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Abstract

The REE compositions of hydrothermal deposits and basalt samples from the Southwest Indian
Ridge (SWIR) were determined with ICP-MS. The results show that there are significant differences
between different types of samples although all samples show relative LREE enrichment. The
contents of REE in hydrothermal sulfides and alterated rocks samples are lower (from 7.036x10~°
to 23.660><1076), while those in the white chimney deposits are relatively higher (ranging from
84.496x107° to 103.511x1075). Both of them are lower than basalts. Chondrite-normalized REE
distribution patterns show that sulfides and alterated rocks samples are characterized by significant
positive Eu anomalies. On the contrary, white chimney deposits have obvious negative Eu anomalies,
which may be caused by abundant calcite existing in the white chimney samples. Both the content
and distribution pattern of REE in sulfides suggest that REE most possibly is originally derived from
hydrothermal fluids, but influenced by the submarine reducing ore-forming environment, seawater

convection, mineral compositions as well as the constraint of mineral crystallizations.
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1 Introduction

After the discovery of high-temperature black
smokers on the East Pacific Rise (EPR) 21°N (Equipe,
1979), the study of sea-floor hydrothermal mineral-
ization has largely been focused on the rapid spread-
ing ridge of the East Pacific. It was once believed
that such high-temperature vents only occurred on
the rapid to intermediate spreading ridges until the
high-temperature hydrothermal sulfide deposits were
found at the slow spreading Mid-Atlantic Ridge (Rona
et al., 1986; Li et al., 2008).

mal budget, SWIR was once considered impossible to

Due to its low ther-

develop high-temperature hydrothermal activities. In
order to search this ridge for hydrothermal vent sites
and sulfide deposits, submersible investigations focus
on the fissures and chasms, which may strengthen flu-
ids convection. During the Indoyo cruise with Japan

Yokosuka investigation ship in 1998, relict hydrother-
mal sulfides, hydrothermal chimneys and hydrother-
mal mounds were found in the east of the Melville
fracture zone (27°51’S, 63°56'E), whose ages were de-
termined varing between 70 000 and 13 000 years
(Miinch et al., 2001).
high-temperature sulfide chimneys can also develop at

This discovery proves that

ultra-slow spreading ridge such as the Southwest In-
dian Ridge.
this field show great differences in their mineralogi-

Furthermore, the sulfide samples from

cal, as well as chemical compositions, when compared
with sulfide samples from rapid spreading ridge envi-
ronment (Miinch et al., 2001). So, this discovery pro-
vides a new chance to better understanding the global
mid-ocean ridge hydrothermal system, thus greatly en-
riching the hydrothermal mineralization theory.

The special tectonic environment of ultra-slow
spreading segment on Southwest Indian Ocean Ridge
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provides us an excellent natural laboratory, and mean-
while it is a major break point for further understand-
ing of the earth about the internal dynamics state,
deep structure, origin and evolution of magma. In the
slow-spreading ridges, the low frequency of tectonic
events may avail to sustain long life hydrothermal up-
welling and multi-period events, and much more con-
ducive to the formation of large deposits, compared
with highly unstable hydrothermal systems on the fast
spreading ridges (Charlou et al., 1998; Li, 2007).
Because of the unique geochemical characteristics,
the rare earth elements play a major role in inferring
chemical evolution and material sources of hydrother-
mal fluid. The REE geochemical characteristics of hy-
drothermal chimneys and hosted basalt obtained from
the Southwest Indian Ocean ridge were firstly deter-
mined and the material sources and evolution mecha-
nism of the REE were discussed also in this paper.

2 Samples

Two recent Global Ocean Expeditions organized
by China Ocean Association in 2007 and 2008, have
successfully discovered the first active hydrothermal
vent field at the Southwest Indian Ridge and also re-
covered hydrothermal sulfide deposit samples in the
vent sites (Tao et al., 2007). In the second cruise, a
large range of 20 km? of new type calcium carbonate
“white chimney” hydrothermal field has also been de-
tected (Song, 2009).

The samples recovered during the Global Ocean
Expedition are shown in Table 1 and Fig. 1. Sam-
ple AIR 1 and AIR 2 are sulfides recovered during
the first cruise. Sample ISU 1, ISU 2, ISU 4, ISU 5,
IBA 1 and IBA 2 were recovered during the second
cruise, in which ISU 1 and ISU 2 are sulfides, ISU 4
and ISU 5 white chimney deposits, IBA 1 and IBA 2
basalts.

Table 1. Sampling stations

Sample No. Station Water depth
East longitude(®) South latitude(®) /m
AIR1 69.596 7 23.878 0 3 292
AIR2 69.596 7 23.878 0 3 292
ISU1 49.648 1 37.780 2 2783
ISU2 50.467 2 37.658 6 1740
ISU4 50.945 5 37.624 0 2 098
ISU5 51.009 1 37.600 0 2 034
IBA1 50.473 1 37.658 2 1751
IBA2 49.647 8 37.783 9 2 825

The mineral composition identification and anal-

ysis using the electronic microscope and X ray diffrac-

tion (Fig. 2) method, are as follows:

AIR 1 is yellow and porous sulfide, with a clear
mineral zoning. AIR 1 is possibly collapsed sulfide
chimney, mainly consisting of sphalerite and pyrite,
in addition to chalcopyrite, sphalerite, small amounts
of barite and quartz. Sample AIR 2 is also collapsed
sulfide chimney, with a red out layer and black in-
ner core, mainly consisting of pyrite, marcasite and
gypsum, a small amounts of quartz, chalcopyrite and
sphalerite. The ISU 1 in dark color and with massive
structure and oxides crust, is mainly composed of lep-
idocrocite and chalcopyrite, a small amount of pyrite,
marcasite, sphalerite, gypsum, barite and quartz. The
yellow and porous ISU 2 with obvious mineral zoning
hasthe outermost crust composed of loose black mate-
rial and a color change to the inner from brown zone to
reddish yellow zone. The most inner layer is pale yel-
low zone with poor crystallinity, and mainly consists
of kurnakovite, lizardite, manganese oxide and iron
alum mineral, inferred to be hydrothermal altered ul-
tramafic rocks. Sample ISU 4 and ISU 5 are wheat
and white loose crumby respectively. Most minerals
are calcite, and a small amount of magnesium calcite
and zeolite. Sample IBA 1 and IBA 2 are pillow basalts
with 5 mm thick fresh glassy rim covered by weath-
ered brown-black film. Rock-forming minerals mainly

are plagioclase and pyroxene.
3 Test method of the samples

Major elements (Ca and Mg) and REE were re-
spectively analized by Inductively Coupled Plasma-
Atomic Emission Spec-trometry (ICP-AES) and In-
ductively Coupled Plasma-Mass Spectrometry (ICP-
MS), which has high sensitivity and low detection
limit. First, the samples were vibrated and cleaned
using ultrapure water. They were subsequently dried
at low temperature and grinded into powder (less than
200 meshes in size) within an agate mortar. Then, the
samples were dried at 105 °C for 3 h in an oven. Fi-
nally, they were cooled for 24 h in dryer.

The samples of 0.04 g weighed using high preci-
sion balance of ten thousandth of the scale were putted
into digestion tank and digested in approximately 2
ml mixed acid (HNO3:HF=10:1). They were subse-
quently shaked gently, then microwave digestion pro-

gram was executed. The solutions were transferred
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into PTFE crucible, and heated to nearly dry on elec-
tric heating plate. When heating until the white smoke
disappeared, 2 ml of 2% HNOj3 was added. These
crucibles were removed, cooling. The solutions were
transferred to vials, rinsing crucible wall three times
using ultrapure water, and then diluted to 20 g with
2% HNOg3 (A). After shaking, 5 g sample solution was

. Sin., 2012, Vol. 31, No. 2, P. 62-69

picked up with pipette gun, and diluted to 20 g with
2% HNOj3; again. They were shaking again (B), at
last, the solution A and solution B were respectively
analized by ICP-AES (OPTIMA4300, Perkin Elimer)
and ICP-MS (Agilent 7500c, Agilent Technologies) at
“element and isotope analysis laboratories” of Marine
Geosciences, Ocean University of China.

Fig.1.

IBAZ

Pictures of sample.
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Fig.2.

In order to ensure the reliability of data the par-
allel samples were added to each samples, and blank
and standard material (GBWO07312) added together
in this study. The analysis value of standard material
was consistent with the given value, and repeatability
was less than 10%.

4 Results

The REE contents analysis results and character-
istic parameters are shown in Table 2, and the chon-
drite standard data of REE are quoted from Boynton
(1984).

As shown in Table 2, different types of hydrother-
mal deposits samples have large difference in REE
contents. The REE contents of hydrothermal altered
rocks are lower (7.036x107¢). REE content of hy-
drothermal sulfides have a range from 17.117x1076
to 23.660x107% lower than those of the white chim-
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X diffraction figure of samples.

ney deposit of which the REE content varies from
84.496x107° to 103.511x1076.

The REE Chondrite-normalized distribution pat-
terns of samples are shown in Fig. 3 from which
both differences and similarities between the black
hydrothermal chimneys and white chimneys can be
found. Hydrothermal altered rocks and sulfides sam-
ples are characterized by significant positive Eu
anomalies (JEu=1.252-11.520) and the enrichment of
LREE relative to HREE. Meanwhile, they also have
slightly negative Ce anomalies (0Ce=0.722-0.811). It
is impossible for deposits to show negative Ce anoma-
lies just by precipitation from conduction-cooled hy-
drothermal fluid, and only when the convection mix-
ing happened, deposition can bear both Eu positive
anomalies and negative Ce anomalies (Ding et al.,
2000). Therefore, negative Ce anomalies, superposing
on the significant positive Eu anomalies, may indicate
the convection mixing between hydrothermal fluid and
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seawater before the precipitation of the sulfides. While
the white chimney samples manifest obvious nega-
tive Eu and Ce anomalies, varying in a small range
(6Eu=0.578-0.615, 6Ce=0.454-0.471).
Chondrite-normalized distribution curve of hydrother-

The slope of

mal black and white chimneys are similar to each
other. (La/YDb)yn values change in the range of 2.899—

19.027, showing the relative enrichment of LREE to
HREE (Fig. 3). Different samples also show differ-
ent degree fractionation between LREE or HREE.
(La/Sm)y changes from 2.460 to 8.152, indicating that
the LREE has a clear fractionation; and (Gd/Yb)n
range from 1.004 to 2.196, indicating that the HREE
fractionation is weak.

Table 2. REE contents (10~°%) and parameters of hydrothermal deposition from SWIR

Element AIR1 AIR2 ISU1 ISU2 ISU4 ISU5 IBA1 IBA2
La 6.227 4.397 4.62 1.20 27.75 24.11 9.19 12.95
Ce 8.982 7.238 7.452 1.931 26.700 22.280 26.570 33.150
Pr 0.855 0.747 0.691 0.272 5.118 4.274 4.739 5.274
Nd 3.242 3.017 2.578 1.400 22.640 18.590 27.200 28.530
Sm 0.566 0.543 0.357 0.306 4.503 3.493 8.775 8.317
Eu 2.141 1.448 0.147 0.369 0.889 0.652 2.195 2.200
Gd 0.510 0.424 0.326 0.347 3.764 2.962 8.598 7.722
Tb 0.076 0.063 0.046 0.052 0.697 0.458 2.134 1.785
Dy 0.399 0.362 0.294 0.425 4.327 2.990 12.070 10.150
Ho 0.062 0.050 0.051 0.083 0.885 0.587 2.453 2.022
Er 0.272 0.231 0.281 0.279 2.717 1.808 7.254 6.010
Tm 0.038 0.028 0.029 0.046 0.401 0.272 1.113 0.902
Yb 0.247 0.156 0.209 0.278 2.703 1.740 7.399 5.996
Lu 0.044 0.028 0.032 0.051 0.417 0.281 1.081 0.882
Y 1.851 1.331 1.525 2.531 3.427 76.540 27.850 56.860
LREE/HREE 13.360 12.952 12.497 3.506 5.506 6.614 1.869 2.549
>"REE 23.660 18.733 17.117 7.036 103.511 84.496 120.771 125.890
6Eu 11.520 8.463 1.252 3.394 0.615 0.578 0.741 0.798
6Ce 0.722 0.811 0.802 0.775 0.471 0.454 1.229 1.137
(La/Yb)n 17.017 19.027 14.895 2.899 6.922 9.342 0.837 1.456
(La/Sm)N 6.925 5.090 8.152 2.460 3.876 4.342 0.659 0.979
(Gb/Yb)N 1.668 2.196 1.255 1.004 1.124 1.374 0.938 1.039
Ba 1 396 1 537 100.5 316.8 121 133.6 74.73 129.6
Ca(%) 0.746 1.511 0.794 0.287 28.579 32.914 7.052 7.357
5 Discussion 100~ g e iR 2
v 2
10 iU 5
(1) Material source el

REE chondrite-normalized distribution patterns
of hydrothermally altered rocks and sulfides samples
are different from underlying basalts, also quite differ-
ent from seawater (Fig. 3). However, they are rather
similar to the high-temperature hydrothermal fluids
occurring on global ridges with different tectonic set-
tings and base rock type (Klinkhammer, 1994). Hy-
drothermal fluids investigation (Michard et al., 1983;
Michard and Alharede, 1986; Michard, 1989) indi-
cates that submarine high-temperature hydrothermal
fluids generally show LREE (La-Gd) enrichment and
significant positive Eu anomalies (Ding et al., 2000).
Therefore, the REE in hydrothermal sulfides from the
SWIR hydrothermal fields maybe mainly derive from
hydrothermal fluids.

—a—scawater
- (x10%)

Sample/Chondrite
T

T Y O Y
La CePrNdSm EuGdTbDyHo ErTmYbLu

0.01

Fig.3. Chondrite-normalized REE patterns of hydrother-
mal deposits and basalts samples from SWIR. The REE
content data of seawater quoted from (Gillis et al., 1990).

(2) Precipitation mechanism of REE

Different types of hydrothermal sedimentary sam-
ples of SWIR have different REE contents and dis-
tribution pattern. The REE contents of hydrother-
mally altered rocks are lower. REE contents of hy-
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drothermal sulfides are lower than those of the white
chimney deposits. The concentrating of REE in cal-
cite ore (Michard, 1989) may be the reason for the
relatively high content (84.50x1075-103.51x107°) of
REE in the white chimney deposits which are mainly
composed of calcite. REE contents of these samples
show a good positive correlation relationship with Ca
(Fig. 4).
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Fig.4. The correlation of ) REE and Ca of hydrothermal
deposits from SWIR.

The chondrite-normalized pattern of white chim-
ney deposit is right-lean type, namely, the relative
enrichment of light rare earth elements (LREE). As
ionic radius of LREE?** is more similar to that of
Ca?* than HREE3T, the LREE is easier to replace
the lattice of Ca?* than HREE?' when REE come
into hydrothermal calcites mainly by the replacement
of REE?** for Ca?T. In addition, as REE mainly ex-
ists as complex in solution, the complex stability of
REE to CO;~ and HCOj increases with the increase
of atomic number of REE (Wood, 1990; Lottermoser,
1992; Haas et al., 1995; Terakado and Masuda, 1988;
Cantrell et al., 1987; Shuang et al., 2006). There-
fore, the REE distribution coefficients between calcite
and fluid decreases with the increase of atomic number
(Wood, 1990; Zhong and Mueei, 1995; Rimstidt et al.,
1998; Shuang et al., 2006). The above two points may
codetermine the relative enrichment of LREE of white
chimney.

0Eu value plays a significant role in the REE geo-
chemistry, and is an important reference for the discus-
sion of mineralization condition. In relatively reduc-
ing conditions, the REE contents are generally high
in calcite and the chondrite-normalized pattern gives
Eu negative anomalies (Liang et al., 2007). This fact
suggests that the white chimney deposits formed in
(2005) studied
REE elements of massive sulfides from Jade hydrother-

a reduced environment. Liu et al.

mal field in the central Okinawa Trough and found
that the intensity of Eu anomaly is proportional with

the barium contentin both the copper-zinc sulfide ore,
recrystalline-amorphous SiOsy type ore. Considering
that when the solution temperature higher than 250°C
Eu in the form of Eu?T will have the ion radius roughly
similar to Ba?*, and will instead Ba?* into the BaSOy,
mineral with hydrothermal fluid venting out from the
sea floor and sulfides rapidly precipitating. The cor-
relation coefficient between dEu and Ba is high up to
0.91 in hydrothermal samples (Fig. 5), which may be
another reason for the positive Eu anomalies occurring
in sulfides. As there is still lack of the temperature of
hydrothermal fluids in the study areas, the above in-
ference remains to be verified.
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Fig.5. The correlation of JEu and Ba of hydrothermal
deposits from SWIR.

(3) Comparison of different ridge

The REE contents of hydrothermal sulfides from
SWIR (average of 19.83x107%) is obviously higher
than those of from East Pacific Rise (EPR9-10°N)
(REE = 0.481x107°) (An, 2006) and Atlantic (TAG)
(REE = 1.595x1075) (Zeng et al., 1999). However,
the Chondrite-normalized REE distribution patterns
are approximately same, namely, characterized by sig-
nificant positive Eu anomalies and the enrichment of
LREE relative to HREE. REE contents of hydrother-
mal sulfide show a good positive correlation relation-
ship with REE in water solution, while the latter is
associated with the rock type occurrence of water rock
interaction (Annette and Robert, 1991), thus the REE
contents of hydrothermal sulfides from different hy-
drothermal area reflect the difference of rock mineral
components.

6 Conclusions

(1) The REE contents is low in hydrothermally al-
tered rocks and sulfides samples from the South West
Indian Rige. Chondrite-normalized REE patterns
show significant positive Eu anomalies and LREE en-

richment, inheriting the characteristics of hydrother-
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mally fluids, and suggesting that the REE in hy-
drothermal altered rocks and sulfides may be mainly
derived from hydrothermal fluids.

(2) The REE contents are high in the white chim-
ney deposits dominantly composed of calcite. Signifi-
cant negative Eu anomalies may indicate the relative
reduction mineralization conditions.

(3) Insteadance of Eu?T for Ba?T into the BaSO,
lattice may be another reason for Eu anomalies of
the hydrothermal samples. However, the inference re-
mains to be verified as there is still lack of the tem-
perature of hydrothermal fluids in the study areas.

(4) Hydrothermal deposits samples from different
ridge are different in REE contents. It reflects the dif-
ference of rock mineral components during water rock
interaction in the hydrothermal activity.
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