, the two most depleted are
iron, and magnesium, with 18.28% ~70.95% of iron and 44.50% ~93.94% of magnesium in the fresh basalts was leached
out. Theoretical calculation and geochemistry results both indicate that low-temperature alteration of basalts can supply abundant

amount of metals to seawater, and may play an important role in ocean metal circulation.

Key words; oceanic island basalts (OIB) , low-temperature alteration, ocean metal circulation, theoretical calculation, cobalt-

rich ferromanganese crusts

and can easily interact with seawater. For example,
1 Introduction palagonitisation occurs gradually after the emplace-
ment of lava flows in a submarine environment

Oceanic basalts are extruded on the ocean floor (Moore, 1966). The interaction of volcanic-seawa-
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ter may occur in two ways ( Thompson, 1991 ).
low-temperature pervasive weathering or halmrolysis
at less than 70°C , which is common and may con-
tinue for long periods of time ( > 100 000 a) and
high-temperature alteration, which occurs between
70 and 400°C and is generally restricted to sites
near mid-ocean ridges or intra-plate volcanoes and
is relatively short lived (100 ~10 000 a). The low-
temperature alteration of basalt is ubiquitous in the
upper 500 m of oceanic crusts or more ( Furnes and
Staudigel, 1999 ; Staudigel and Hart, 1983 ). The
primary rock texture is an important factor in deter-
mining the extent of alteration and mineral paragen-
esis during alteration ( Pichler et al., 1999 ).
Amorphous basalts usually have a higher rate and
higher extent of alteration than crystalline basalts
( Chamley, 1989).

Continued interaction of the basalts with seawa-
ter can cause variations in the mineral assemblage
and chemical component of basalts. The most com-
mon products of seawater — volcanic interaction are
palagonite, clay minerals (such as montmorillonite ,
and smectite) , zeolite ( phillipsite) as well as iron
oxide and oxyhydroxide ( Mukhopadhyay et al. ,
2002 ; Honnorez, 1981 ). During basalt — seawater
interactions, basalts often incorporate potassium, ce-
sium, rubidium, boron, lithium and oxygen-18 from
seawater (1. e., the basalt acts as a sink, and the
elements are usually incorporated into mineral phases
during the alteration processes) , but often lose cal-
cium, magnesium and silicon to seawater (i.e. , the
basalt acts as a source) ( Chester, 2000). Altera-
tion experiments ( Seyfried and Mottl, 1982) indi-
cate that almost all magnesium, sodium, calcium,
copper, zinc and carbon dioxide, and most of potas-
sium, barium, strontium and manganese were
leached out from silicate at 300°C , and aluminum,
silicon and cobalt were also activated significantly.
During reaction with seawater, the elements of calci-

um, iron, manganese, copper, zinc and silicon of

basalts were leached from the basalts into seawater
(Li, 1997) and then removed from seawater by oce-
anic sedimentation ( Chamley, 1989). The altera-
tion of basalts may play an important role in the ele-
ment circulation of the ocean.

Most previous works on basalt — seawater inter-
actions ( Dang and Hou, 1995; Seewald and Sey-
fried, 1990; Seyfried and Mottl, 1982 ; Seyfried and
Bischoff, 1979 ; Mottl and Holland, 1978) have fo-
cused on experimental studies of basalt — seawater
interaction and variations of basalt composition.
Pichler et al. (1999) studied the formation of sec-
ondary minerals and the behavior of elements of al-
tered basalts from Southern Chile Ridge and Mukho-
padhyay et al. (2002) compositional variations of
altered basalts from the Central Indian Ocean Basin
(CIOB). Here we focus attention on altered basalts
from the central and western Pacific in order to study
the element content variations and their geochemistry
behaviors during low-temperature alteration in sub-
marine setting, and to calculate the element content
change of altered basalts theoretically, as well as to
evaluate the contribution of low-temperature altera-
tion of oceanic island basalt to ocean metal circula-

tion.
2 Samples and methods

The basalt samples in this study were dredged
from central and western Pacific ferromanganese
crust provinces on R. V. Dayang No. 1 in 1999,
with water depth in the range of 2 274 ~2 880 m
(see Fig. 1).

Four samples from four dredge sites were select-
ed for macroscopic and thin section examination.
The samples were altered to various degrees, in
which Sample C9 was the most altered, grey brown
in color and characterized by vesicular structure. In
this sample, pyroxene phenocrysts were altered to

antigorites and montmorillonite , while the matrix was
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Fig. 1. Sampling location. Water depth in brackets.

altered to montmorillonite ( see Fig. 2a). The sam-
ple was carbonatized with a great deal of calcite in
thin section. Samples M55 and C12 are vesicular
basalt with vesicle sizes about 0.5 mm on average,
although some vesicles were up to 2 mm and some
were filled with amygdaloids. The dominant pheno-
crysts in Sample M55 are augite and plagioclase,
while diopside, augite and plagioclase are dominant
in Sample C12. The occurrence of olivine in Sam-

Sample M43 is
fresher than the other samples and is dark grey,

ples M55 and C12 is uncertain.

with massive structure and porphyritic texture, hav-
ing dominant phenocrysts of augite and plagioclase.
The presence of olivine and biotite in Sample M43
1s uncertain.

In all the four samples, the matrix was devitri-
fied with a great deal of magnetite separated out and
deposited as acicular and irregular-shaped crystals,
having accessory minerals of apatite, brazilite and
rutile. Magnetite crystals were often separated out
and deposited in the rim of dark mineral phenocrysts

(see Fig. 2b). Olivine phenocrysts were usually al-

tered into iddingsite, while inherited crystal pseudo-
morphism of olivine (see Fig. 2¢) and some olivine
phenocrysts were serpentinized. Vesicles in the ba-
salts were often filled with zeolite (see Fig. 2d),
some fissures and vesicles were filled with ferroman-
ganese micro-nodules (see Fig. 2e) or ferromanga-
nese oxides (see Fig. 2f).

The chemical analyses of basalt samples were
carried out by the Institute of Geochemistry, Chinese
Academy of Sciences. The contents of major ele-
ments were chemically analyzed, while trace ele-
ments and rare earth elements (REE) were analyzed
by Finningan Mat Element high resolution ICP-MS.
The analytical procedure has been described by Qi
and Grégoire (2000).

3 Results

The contents of major elements, trace ele-

ments, REE and their diagnostic parameters are lis-

ted in Tables 1 and 2.
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Fig. 2. Typical mineral assemblage and textural features of basalt samples. a. Remainders of pyroxene in
which the central part was altered to antigorite and the marginal part altered to montmorillonite. 4 x 10( + )
(C09) ; b. magnetite separated from pyroxene. 20 X 10( — ) (M55) ; c. iddingsited olivine phenocryst. 20 x
10( =) (C12); d. zeolite with zonal texture in vesicle of altered basalt. 20 x 10( +) (C12) ; e. ferromanga-
nese micro-nodules in vesicle of altered basalt. 10 x 10( = ) (M55) ; and f. ferromanganese oxides in vesicle of

altered basalt. 10 x 10( —) (C12).
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Table 1. Major element contents (% ), petrochemical parameters and CIPW standard mineral (after adjusted major elements

contents) of altered basalt from the central and western Pacific

Sample No. Ferroman- Sample No. ,
) o OIB MORB
OIB MORB ganese 9 Cl2 M43 M55
O Cl2 M43 M55 erusts
reference
reference
Schilling Clague ot e
. Clague et Hein et this work et al.
this work L. (1980) et al. 1. (1999) al. (1980)
al. al.
(1983) (1983)
¢(Na,O +
¢(Si0,)”  40.97 40.87 41.39 40.37 46.53 48.77 13.41 K.0) 5.53 3.85 2.94 4.36 3.66 2.51
¢(Ti0,) 2.37 2.75 2.17 2.30 2.25 1.15 2.22 AR 1.52 1.38 1.23 1.34 1.35 1.20
c¢(ALO;) 14.64 16.30 18.19 20.55 14.53 15.90 3.19 c(Q) 6.73 11.35 4.58 10.26 0 0
c¢(Fe,0,) 10.25 11.20 11.63 10.70 3.15 1.33 25.43 c(C) 0.97 6.26 0.94 8.91 0 0
c¢(FeO) 0.55 0.60 0.87 0.70 9.51 8.62 ¢(Or) 14.57 8.31 8.33 9.66 5.20 0.47

¢(MnO)  1.42 0.75 0.26 0.28 0.19 0.17
¢(Mg0)  1.50 4.70 5.40 2.20 9.32 9.67
¢(Ca0)  11.60 6.20 9.60 7.50 10.34  11.16
¢(Na,0) 2,77 2.10 1.40 2.42 2.78 2.43
¢(K,0) 223 1.21 1.29 1.45 0.88 0.08
¢(P,0,)  4.33 0.93 0.63 1.67 0.29 0.09
¢(LOI) 4.90 10.35 6.00 8.06

¢(CO,) 1.70 1.25 1.00 1.10

¢(Fe,0,)/ 18.64 18.67 13.37 15.29  0.33 0.15
¢(Fe0)

c(Fe) 8.40 9.66 9.63 9.05 9.60 7.64
o 13.35 3.28 3.91 7.63 3.79 1.09

27.11 |[¢(Ab) 25.91 20.66 12.94 23.08 20.84 20.56
2.12 c(An) 20.48 19.52 40.63 21.81  24.57 32.24

3.32 c¢(Ne) 0 0 0 0 1.45 0
2.30 c(Di) 0 0 0 0 20.10 18.29
0.78 c(Hy) 4.13 13.61 14.69 6.17 0 10.59
0.98 c(0l) 0 0 0 0 18.10 12.90
c(Mt) 0 0 0 0 4.57 1.93
c(1l) 4.64 3.34 2.61 2.34 4.27 2.18
¢(Hm) 11.33 13.02 12.70 12.06 0 0
c¢(Ru) 0.18 1.44 0.99 1.36 0 0

c(Ap) 10.45 2.36 1.50 4.11 0.63 0.20

Notes: 1) Average of 28 samples; 2) ¢ represents the content.

3.1 Major elements

Because of submarine alteration, the basalt
samples have high LOI and carbon dioxide contents
(4.90% ~10.4% and 1.00% ~1.70% , respec-
tively) (Table 1), and a great deal of calcite was
observed in basalt samples in thin section. In order
to calculate the petrochemical parameters and CIPW
standard mineral assemblage ( Table 1), we dis-
counted all the LOI and carbon dioxide, and a part

of CaO in the ratios of calcite (CaCO,) and conver-

ted the other oxides into 100% .

The four basalt samples have low SiO, contents
of 40. 37% ~ 41.39% , lower than the lower limit
(43% ) of fresh basalt. Comparing with oceanic is-
land basalt (OIB) ( Clague et al. , 1980) and mid-
ocean ridge basalt ( MORB ) ( Schilling et al.,
1983), the samples are significantly enriched in
AL O, Fe,0;, MnO, K,O and P,0,, with the aver-
ages of 17.4% , 11. 0%, 0. 68% , 1. 55% and
1.89% , respectively, but are depleted MgO and
FeO with contents in the range of 1.50% ~5.40%
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and 0. 55% ~0.87% , respectively (see Table 1,
Fig. 3), especially MgO which is very much lower

than those of oceanic crusts (7.7% ) ( Taylor and

Mclennan, 1985). The precipitation of ferromanga-

nese oxides in altered basalts accounts for their high

MnO contents ( Mukhopadhyay et al. , 2002).

Table 2. Rare earth elements contents (pg/g) , their diagnostic parameters and trace elements contents (ug/g) of
altered basalt from central and western Pacific
Sample No. Sample No.
OIB Crust OIB Crust
C9 Cl2 M43 M55 C9 C12 M43 M55
reference reference
this work Hofmann et Hein et al. this work Clague et  Hein et
al. (1996)"  (1999) al. (1980)? al. (1999)
c(La) 161.01 60.57 83.27 58.64 20.07 361 ¢(Sc) 20.42 20.81 26.57 20.45 33.39 5
c(Ce) 131.38 118.23 134.13 67.31 50.16 2354 c(V) 241.29 178.45 224.24 207.03 330.36 626
c(Pr) 23.21 13.55 14.77 11.01 7.00 87.1 c(Cr) 251.26 83.37 475.51 29.53 552.32 118
c¢(Nd) 98.02 56.07 52.02 47.21 30.87 371 c(Co)  219.84 207.41 76.04 78.94 63.54 6904
¢(Sm) 17.89 12.00 9.50 9.83 7.85 74.4 c(Ni)  460.88 238.54 124.38 88.44  244.46 3651
c(Eu) 4.77 3.26 2.62 2.73 2.39 18.3 c(Cu) 395.64 134.58 127.77 223.02  96.36 760
c(Gd) 19.84 10.40 8.66 10.17 7.25 69.2 c¢(Zn) 190.62 213.58 189.15 162.56  88.18 531
c(Th) 2.79 1.47 1.16 1.52 1.05 12.7 c¢(Rb) 29.42 32.01 38.46 35.13 33.39 1715
c(Dy) 16.26 8.26 6.51 9.28 6.29 62.4 ¢(Sr)  1000.37 833.65 549.07 647.80 433.04 864
¢(Ho) 3.34  1.54 1.21 1.78 1.20 11.4 c(Y) 169.25 45.58 40.10 66.17 19.96 178
c(Er) 9.52 4.19 3.38 4.84 3.05 30.1 c(7Zr) 306.95 308.01 263.45 201.95 143.14
¢(Tm) 1.25 0.52 0.44 0.67 0.42 4.0 ¢(Nb) 48.59 81.40 75.04 49.15 30.87
c(Yb) 6.82 3.36 2.79 3.93 2.36 26.0 c¢(Ba)  1082.08 585.90 2292.66 373.31 305.36 1889
c(Lu) 1.08 0.48 0.43 0.58 0.34 3.57 c(Hf) 7.71  7.73  6.95 4.92
Sc(REE) 497.17 293.88 320.89 229.49 140.30 3485.17 c(Ta) 2.56  4.57 4.38 2.89
8Ce” 0.45 0.94 0.84 0.5 0.99 3.04 c(Th) 4.15 6.12 17.79 4.09
SEu” 0.78 0.88 0.87 0.8 0.96 0.77 c¢(Rb)/ 0d.029 0.038 0.070 0.054 0.077 0.504
Sa (Ce)/ 7.2 8.7 12.0 6.0 5.4 14.9 c(Sr)
Sa,(Yb) c(Zr)/ 6.32  3.78 3.51 4.11
[c(La)/ 5.67 3.18 5.52 3.76 1.56 3.05 ¢(Nb)
c(Sm) Iy,

Notes: 1) average of seven samples; 2) average of 28 samples; 3) chondrite-normalized, normalization constants of chondrite after Tayor

and Mclennan (1985).

The ratios of ¢(Fe,0,)/c(FeO) and the con-
tents of H,O are geochemical parameters which de-
scribe the degree of alteration of submarine basalts.

Hart (1970) quantified low-temperature alteration

into four according to their ratios of
c(Fe,0,)/c(FeO) and H,O contents. The ratios of
c(Fe,0,)/c(Fe0), and H,0 and K,O contents in-

creased with intensified alteration of the basalts,

stages,
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Fig. 3. OIB-normalized major element variation

diagram of basalts. The major elements were adjus-
ted for LOI and carbonate. OIB data after Clague et
al. (1980) (average of 28 samples).

while MgO contents decreased ( Hekinian, 1971).
Fresh oceanic basalts have ratios of ¢ ( Fe, O, )/
c¢(Fe0O), and H,O contents in the ranges of 0.1 ~
0.3and 0.6% ~1.1% , and generally less than 0.2
and 1% , respectively ( Miyashiro et al. , 1969 ).
Alteration of the basalts increases their Fe’* contents
and decreases their Fe’* contents ( Hein and Mor-
gan, 1999) resulting in an increase in the ratios of
c(Fe,0;)/c(FeO). The basalt samples have higher
contents of Fe, O, (in the range of 10.25% ~
11.63% ) and lower contents of FeO (in the range
of 0.55% ~0.87% ) than those fresh OIB (the con-
tents of Fe,O; and FeO are 3.15% and 9.51% , re-
spectively on the average) and MORB (the contents
of Fe, 0, and FeO are 1.33% and 8. 62% , respec-

tively on the average ). They have ratios of

c(Fe,0,)/c (FeO) of 40 ~ 125 times higher than
those of OIB and MORB (see Table 1), and display
characteristics of intensively altered basalts. The al-

teration of basalt also results in their high LOI con-

tents (4.90% ~10.4% ).

CIPW standard mineral contents of basalt sam-
ples are significantly different from those of OIB and
MORB (see Table 1). The basalt samples are rela-
tively enriched in SiO, and Al, O,, having the ap-
pearance of standard mineral quartz (Q) and corun-
dum ( C), with their contents in the range of
4.58% ~11.35% and 0.94% ~8.91% , respec-
tively, and averages of 8.23% and 4.27% . Com-
pared with OIB, the samples have no standard min-
eral olivine (Ol) [2(Mg, Fe) O - SiO, ], but have
standard mineral hypersthene (Hy) [ (Mg, Fe) O -
SiO, | indicating that the samples are relatively en-
riched in silicon and saturated with SiO,; while the
absence of standard mineral diopside (Di) [ CaO -
(Mg, Fe)O - SiO, ] is the result of depleting of CaO
(the contents of CaO in silicate facies are depleted
with the range of 4.67% ~9.63% , and other CaO
occur as CaCO,; in calcite with the range of
1.28% ~2.21% ) (Qiu, 1985). The high contents
of standard mineral hematite (Hm) (in the range of
11.33% ~13.02% ) of samples correspond to their
high ratios of ¢(Fe,0,)/c(FeO), implying the oxi-
dation of basalts. The samples have higher contents
of standard mineral apatite ( Ap) than OIB and
MORB (see Table 1). This is consistent with their
higher P, 0, contents compared with those of OIB and
MORB as a result of phosphatization of the basalt.

The Rittmann Index (o) of basalt samples is in
the range of 3. 28 ~ 13. 35, with alkalinity ratios
(AR) of 1.23 ~ 1. 52 and bulk alkali contents
[c(Na,0 +K,0) ] of 2.94% ~5.53% (see Table
1). In a TAS plot, the basalt samples plot in the
basanites and tephrites areas ( Le Maitre, 1989) re-

flecting their alkali series.
3.2 REE geochemistry

The samples have high and variable contents of
REE, with the sum of REE content [ 3¢ ( REE) ]
ranging from 229 pg/g to 497 pg/g with an average
of 335 wg/g (see Table 2). The variation of
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Sc¢(REE) values of the samples indicates their dif-
ferent degrees of alteration. The higher 3¢ ( REE)
values are therefore a consequence of the more inten-
sive alteration of the basalts ( Kang et al. , 1998).
The samples relatively enriched in LREE, with the
Sa,(Ce)/2a,(Yb) ratios ranging from 6.00 to 12. 1
and with right inclining chondrite-normalized patterns
(Fig. 4). All basalt samples have 8Eu and 3Ce val-
ues in the range of 0.78 ~0.88 and 0.45 ~0.94, re-
spectively, suggesting a negative europium anomaly
and a moderate to negative cerium anomaly. The neg-
ative europium anomaly may be a consequence of the
fractionation of plagioclase from the initial magma
(Wang et al., 1989), while the negative cerium
anomaly may result from leaching of ceriumfrom ba-

salts during interaction with seawater ( Chen, 1990).

10000 1

1 000

100

Basalt/Chondrite

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Element

—o— C9,——C12,—A—M43,—@— M55,—6—-0IB, —0— Crust

Fig. 4.

Schematic chondrite-normalized REE patterns
for basalt rocks. Normalization constants of chondrite after
Tayor and Mclennan (1985), OIB data after Hofmann
and Jochum (1996). Crust data after Hein et al. (1999)

and references there in (average of 182 samples).

3.3 Trace element characteristics

The REE and trace element characteristics of
the basalt samples are more similar to OIB than those
of MORB. In primary mantle-normalized ( see Fig.
S5a) and MORB-normalized ( see Fig. 5b) trace ele-

ment spiderdiagram patterns, the patterns of the ba-
salt samples are similar to those of OIB ( Sun,
1980) and differ from those of MORB ( Saunders
and Tarney, 1984) , suggesting that the basalt sam-
ples are petrogenetically intra plate OIB. The con-
tents of high field strength elements ( HFSE) , such
as tantalum, niobium, hafnium, zirconium and tita-
nium, are higher than those of OIB (see Figs 5a and
b) , implying that the HFSE were relatively enriched
due to their stability and the leaching of active com-
ponents from basalts. The contents of barium, thori-
um, lanthanun, phosphorus and yttrium are relative-
ly enriched and more variable than those of OIB ( see
Figs 5a and b) , suggesting that these elements were
enriched during low-temperature alteration or that
the enrichment of the elements is related to phospha-
tization.

Chromium and nickel in igneous rocks are com-
patible elements with respect to dark minerals, such
as olivine, garnet, pyroxene, hornblende, magnetite
and spinel ( Wilson, 1989). In chondrite-normalized
transition element spiderdiagram patterns ( see Fig.
6), chromium, and nickel are located in a trough,
suggesting that these elements were leached out from
dark minerals, which act as host for chromium and
nickel were decomposed due to alteration. The sys-
tematic dispersion of chromium, nickel, manganese,
cobalt and copper in chondrite-normalized spiderdia-
gram patterns (see Fig. 6) suggests that the contents
of these elements have been changed. During long-
term interaction with seawater, the contents of active
elements in basalt were variable. At high tempera-
tures, transition elements of manganese, zinc and

copper are especially active ( Seewald and Seyfried,
1990).
4 Discussion

4.1 Tectonic setting of basalt

The activation of trace elements and REE of ba-
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Fig. 5. Trace element spiderdiagram patterns of basalt

samples. a. Primary mantle-normalized trace element spi-

derdiagram patterns of basalts. Normalized constants of

primary mantle after McDonough et al. (1992), phos-

phorus constants after Sun (1980); and b. MORB-nor-

malized trace element spiderdiagram patterns of basalts.

Normalization constants of MORB after Saunders and Tar-
ney (1984), OIB after Sun (1980).

salts is very different during secondary alteration.
The active elements, such as uranium, potassium,
rubidium, cesium, barium, and strontium, as well
as volatile elements are very sensitive and can be

easily leached due to secondary alteration ( Pearce,

100.00
10.000
2
T 1000
=]
-
<
£ 0.100
0.010
0.001 S S S T S S
Se  Ti V. &t Mn Fe Co Ni Cu Zn
Element
—— (9, —l—Cl12, —k— M43, —@— M55
Fig. 6.  Chondrite-normalized spiderdiagram patterns of

transitional element for basalts. Normalized constants of

chondrite after Langmuir et al. (1977), iron constants

after Sun (1982).

1983). As a result, they are dispersed in the trace
element spiderdiagram patterns ( Fig. 5 ). The
HFSE, such as titanium, zirconium, yttrium, niobi-
um, tantalum, hafnium, and REE are relatively sta-

ble (Zhang, 1990) and not sensitive to post-petro-

genetic alteration ( Pearce, 1983). As a result, they
record the initial features of basalts and usually have
been used as indicators to identify the tectonic set-
tings of the basalts ( Pearce and Cann, 1973). The
LREE are more active than the HREE, and are ac-
tive in certain case, while HREE are too stable to
change with secondary alteration ( Condie, 1982).
The ratio of zirconium content to niobium one
[c(Zr)/c(Nb) ] is characteristically low in OIB
( < 10) compared with N-type MORB ( > 30)
(Wilson, 1989). The ratios of ¢(Zr)/c(Nb) in ba-
salt samples is in the range of 3.78 ~6.32 (see Ta-
ble 2), having characteristics of OIB. The ratio
[c(La)/c(Sm) | ( chondrite-normalized ) of the
samples is in the range of 3. 18 ~5. 67 (see Table
2), larger than 1, suggesting that the origin of ba-
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salts is related to mantle plumes ( Chen, 1990).
Furthermore , the chondrite-normalized REE patterns
(see Fig. 4) and trace element spiderdiagram pat-
terns (see Fig. 5) of basalt samples are very similar
to those of OIB, especially HREE and HFSE, indi-
cating that the samples were initially typical intra

plate OIB.

4.2 Basalt component change due to low-tempera-

ture alteration

During low-temperature reaction with seawater,
basalts generally lose silicon, magnesium, calcium
and Fe’* ( MacGeehan and Maclean, 1980), and
gain titanium, potassium, phosphorus, manganese,
iron; and sodium (Hart, 1970). The major element
contents of the basalt samples differ from those of ba-
salts occurring in various geotectonic settings in the
ocean and are depleted Si0,, MgO, FeO and CaO
but enriched Fe,0,, K,0, MnO and P,0; ( see Ta-
ble 1). Because of alteration, the major element
contents of basalt samples deviate from their initial
value and the samples lose the diagnostic character-
istics of their primary rocks but record the informa-
tion about secondary alteration.

The high contents of Al,O,, H,0, K, O and
REE of basalt samples were caused by leaching of
magnesium, calcium, sodium, and SiO, to different
degrees due to alteration and are therefore relatively
enriched in the samples ( Seyfried and Bischoff,
1979). The alteration of dark minerals, such as oli-
vine, garnet, pyroxene, hornblende, magnetite and
spinel, and of the matrix may be the primary reason
for deviation of the major element contents. Because
of alteration, the dark minerals were broken down.
iron and magnesium therefore lost their host minerals
and were intensively leached. As a result, they con-
sumed less Si0, in the standard mineral calculation.
Although SiO, was also depleted because of leac-
hing, there is CIPW mineral quartz ( Q). Compared
with fresh OIB, the basalts have higher ratios of

c(Fe,0,)/c(FeO) and lower total iron contents
[c(Fe) ] (see Table 1) which not only suggests
that alteration is generally associated with an in-
crease in oxidation state of iron ( Pichler et al. ,
1999) , but also that iron was leached from basalts
as a result of alteration. It should be pointed out,
that the higher MnO contents ( in the range of
0.26% ~1.42% , with an average of 0. 68% ) of
basalt samples than those of OIB and MORB
(0.19% and 0. 17% , respectively on the average)
(see Table 1) were caused by precipitation of ferro-
manganese oxides in fissures and vesicles of the ba-
salt (see Figs 2e and f).

Because REE are relatively stable in the super-
gene environment, there is no simple relationship
between the activity of REE and rock types or de-
gree of metamorphism. However, the mineral as-
semblage and fluid feature may be dominant factors
in controlling the REE contents ( Humphries,
1984 ). The similarity of REE patterns ( see Fig.
4) between basalt samples and OIB ( Hofmann and
Jochum, 1996) , as well as their higher REE con-
tents than OIB (see Fig. 4) may suggest that the
REE are more stable during low-temperature altera-
tion and relatively enriched due to active elements
leaching out from basalts. Furthermore, the precip-
itation of ferromanganese oxides which are relatively
enriched in REE, especially LREE (see Table 2,
Fig.4) , in fissures and vesicles of basalt ( see Figs
2e and f) , can cause not only the REE contents of
basalt to increase but also the “fractionation” of
their LREE and HREE. The samples therefore have
high 3c¢(Ce)/3c ( Yb) ratios ( see Table 2 and
Fig. 4).

4.3 Mass balance theoretical calculation

4.3.1

Calculation of total mass change caused by

the alteration

According to the above, REE can be relatively
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enriched due to leaching of active components from
basalts, and the precipitation of ferromanganese ox-
ides ( which have high contents of REE, especially
LREE) in fissures and vesicles of altered basalts. In
which, the latter can cause the REE contents to in-
crease absolutely. REE are stable and are generally
transported as a whole (Wang et al. , 1989) so that
their total contents can be used to calculate the mass
balance. If we consider that the total change in the
unit mass of fresh basalt is caused only by leaching
of active components and by precipitation of ferro-
manganese oxides, the measured value of rare earth
element R can be given as follows:

Ry = (Rop + ¥Ryy) /(1 =2 +y), (1)
where R, is the measured value of rare earth ele-
ment R, R, and R _,, are the contents of rare
earth element R of OIB and ferromanganese oxides,
respectively; and x and y are the depleted quantities
of unit mass of fresh basalt caused by alteration and
the precipitated quantities of ferromanganese oxides
in unit mass of fresh basalt, respectively. The ex-
pression Rg, + ¥Ry, _y, and 1 —x + y are therefore
the quantity of rare earth element R after alteration
of unit mass of fresh basalt and the residual quantity
for unit mass of fresh basalt after alteration, respec-
tively.

Here we choose rare earth element neodymium
and REE [ 3¢ (REE) ] to substitute the quantity of
rare earth element R, and from Eq. (1) we get:

cy(Nd) = [cop(Nd) +y * cpoya (Nd) 1/
(1 - x+y), (2)
Scy(REE) = [ 2eqp(REE) +y -

Sepan(REE)1/(1 - x 7)., (3)

where ¢, (Nd) and 3¢, (REE) are measured values
of neodymium and the sum of REE content of basalt
samples, respectively, ¢, (Nd) and 3¢y (REE)
are neodymium content and the sum of REE content
value of OIB, respectively, while ¢, _,, (Nd) and
Scp. _wn (REE) are neodymium content and the sum

of REE content value of ferromanganese oxides, re-

spectively. If we replace y by @ and 1 —x +y by b,
Eqgs (2) and (3) can be simplified as follows;
cy(Nd) = [cop(Nd) +a -« cp_y, (Nd) ]/b,
(4)
Scy(REE) = [ 3¢y (REE) +a -
S (REE) ]/0. (5)
From the set of Eqs (4) and (5), we can calculate
a and b as follows:
a = [coyp(Nd) « Sey(REE) - ¢, (Nd) -
Scop(REE) J/[ ey (Nd) + Zey, y, (REE) -
Crewn (Nd) + ey (REE) . (6)
b = [cop(Nd) * Sep v (REE) = ¢p i (Nd) -
Scop (REE) J/[ ey (Nd) « 3ep_y, (REE) -
Creyn (Nd) + Zey (REE) ]. (7)
If we choose ¢y (Nd) ey (REE) of OIB as
30. 87 wg/g and 140. 30 pg/g ( Hofmann and Jo-
chum, 1996) , respectively, and choose ¢, _y, (Nd)
e vy (REE) of Hawaii ferromanganese crusts as
371 pg/gand 3485.17 wg/g (Hein et al. , 1999) ,
respectively (see Table 2), and substitute the con-
tents and values of ¢y, (Nd) and ¢, (REE) of
OIB, and ¢y, _y, (Nd) and 2cg, _, (REE) of Hawaii
ferromanganese crusts into equation (6) and (7),
we can derive a, b and x, y. The results are listed
in Table 3.

In Table 3, the depleted quantity for unit mass
of fresh basalt caused by alteration is in the range of
0.150 ~0. 657, and the precipitated quantity of fer-
romanganese oxides in unit mass of fresh basalt is
0.006 ~0.042. The residual quantity for unit mass
of fresh basalt after alteration is therefore 0. 353 ~
0. 892. In all the samples, Sample C9 is the one that
has the largest depletion quantity ( the depletion
quantity for unit mass of fresh basalt is 0. 657 ),
which is consistent with its largest degree of altera-
tion, while Sample M43 is the least altered but has
largest amount of precipitated ferromanganese oxides

(‘the ferromanganese oxides precipitated in unit mass

of fresh basalt is 0.042) (see Table 3).



46 BU Wenrui et al. Acta Oceanologica Sinica 2008, Vol.27, No.2, p.35 ~54

Table 3. Theoretical calculation results of total mass changes caused by the alteration
Parameter Explanation C9 C12 M43 M55
a ¥ 0.010 0.014 0.042 0. 006
b 1 —x +y, residual quantities for unit mass of fresh basalts 0.353 0.643 0.892 0.700
x depleted quantities for unit mass of fresh basalts 0.657 0.371 0.150 0.306
y precipitated quantities of ferromanganese oxides in unit mass of fresh basalts ~ 0.010  0.014  0.042 0.006

4.3.2 Calculation of the depleted quantities of met-

als and oxides for unit mass of fresh basalt

Comparing with REE which are stable and not
leached after petrogenesis, the active components
can generally be leached from basalt to different de-
grees due to alteration. The changes in the quantity
of metals and oxides of altered basalts are not only
due to precipitation of ferromanganese oxides, but
also to leaching of active components. If we consider
the changes in quantities for fresh basalts due to al-
teration are caused only by precipitation of ferroman-
ganese oxides in basalts, which “bring in” metals to
the basalt, and by leaching of active components
from basalts, which “take out” active components
from basalt, the measured value of component M can
be expressed as follows
en(M) = [eo(M) +y * ey, (M) = c (M) ]/

(1-x+y), (8)
where ¢, (M) is the measured value of component M
for basalt sample; ¢z, (M) and cp, _y, (M) are con-
tents of component M for OIB and ferromanganese
oxides, respectively; and ¢, (M) is the depleted
quantity of component M for unit mass of fresh basalt
due to alteration. The expression ¢ (M) + y -+
Cpo_wn (M) —c, (M) is therefore the quantity of com-
ponent M for unit mass of fresh basalt after altera-
tion, while y and 1 —x + y are the same means as a-
bove.

If we replace y by a and replace 1 —x +y by b,

Eq. (8) can be simplified as follows:
ey(M) = leqg(M) +a -« cpy, (M) =, (M) ]/b.
(9)
From Eq. (9), we can get ¢, (M) as follows;
o(,(M) =coy(M) +a-cp (M) =b-cy(M).
(10)
The values of the content of component M for OIB
[co (M) ] and the content of component M for fer-
romanganese crust [ ¢, . (M) ] are given in Tables
1 and 2 (the content of component M for OIB [ ¢
(M) ] is taken from Clague et al. (1980) and the
content of component M for ferromanganese crust
[ e _nn (M) ] from Hawaii is taken from Hein et al.
(1999). By substituting the metal and oxide con-
tents of OIB and ferromanganese oxides in Tables 1
and 2, and the values of @ and b (listed in Table 3)
into Eq. (10), we can derive the depleted quantity
of metals or oxides for unit mass of fresh basalt
caused by alteration. In Eq. (10), the expression
a * ¢y _y.(M) is the precipitated quantity of metals
or oxides brought into unit mass of fresh basalt by
ferromanganese oxides.

Table 4 lists the precipitated quantity of metals
and oxides brought into unit mass of fresh basalt by
ferromanganese oxides, the depleted quantities of
metals and oxides from unit mass of fresh basalt, and
the residual quantities of metals and oxides for unit
mass of fresh basalt, as well as the depleted ratios

(% ) of metals and oxides for fresh basalts.
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Table 4. The budget of transition metals and major oxides for unit mass of basalt due to alteration

Precipitated quantities of
metals and oxides for unit | Depleted quantities of metals and | Residualquantities of metals and
mass of fresh basalt by pre- | oxides for unit mass of fresh ba- oxides for unit mass of fresh ba- Depleted ratios (%) of metals and
cipitation of ferromangane- salt salt oxides for fresh basalt
se oxides
¥+ oy (M) . (M) con (M) +y + cpo_y, (M) =, (M) e, (M) /coy (M)

Element" 9 Cl2 M43 M55 C9 C12 M43 M55 C9 C12 M43 M55 Co C12 M43 M55
Se 0.05 0.07 0.21 0.03| 26.23 20.08 9.89 19.11 7.22 13.38 23.70 14.31| 78.54 60.14 29.63  57.24
Ti 0.01 0.02 0.06 0.01 0.81 0.14 0.14 0.27 0.93 2.06 2.11 1.81| 59.86 10.02 10.14 19.99
A4 6.36 8.74 26.22 3.64| 251.45 224.37 156.52 189.17| 85.26 114.73 200.06 144.82| 76.11 67.92 47.38 57.26
Cr 1.20 1.65 4.94 0.69| 464.73 500.36 133.03 532.35| 88.79 53.60 424.23 20.66| 84.14 90.59 24.09  96.38
Mn 0.21 0.29 0.88 0.12| -0.07 0.01 0.83 0.10 0.43 0.43 0.20 0.17]|-47.06 4.18 564.31 66.70
Fe 0.18 0.25 0.75 0.10 6.81 3.64 1.76  3.37 2.97 6.21 8.59 6.33| 70.95 37.92 18.28 35.11
Co  70.10 96.40289.2040.10| 55.96 26.59 284.90 48.42| 77.68 133.35 67.84 55.22| 88.06 41.84 448.37  76.20
Ni 37.07 50.98152.93 21.21| 118.67 142.07 286.43 203.80| 162.86 153.37 110.97 61.87| 48.54 58.12 117.17 83.37
Cu 7.72 10.61 31.83 4.41|-35.73 20.44 14.20 -55.23| 139.81 86.53 113.99 156.01|-37.08 21.22 14.74 -57.32
Zn 5.39 7.41 22.24 3.08| 26.21 -41.73 -58.33 -22.45| 67.36 137.32 168.75 113.72| 29.73 -47.32 -66.15 -25.46

Sio, 0.14 0.19 0.56 0.08| 30.66 16.17 6.76 14.78| 16.00 30.55 40.33 31.82| 65.90 34.75 14.53 31.77
Al O, 0.03 0.04 0.13 0.02 8.84 2.39 -3.06 -1.65 5.72 12.18 17.72 16.20| 60.87 16.46 -21.07 -11.36
MgO 0.02 0.03 0.09 0.01 8.76 5.84 4.15 17.60 0.59 3.51 5.26 1.73] 93.94 62.62 44.50 81.52
CaO 0.03 0.05 0.14 0.02 6.69 6.94 2.36 5.55 3.69 3.45 8.11 4.81| 64.68 67.13 22.87  53.68
Na, O 0.02 0.03 0.10 0.01 1.72 1.24 1.51 0.89 1.08 1.57 1.36 1.91] 61.92 44.70 54.40 31.86
K,0 0.01 0.01 0.03 0.00 0.02 -0.01 -0.34 -0.26 0.87 0.90 1.26 1.14 1.92 -1.53 -39.11 -29.37
P,0, 0.01 0.01 0.04 0.01| -1.39 -0.39 -0.28 -1.02 1.69 0.70 0.61  1.32|-479.77 -134.96 -97.46 -351.97
Notes: 1) The content unit of S¢, V, Cr, Co, Ni, Cu and Zn is microgram per gram; other unit is percentage.

. . tion deviation of their partition curve from that of

4.3.3  Estimate for the results of theoretical calcula-

tion

In Fig. 4, the REE pattern positions of the four
basalt samples have a sequence from low to high of
Samples M43, C12, M55 and C9. This is quite sim-
ilar to the theoretical calculation results listed in Ta-
ble 3 (the bulk depleted quantities of the four sam-
ples for unit mass of fresh basalts are 0. 150, 0. 371,
0.306 and 0. 657, respectively). REE are quite sta-
ble during alteration and their partition curve posi-
tion in REE patterns is the result of leaching of ac-
tive components from basalts and the precipitation of

ferromanganese oxides in basalts. That is, the posi-

fresh OIB in REE patterns indicates the alteration
degree of basalts. With increasing alteration of the
basalts, the more active components were leached
out resulting in higher REE contents and higher
Sc¢(REE) values (see Fig. 7a), as well as the
higher position on the REE partition curve ( see Fig.
4) and vice versa. The ratio of Zc(Ce)/2c(Yb) is
an important parameter indicating the degree of frac-
tionation of the LREE and HREE, the higher ratios
of Zc(Ce)/Zc(Yb) reflecting the more intensive of
the fractionation between LREE and HREE. In Ta-
ble 2, Sample M43 shows the most intensive frac-
tionation of LREE and HREE, with the Zc( Ce)/
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Sc(Yb) ratio of 12. 1, similar to that (14.89) of
ferromanganese crusts ( Hein et al. , 1999). Sample
C12 [ with the 3¢(Ce)/Sc(Yb) ratio of 8.73] and
Sample C9 [ with the 3¢ ( Ce)/2c ( Yb) ratio of
7.16] occupy an intermediate position and Sample
M55 is the one with the weakest fractionation of
LREE and HREE with the 3¢(Ce)/3c(Yb) ratio of
6.0, which is much similar to that (5.39) of OIB
(Hofmann and Jochum, 1996). There is a positive
correlation between the ratios of Jc(Ce)/Zc(Yb)
which reflect the degree of fractionation of LREE and
HREE and the precipitation quantities of ferromanga-
nese oxides in the basalts (Fig. 7b). The more ferro-
manganese oxides are precipitated in altered basalts,
the higher are the ratio of 3¢ (Ce)/Zc(Yb) reflec-
ting the more intensive fractionation of LREE and
HREE (Fig. 7b), and vice versa. The leaching of
active components from basalt can therefore cause the
REE contents to increase and appears as translating
the partition curves of REE patterns upwards; while
the precipitation of ferromanganese oxides in basalts
not only increases the REE contents and causes trans-
lation of partition curves of the REE patterns upwards
but also increases the degree of “fractionation” of the
LREE and HREE which induces an increase of curve
slope in the REE patterns (see Fig. 4).

Of all the samples, Sample C9 has the largest
depletion of active components ( the depleted quanti-
ty for unit mass of fresh basalt is 0. 657) and grea-
test degree of alteration, consistent with the largest
negative cerium anomaly [ §Ce = 0. 45 ( calculated
by chondrite-normalized values, normalization con-
stants of chondrite after Taylor and Mclennan,
1985) ], which suggests that the cerium in the ba-
salts was leached into seawater during low-tempera-
ture alteration. The weak negative cerium anomaly of
Samples C12 and M43 (with 8Ce values of 0. 94 and
0. 84, respectively) (see Table 2) are consistent
with their high contents of ferromanganese oxides

(with precipitated quantities of ferromanganese ox-
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Fig. 7. Variation of REE parameters with leaching of

active components and precipitation of ferromanganese
oxides. a. Variation of 3¢(REE) with depleted quanti-
ty of active components. There is positive correlation
between 3c( REE) and depleted quantity of active com-
ponents, the more active components leached, the big-
ger the 3¢ (REE) values, indicating that leaching of
active components results in an increase in ¢ ( REE)
values. b. Variation of the ratios of Jc(Ce)/Sc(Yb)
with precipitated quantity of ferromanganese oxides.
There is positive correlation between the ratios of
3c(Ce)/2c(Yb) and ferromanganese oxides and pre-
cipitation of ferromanganese oxides in basalts which re-
sults in an increase of the ratios of 3¢ (Ce)/2c(Yb)
and an increase in the degree of fractionation between

the LREE and HREE.

ides in unit mass of fresh basalts of 0. 014 and
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0.042, respectively) (see Table 3) implying that
the precipitation of cerium-rich ferromanganese ox-
ides in basalt flattened the negative cerium anomaly
caused by alteration. Pichler et al. (1999 ) also
suggested that the fractionation of Ce'* from the tri-
valent REE of altered basalts is largely due to selec-

4+

tive adsorption of Ce”" by ferromanganese oxy-

hydroxides. In considering the negative cerium
anomaly of altered basalts, the effect caused by the
degree of alteration of the basalt and the effect
caused by precipitation of ferromanganese oxides in
basalts counteract each other. The negative cerium
anomaly increases with the degree of alteration of the
basalts, but can be flattened by precipitation of fer-
romanganese oxides in the basalts.

According to theoretical calculations, MgO has
the largest depleted ratios (44.50% ~93.94% ),
and iron takes the second place (18. 28% ~
70.95% ) (see Table 4). The depleted ratios of
both MgO and iron exceed those of bulk rocks
(15.0% ~65.7% ) (see Table 3). The appearance
of ferromanganese oxides and ferromanganese mi-
cronodules in altered basalts, and the lower iron
contents of altered basalts ( with the average of
9.19% ) than those of fresh OIB (9.60% ) ( Clague
et al., 1980 ), indicate that the amount of iron
leached out from the basalts (with 1. 76% ~6.81%
of iron leached from unit mass of fresh basalt) is
much more than that precipitated in basalts as ferro-
manganese oxides (with 0. 10% ~ 0. 75% of Fe
brought in unit mass of fresh basalt by precipitated of
ferromanganese oxides) (see Table 4). SiO, has the
theoretical calculation depletion ratios of 14. 53% ~
65.90% (see Table 4) , which is consistent with the
bulk rock weight changes of 15.0% ~65.7% (see
Table 3). Because of its depletion ratios are less
than those of iron and magnesium (see Table 4 ),
Si0, relatively enriched as a result of silicon super-
saturation and quartz appears in the standard mineral

calculation (see Table 1).

In Table 4, the depleted quantities of P,O; from
basalts for all the samples are “negative” , indicating
that the altered basalts is a “sink” rather than a
“source” for phosphorus and that P, O was either
not leached from the basalts during low-temperature
or that the leached quantities of P, 0, are less than
those precipitated in basalts by phosphatization. For
some samples, the leached quantities of AL,O,, K,O
are also negative, which may be related to the filling
up of aluminium- and potassium-rich minerals, such
as zeolite, in vesicle of basalts (see Fig. 2d). In
Table 4, the elements, such as manganese, cobalt,
nickel, copper, zinc, with very low contents in ba-
salts but very high contents in ferromanganese ox-
ides, sometimes have negative precipitation quanti-
ties or have precipitation quantities even exceed than
100% according to theoretical calculation. On one
hand, it can easily cause error in theoretical calcula-
tions due to their very lower contents of these ele-
ments of basalt than those of ferromanganese oxides ;
on the other hand, it may indicate that these ele-
ments were not leached from basalts during low-tem-
perature alteration but precipitated in basalts as fer-

romanganese oxides.

4.4  The contribution of low-temperature alteration
of OIB to transition metal circulation of the

ocean

In Table 4, the quantities of almost all the tran-
sition metal and other oxides introduced into basalts
by precipitation of ferromanganese oxides are much
lower than those leached out from basalts due to al-
teration. According to theoretical calculations, most
elements were leached from basalts into seawater as a
result of low-temperature alteration, while the others
such as manganese, copper, and zinc sometimes
precipitated into basalts from seawater as ferroman-
ganese oxides and, in the case of aluminium and po-
tassium, deposited in the vesicles of basalts as zeo-

lite. Corresponding to fresh basalt, iron that is
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1.76% ~6.81% of the fresh basalt is leached into
seawater, while the quantities of iron precipitated as
ferromanganese oxides is 0. 10% ~ 0. 75% of the
fresh basalts. Therefore, the residual amount of iron
is just 2.79% ~7.85% relative to fresh basalt [ the
contents of iron in fresh OIB is 9.60% on the aver-
age (Clague et al. , 1980) ] and more than 70% of
iron of fresh basalt has been leached into seawater
(see Table 4).

The volcanic rocks erupted in constructive plate
boundaries are as much as 3 km’/a, while the vol-
canic rocks erupted in oceanic intra plate are less
than an order of magnitude, with about 0. 3 ~
0.4 km’/a ( McBirney, 1984 ). The formation of
oceanic crusts is much faster than that of volcanic
rocks, with a rate of 15 km’/a ( Williams and von
Herzen, 1974) and a mass of 50 Gt ( Seyfried and
Mottl, 1982). If we assume that about 5% of OIB
were altered, there would be 3 Gt of manganese and
200 Gt of iron leached into seawater per Ma, other
trace transition metals leached into seawater would
generally be 100 ~500 Mt/Ma. Which can satisfy the
requirement of metals for the formation of 5 mm thick
of cobalt-rich ferromanganese crusts at least 1 x 10° ~
2 x 10’km’/Ma. OIB is an important metal source of
the ocean.

Cobalt-rich ferromanganese crusts are formed by
hydrogenetic precipitation (Hein et al. , 1999) with
the elements precipitated directly from seawater
( Koschinsky and Halbach, 1995; Seibold and Ber-
ger, 1993; Halbach et al. , 1981). The ultimate
sources of metals to the oceans are river and eolian
input, hydrothermal input, weathering of basalts,
release of metals from sediments, and extraterrestrial
input (Hein et al. , 1999). Cobalt-rich ferromanga-
nese crusts are ubiquitous on hard-rock substrate of
submarine highs ( Glasby, 2006 ; Aplin and Cronan,
1985; Hein et al. , 1985). They form on the flanks
and summits of seamounts, ridges, plateaus, and

abyssal hills where the rocks have been swept clean

of sediments (von Blanckenburg et al. , 1996 ; Hal-
bach and Puteanus, 1984 ). The sweep of sediments
from abyssal hills keeps the outcrops of basalts ex-
posed to seawater which not only induces to the for-
mation of cobalt-rich crusts but also facilitates the
low-temperature alteration of basement basalts.
When ocean islands were sinking to form submarine
seamounts, iron, manganese and other transition
metals were leached out from basalts due to low-tem-
perature alteration, which supplied ore-forming met-
als to cobalt-rich crusts. Because of its high affinity
with oxygen (Liu, 1984), iron leached into seawa-
ter from basalts can easily precipitate in situ. If this
is correct, the occurrence of cobalt-rich ferromanga-
nese crusts on the outcrops of basalts may be an im-
portant indicator for weathering of basalts, and co-
balt-rich ferromanganese crusts could be regarded as
a so called “crust of weathering” to identify the de-
gree of weathering of the basalt.

The decomposition of the dark minerals, as well
as precipitation of ferromanganese oxides in fissures
and vesicles of basalts indicate that the basalt sam-
ples were altered. This led to leaching of iron, man-
ganese and other transition metals into seawater and
implies that oceanic basalts are an important source
of metals in the formation of ferromanganese crusts.
The fact of most ferromanganese crusts distributed on
submarine seamounts, as well as those have thick
crusts and with high economic values generally pre-
cipitated on the surface of intensively altered basalts
(Hein and Morgan, 1999; De Carlo et al. , 1987)
or on the surface of oceanic basalts ( Koschinsky et
al. , 1997) suggests that the formation of ferroman-
ganese crusts is related to low-temperature alteration
of oceanic basalts and that the seafloor basalts may
be an important ore-forming source for ferromanga-
nese crusts. The precipitation of ferromanganese mi-
cronodules (see Fig. 2e) and ferromanganese oxides
(see Fig. 2f) in vesicles and fissures of altered ba-

salts may offer the best evidence that iron, manga-
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nese and other transition metals of ferromanganese
crusts may be derived primarily from low-temperature
alteration of basalts. This is consistent with stronti-
um, neodymium, and lead isotope studies of ferro-
manganese crusts and basalts ( O’ Nions et al.
1978).

The increase in the ratio of ¢(Fe,0,)/c(FeO)
and H,0 and K,O contents and the decrease of MgO
contents resulted from alteration of basalts ( Hekin-
ian, 1971). The further from the axes of mid-ocean
ridges, the older the oceanic basin basalts, and the
more intensively altered are the seafloor basalts
( Thompson, 1983). However, the thickness of sed-
iments covered on oceanic basin will increase with
the increase of oceanic crust ages ( Banakar et al. |
1997). Once the oceanic basin basalts ( MORB)
were covered by impermeable clayey sediments, the
halmyrolysis of basalts would decrease significantly
(Chamley, 1989 ). Submarine seamounts are cliffy
and the basement basalt (OIB) is mostly exposed as
outcrop, which makes continuous alteration of OIB
possible. The altered seafloor basalt ( MORB) has
the ratio of ¢(Fe,0,)/c(FeO) less than 2.2, and
H,O contents less than 5. 2% ( Hekinian, 1971)
while the altered OIB has the ratio of ¢ ( Fe, 0;)/
c(FeO) greater than 10 and LOI contents greater
than 10% ( see Table 1). Higher ¢ ( Fe, O;)/
c(FeO) ratios of samples suggest more intensive al-
teration of the basalts (Qiu, 1991). If we use the
ratio of ¢(Fe,0,)/c(FeO) and H,O contents as in-
dices to evaluate the intensity of alteration of basalt,
OIB exposed as outcrops are altered more intensively
than seafloor basalt (MORB) which is covered by
sediment soon after their migration from the mid-
ocean ridge. Although the eruption rate of OIB is
limited (0.3 ~ 0.4 km’/a) ( McBirney, 1984 ),
they were altered intensively. The eruption rate of
seafloor basalts ( MORB) is higher (3 km'/a)
(McBirney, 1984) but their permeability decreases

due to covering by sediment soon after their migra-

tion-from the mid-ocean ridge. As a result, altera-

tion of seafloor basalts is limited.

S Conclusions and summary

Altered basalts from the central and western Pa-
cific ferromanganese crust province have REE and
trace elements characteristics of oceanic intra plate
basalts derived from OIB.

The alteration of basalts causes their Al, O,,
Fe,0,, MnO, K,O, and P,0; contents to increase
and MgO, FeO contents to decrease. The increase in
the REE contents of basalts resulted from leaching of
the active components during alteration while precip-
itation of the LREE-rich ferromanganese oxides in
fissures and vesicles of basalts not only introduced
REE into the basalts but also resulted in “fractiona-
tion” of the REE in the altered basalts due to the
precipitation of LREE-rich ferromanganese oxides in
the basalts. The leaching of active elements from the
basalts and precipitation of authogenic components in
the basalts are the two most important mechanisms
causing the composition of samples to deviate from
that of fresh basalts.

Theoretical calculations indicate that the residu-
al quantity for unit mass of fresh basalts is in the
range of 0. 353 ~ 0. 892. Of the all the elements,
Magnesium has the largest leaching ratios (44.50% ~
93.94% ) and iron takes the second place
(18.28% ~70.95% ). The leached ratios of both
magnesium and iron exceed the decrease of bulk
rocks (15.0% ~65.7% ). SiO, has the theoretical
calculation leaching ratios of 14. 53% ~ 65. 90%
similar to that of bulk rocks (15.0% ~65.7% ).
The negative depletion quantities of aluminium, po-
tassium, and phosphorus in some samples results
from the occupancy of these elements in aluminium-
and potassium-rich minerals, such as zeolite, in ves-
icles of the basalt or from phosphatisation of the ba-

salts.
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OIB may be an important “source” for transi-
tion metal circulation in seawater, while ferromanga-
nese crusts and ploymetallic nodules may be impor-
tant “sink”. The transition metals leached from OIB
into seawater can satisfy the requirement of the for-
mation of 5 mm thick layer of ferromanganese depos-
its covering an area of 1 x 10° ~20 x 10° km’/Ma.
Low-temperature alteration of oceanic basalts may
therefore represent an important source of transition

metals for formation of ferromanganese oxides.
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