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The rare earth element (REE) geochemistry of hydrothermal vent systems has been investigated intensively, but few studies have
been carried out on marine shallow-water hydrothermal systems like that at Kueishantao. Here we present novel data sets of REE
in hydrothermal fluids from Kueishantao, off northeastern Taiwan. The total REE (ZREE) concentrations of yellowish fluids are
similar to those of whitish fluids, 813—1212 ng/L, and are significantly higher than that of ambient seawater. The yellowish fluids
have chondrite-normalized REE (REEy) distribution patterns with slight convex-downward curvatures at Eu; and the REE pat-
terns of the whitish fluids are smooth at Eu, which is related to the lower temperature and more oxidizing conditions. The
Kueishantao hydrothermal fluids are slightly enriched in light REE (La-Nd) relative to the heavy REE (Gd-Lu). The behaviors of
REE in both yellowish and whitish fluids are affected by the short time of water-rock interaction. The REE distributions in the
yellowish fluids are also affected by very low pH (2.81 and 2.29), boiling of the fluid and precipitation of native sulfur. In the
whitish fluids, adsorption by small particles and formation of REE-chloride complexes has played a role in the distribution of

REE.
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As is well known, rare earth elements have unique similarity
of chemical properties. They constitute a coherent group of
elements and are thought not to be decoupled in geochemical
processes, although the valence change of some elements
(such as Ce and Eu) under special circumstances and the
filling of inner 4f electron shells, leading to diminution of
the atomic radius (lanthanide compression) in the REE se-
ries, do cause some differences during migration processes
[1-3]. In aqueous systems, REE can be used as an important
basis for identifying the source of the water [4—7]. The frac-
tionation of the REE has been used extensively to trace
many geochemical processes associated with hydrothermal
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activity, including water-rock interaction in hydrothermal
systems [8—11], the evolution of hydrothermal fluids [12],
degassing of magmatic acid volatiles (i.e. presence of HF,
SO,) [7], mineral precipitation, dissolution, ion exchange
and adsorption [13—-17].

Deep-sea hydrothermal fluids are enriched in REE over
seawater by factors of 10-10° [18]. With some exceptions,
such as the Satanic Mills fluid and Fenway fluid in
PACMANUS (Papua New Guinea-Australia-Canada-Manus),
the acid-sulfate fluids from Desmos and North Su, some
smoker fluids from Suzette and South Su, and some low-
temperature diffuse flows on MAR 15°N, MAR 5°S and
MAR 9°S, deep-sea hydrothermal fluids have remarkably
uniform REEy distribution patterns characterized by a LREE
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enrichment and a large, positive Eu anomaly [7,14,19-23].

REE contents in geothermal fluids can range over at least
four orders of magnitude, from below detection up to 107"
times those of chondrite [24]. There are three main end-
member geothermal fluid types: (1) Low-pH acid sulfate
fluids. Some are produced by atmospheric and microbial
oxidation of H,S, such as the acidic geothermal waters from
Rotokawa in New Zealand, from Yellowstone National Park
and from Tatun volcanic area in Taiwan [6,25,26], and
some are formed by mixing of deep steam, CO, and H,S
with shallow groundwater, such as the acidic geothermal
waters from Valles Caldera in New Mexico and from Dom-
inica [27]. In addition, some are the result of the release of
the magmatic gases HCl and SO,, such as the Ruapehu
Crater lake in New Zealand and the Obuki acid hot spring
waters from the Tamagawa geothermal area in Japan
[11,25,28]; (2) neutral-chloride fluids, which may have a
magmatic component and are usually representative of deep
fluid in a geothermal area, such as fluids from Waikite in
New Zealand and hot spring waters at Dagangshan in Tai-
wan [6,29]; and (3) bicarbonate-carbonate-dominated fluids,
which are the result of water/CQO, interaction with reservoir
rocks and have near-neutral to alkaline pH [29,30], such as
fluids from hot springs at Hongye and Qingshui in Taiwan
[6] and the geothermal thermal waters from Oregon, Neva-
da and California [9].

Because of the different geological conditions, the dis-
tributions of REE in fluids from continental geothermal
fields are different from those of deep-sea hydrothermal
fluids. Most acidic fluids from continental geothermal fields
have a very distinctive “gull wing” pattern, which has a
negative Eu anomaly [6,8,11,25,27,31], although some low-
pH hot waters show LREE enrichment and positive or no
Eu anomalies [6,27].

Compared with the study of deep-sea hydrothermal fluids
and hot waters from continental geothermal fields, there has
been little research on the REE of marine hydrothermal flu-
ids in shallow water. The only study that we know of is that
of Pichler et al. [32], who studied the REE compositions of
shallow-water hydrothermal fluids in Tutum Bay, where
REE concentrations in vent waters are generally one order
of magnitude higher than that of average seawater. The
North American Shale Composite normalized REE distribu-
tion patterns of some fluids showed an initial drop from La
to Ce followed by a rise from the Ce minimum to a Eu
maximum and a slight decrease towards an intermediate Lu.
The other fluids showed an initial drop from La to Ce fol-
lowed by a rise from the Ce minimum to a Dy maximum
and a slight decrease towards Lu.

Although the enrichment of REE in hydrothermal fluids
reflects the interaction between the fluid and host rock
[7,11,15], experimental results have shown that the REE
compositions of hydrothermal fluids are not inherited di-
rectly from the primary rocks with which the hydrothermal
fluids interact. Instead they are controlled primarily by the
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physics and chemistry of the fluid (e.g. temperature, pH,
redox, availability of ligands) [19,20,26,33-36], mineral
precipitation and dissolution [8,11,14,37], secondary miner-
al formation [38], and adsorption by solid particles [16,39].
Based on the characteristics of REE in vent fluids from
Kueishantao hydrothermal field, the present study analyzed
the factors causing different REE distribution patterns of the
yellowish fluids and whitish fluids found there. Combined
with previous results from deep-sea hydrothermal fluids, hot
springs on continents and simulation experiments, we pro-
vide a better understanding of how REE in vent fluids could
be used as tracers of sub-seafloor hydrothermal processes.

1 Geological background

Kueishantao is about 10.8 km from Wushi harbor at Toucheng
town on Ilan plain. It is located at the southernmost part of
the Okinawa Trough, which is generally considered to be an
intercontinental back arc basin behind the Ryukyu arc-
trench system resulting from the subduction of the Philip-
pine Sea plate beneath the Eurasian plate [40]. Kueishantao
is the last volcanic center toward the southwest along the
spreading axis of the Okinawa Trough [41], and it is com-
posed of andesite, including lava flows and pyroclastics
[42]. Kueishantao is located on a N-S-trending extensional
structure, and a clear seismic zone exists at depths shallower
than 15 km [41]. In addition, there is a prominent low-velocity
zone right beneath Kueishantao, indicating magmatic activ-
ity [43]. Chen et al. [42] reported a thermoluminescene (TL)
age of 7+0.7 ka for a siltstone xenolith found at Kueishantao.
From the chemical and isotopic *"St/*°Sr, eNd and 5*0)
compositions of fresh andesites, it has been inferred that the
magma at Kueishantao is the product formed during the
embryonic rift stage of the active back-arc basin and most
likely results from a MORB-type magma assimilation with
local continental crust materials and/or the thick overlying
sediments [41,44].

There are two kinds of fluids in Kueishantao hydrother-
mal field. One is yellowish fluid with temperature between
92 and 116°C, and the other is whitish fluid having lower
temperature of 48-62°C [45]. Magnesium and SiO, data
indicate that these hydrothermal fluids, which have high
CO, and H,S but low SO, and HCI contents, probably orig-
inate from a depth of 915-1350 m [45,46]. The temperature
of the fluids has a close correlation with the diurnal tides,
reaching a maximum two to four hours after each high tide
(high pressure) [47]. Native sulfur deposits are present in a
number of different forms: as sand (hemispheres, soft, di-
ameter 2 mm, formed from the sedimentation of small sulfur
particles), as chimneys (high sulfur content up to 99.13%,
originating from H,S and SO, produced by magma degas-
sing, the sulfur content increasing from the outer layer to
the inner layer of the chimney) [48-50], and balls (size as
large as a softball, having obvious rings that can be readily



4014 Wang XY, etal.  Chin Sci Bull

distinguished by differences in color, their growth signifi-
cantly slower than that of the native sulfur chimneys, having
a “glue pudding” type of growth) [51].

2 Methods

2.1 Sample collection

The hydrothermal fluids and rock samples were collected on
May 31, 2011. The yellow spring (24.8349°N, 121.9619°E)
is closer to Kueishantao than the white spring (24.8341°N,
121.9619°E) (Figure 2). Hydrothermal fluids were collected
in 4 L Pyrex bottles at the seafloor (east of Kueishantao) by
divers, two bottles for each spring vent. Shallow seawater
was collected at a depth of 10 m near Kueiwei to exclude
the hydrothermal influence. The temperature of the fluids
and seawater and the flow rate were measured in situ. The
methods of fluid collection, temperature determination in
situ and flow estimation are described in detail in the Mas-
ter’s thesis of Guo [52]. Rocks near the vents were struck
and sampled with a geological hammer. The aqueous sam-
ples were filtered into 1 L Naglen polypropylene bottles
(previously soaked in 1:1 HNO; for 48 h, washed to neutral
pH with distilled water and ultra-pure water in turn, then
dried) on shore.

2.2 Analytical methods

On return to the shore laboratory, each aqueous sample was
sub-sampled into three glass beakers (50 mL). Then the pH
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values were determined with a portable pH meter (JENCO
6010, resolution 0.01 pH, automatic temperature compensa-
tion), and the averages were calculated. Before its use on
samples, the pH meter was calibrated with buffer solutions
of pH 4.00 and 6.86.

Chloride, sulfate and REE concentrations in the solutions
were all analyzed at the Institute of Oceanology, Chinese
Academy of Sciences. Chloride and sulfate were measured
by ion chromatography (ICS-2500) with an anion exchange
resin column (DIONEX AS12) rinsed with 370 (mg/L)
Na,CO;-84 (mg/L ) NaHCOs at a rinsing rate of 1.2 mL/min.
The precision was +1%.

REE in the aqueous samples were pre-concentrated (x20)
using a DIONEX MetPac CC-1 (packed with a 17-um
macroporous vinylbenzyl/divinylbenzene copolymer cova-
lently bonded with iminodiacetic acid functional groups).
REE were separated from the major elements by chroma-
tography with 2.0-mol/LL NH4;Ac. Ba was also eliminated
from the samples to avoid interference between Ba oxides
and Eu, and then the samples were eluted with 2-mol/L
HNO:;. In order to improve the reliability of the analysis,
standard solutions (0, 1, 5, 10 pg/L) were prepared to make
a standard curve by pre-concentrating pure water (x1), 2 ug/L
multi-element standard (x0.5, x2.5) and 20 pg/L multi-
element standard (x0.5). The pre-concentration method is
described in detail in the Master’s thesis of Liu (2008) [53].
Then the REE in the liquid were determined by ICP-MS
(ELAN DRC II), RSD<5%, recovery of 97%—108%.

Mg in the water samples was determined by ICP-AES at

Figure 1 Photos of Kueishantao hydrothermal field. (a) Jetting of yellowish fluid (108°C, flow rate of 35 m*h) with numerous fine sulfur particles and
accumulation of native sulfur fragments around the yellow spring to form a mound; (b) diffuse flow of whitish fluid (51°C, flow rate of 19 m’/h) in a crack
of base rock and no accumulation of native sulfur. This picture shows a diver measuring the fluid temperature in situ; (c) a bubble string dispersed sporadi-
cally near the yellow spring vent; (d) spectacular “bubble wall” near the white spring vent, which reflects more cracks relative to the yellow spring.
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Figure 2 Bathymetric chart (m) of survey area off Kueishantao. The yellow

spring (noted by a yellow pentagram) is located closer to Kueishantao at a

water depth of 7.2 m, and the white spring (noted by a gray pentagram) is located at a water depth of 15.1 m at a distance of 86 m from the yellow spring.
The shallow seawater was collected at Kueiwei (noted by a blue pentagram). This figure is modified from the chart provided by Seawatch Company. The

coordinate is TWD67.

the Experiment-Testing Center of Marine Geology, China
Geological Survey Bureau, and the precision was +1%. Like
acid-sulfate fluids sampled from DESMOS and North Su,
fluids sampled from the Kueishantao hydrothermal field
have high Mg concentrations but very low pH (Table 1), so
the concept of a zero-Mg end-member hydrothermal fluid
does not apply [7], and the REE concentrations in the
Kueishantao fluids were not extrapolated to zero Mg as they
are for other deep-sea hydrothermal fluids.

Fresh rock chips were taken for analysis by examination
under a binocular microscope to avoid any alteration. After
mixed acid digestion, REE were analyzed by ICP-MS at the
Institute of Oceanology, Chinese Academy of Sciences.
BHVO-2 and BCR-2 (international standards), and GBW7315
and GBW7316 (domestic standards) were used. Except for
Eu (x5%) and Lu (+4%), the precisions were between +1%
and +3%. Small particles filtered from the whitish fluids
were observed and determined by scanning electron mi-
croscopy at Qingdao Institute of Bioenergy and Bioprocess
Technology, Chinese Academy of Sciences.

3 Results

3.1 Kueishantao hydrothermal fluids and precipitates

Because of the dissolution of the acidic volcanic gases and
the oxidation of H,S [45], the yellowish fluids have very

low pH values (2.81 and 2.29 at 25°C in this study) and are
enriched in sulfate relative to shallow seawater (Table 1).
By contrast, the pH values of the whitish fluids are 5.10 and
4.67 in this survey, which probably result from a greater
infiltration of seawater under the seafloor induced by the
greater number of cracks near the white spring (see “bubble
wall”, Figure 1(c) and (d)). The sulfate concentrations of the
whitish fluids are consistent with those of the yellowish
fluids and a little higher than those of the shallow seawater
(Table 1).

A large amount of native sulfur precipitates from the
yellowish fluid (Figure 1(a)), forming chimneys and accu-
mulating as fragile fragments (Figure 3(a)) near the vent to
form a mound. In contrast, there was no sulfur deposit near
the white spring (Figure 1(b)). However, there were many
milky-white small particles filtered from the whitish fluid,
mainly composed of sulfur, aluminum and silicon, identi-
fied by scanning electron microscopy (Figure 3(b)).

3.2 REE in Kueishantao hydrothermal fluids

The ZREE concentrations of Kueishantao hydrothermal fluids
are 813-1212 ng/L, 1-2 orders of magnitude higher than
those of seawater (XREE of shallow seawater is 92 ng/L;
YREE of deep seawater is 14 ng/L). The REEy distribution
patterns of the yellowish fluids show a slight enrichment of
LREE and a slight convex-downward curvature at Eu. The
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Table 1 Rare earth concentrations in fluids sampled from the Kueishantao hydrothermal field

Yellowish fluids Whitish fluids

Sample Shallow seawater Deep seawater”

Y-1 Y-2 W-1 W-2
pH (25°C) 2.81 2.29 5.10 4.67 8.02
T (°C) 108 108 51 51 25
La (ng/L) 128 185 183 179 8 4.0
Ce (ng/L) 287 413 422 407 11 0.8
Pr (ng/L) 35 52 47 46 5 0.6
Nd (ng/L) 155 238 171 172 24 3.1
Sm (ng/L) 37 62 34 37 6 0.6
Eu (ng/L) 9 17 11 11 1 0.2
Gd (ng/L) 41 65 36 37 6 1.0
Tb (ng/L) 7 10 7 6 1 0.1
Dy (ng/L) 42 63 49 47 10 1.0
Ho (ng/L) 9 13 11 10 2 0.3
Er (ng/L) 27 43 34 31 7 0.9
Tm (ng/L) 4 6 5 4 1 —
Yb (ng/L) 27 40 32 29 7 0.9
Lu (ng/L) 4 6 5 4 1 0.2
>REE (ng/L) 813 1212 1045 1022 92 14
(La/Yb)y 2.90 2.84 3.69 3.88 0.43 0.23
SEu 0.74 0.82 0.95 0.93 0.59 0.65
ClI (mg/L) 17372 18294 17797 17301 19357 19145
SO, (mg/L) 3007 3122 2930 2949 2709 2690
Mg (mg/L) 1050 1089 1113 1113 1147 1288

a) The REE data for deep seawater are from [19].
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Figure 3 Precipitates from Kueishantao hydrothermal fluids. (a) Native sulfur fragments collected near the yellowish fluid vent; (b) SEM photograph of

small sulfur particles filtered from the whitish fluids.

whitish fluids have REEy distribution patterns that exhibit a
higher enrichment of LREE than those of the yellowish flu-
ids and without Eu anomalies (Figure 4). The REEy distri-
bution patterns of Kueishantao fluids are different from
those of shallow seawater (generally flat with a negative Ce
anomaly) (Figure 4), deep-sea acid-sulfate fluids (Figure
5(a)), the acid-sulfate fluids in Taiwan Tatun volcanic area

(Figure 5(b)) and other acid-sulfate hot waters in continental
geothermal fields (Figure 5(c)).

3.3 REE in Kueishantao andesites

According to the distribution of REE, there seem to be two
kinds of andesites in the Kueishantao hydrothermal field,
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Figure 4 Chondrite-normalized REE distribution patterns of Kueishantao
hydrothermal fluids, andesites at the seafloor, shallow seawater and deep
seawater. The chondrite data are from [54].

one (andesite 1) having higher XREE (116-137 mg/kg), the
other (andesite 2) having lower XREE (73-97 mg/kg). The
REEy distribution patterns of andesite 1 and andesite 2 both
show LREE enrichment, but andesite 1 has a more obvious
negative Eu anomaly than andesite 2 (Figure 4). Compared
with the yellowish and whitish fluids, Kueishantao andesites
have higher LREE/HREE ratios and larger negative Eu
anomalies (Tables 1 and 2).

4 Discussions

4.1 ZREE concentrations in Kueishantao fluids

The XREE concentrations in Kueishantao fluids are lower
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than they are in most deep-sea hydrothermal fluids [56] and
acidic hot waters in continental geothermal fields [8,11,25,
27,31]. The difference may be caused by the low leaching
efficiency under the seafloor due to the short duration of
fluid-andesite interaction in the Kueishantao hydrothermal
field [45].

The pH is the dominant control on REE concentration.
The REE enrichment of the solutions increases with de-
creasing pH [9,24,26], so the yellowish fluids (pH values of
2.29 and 2.81) should have higher XREE concentrations
than the whitish fluids (pH values of 5.10 and 4.67). How-
ever, the yellowish and whitish fluids have similar YXREE
concentrations as a result of three processes: (1) the faster
flow of the yellowish fluids (the flux is 35 m’/h, nearly
twice that of whitish fluids), leading to shorter water-rock
interaction times beneath the seafloor; (2) the boiling of
fluid, causing loss of REE [9,29], the temperature of the
yellowish fluids (108°C) almost reaching the theoretical
boiling point of 123°C for this depth [45]; (3) the precipita-
tion of native sulfur, which enriches REEs, e.g. XREE con-
centrations of native sulfur chimneys of 4.46-21.00 ng/kg
[49], about 4-20 times higher than those of the hydrother-
mal fluids.

4.2 OEu of Kueishantao fluids

In low-temperature experiments, acidic fluids interacting
with fresh or slightly weathered andesite often have an ob-
vious negative Eu anomaly [8], such as occurs in many acid-
sulfate hydrothermal fluids in continental geothermal fields
(Figure 5(c)). However, not all low-temperature acid-sulfate
fluids discharging from andesite host rocks have significant
negative Eu anomalies. For example, the Desmos acid-sulfate
fluids in Manus Basin have a slight convex-upward curva-
ture at Eu (0Eu is 1.18-1.31) (Figure 5(a)). Some acid-sulfate
fluids in Taiwan Tatun volcanic area have flat patterns at Eu
(0Eu is 0.94-1.06) (Figure 5(b)), and the Kueishantao

3 -1 0
(a) (b) (c)
2_
14 * — = —"—i n‘ —14
_2-
=< 0 —»— DESMOS D1 =3 -
2 —e— North Su NS1 5 £
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g 14 —— Susu knoll rock E -2
[&] Ocean Seawater| © 4]
< 3 3
= L }
i 2 3
O -3 S O -3
o = =]
=1
3 -4 - 3
4
-5 +— Bayan ~44 x Valles calsera fluids
lacao + Yellow stone park fluids
iy -~— Xiaoyoukeng [ Nishiki-numa spring
[ S T T ST S S JY -8 I TR N TN TR TR TR TR N TR TR TR S S SN % W NN YA S W WO O N T T T —"v—
S8EE508RERUES] S8E25H8RERUES S S8EEEE8RERUESS

Figure S REEy distribution patterns of acid-sulfate fluids in deep-sea and continental geothermal fields. (a) The patterns of acid-sulfate fluids, host rocks,
and deep seawater in Eastern Manus Basin (fluid data from [7], host rock data from [55], deep seawater data from [19]); (b) the patterns of acid-sulfate fluids
in Taiwan Tatun volcanic area (data from [6]); (c) the patterns of acid-sulfate fluids in Yellowstone National Park, New Mexico Valles Caldera and Hokkai-

do Nishiki-numa in Japan (data from [8,27,31]).
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Table 2 Rare earth element concentrations in andesites sampled from Kueishantao hydrothermal field (Unit: mg/kg)

Andesite Rock

Sample Andesite 1 Andesite 2
K11-Y5-R1-1 K11-Y5-R2-1 K11-Y5-R2-3 K11-WO0-R1-1 K11-W0-R2-1 K11-W2-R1-1

La 22.14 23.97 23.74 16.72 19.42 15.21
Ce 45.78 52.25 48.03 33.69 39.2 28.98
Pr 5.34 6.24 5.89 3.69 441 34

Nd 20.39 25.65 24.44 13.59 16.51 12.27
Sm 4.56 5.79 5.43 2.92 3.64 2.59
Eu 1 1.09 1.01 0.79 0.88 0.68
Gd 442 5.86 5.28 2.84 3.37 2.4

Tb 0.75 1 0.9 0.49 0.6 0.42
Dy 4.24 543 5.17 2.74 3.28 2.4

Ho 0.99 1.27 1.17 0.64 0.74 0.54
Er 2.72 3.43 3.38 1.74 2 1.55
Tm 043 0.55 0.54 0.28 0.32 0.25
Yb 291 3.59 3.36 1.82 2.02 1.56
Lu 0.44 0.55 0.54 0.28 0.32 0.26
*REE 116.11 136.65 128.87 82.22 96.72 72.52
(La/Yb)n 5.46 4.79 5.07 6.57 6.9 6.99
OEu 0.68 0.57 0.58 0.84 0.77 0.84

acid-sulfate fluids we investigated have a slight negative Eu
anomaly or no Eu anomaly (0Eu values of yellowish fluids
are 0.74 and 0.82; dEu values of whitish fluids are 0.95 and
0.93) (Figure 4). These results imply that there are other fac-
tors affecting the relative concentration of Eu in Kueishantao
hydrothermal fluids besides the water-rock interaction.

The Kueishantao yellowish fluids have a slight Eu
anomaly, which may be related to the lower temperature
(108°C). Temperature is important to the dependence of the
Eu’*/Eu”* ratio on redox potential, and low temperature
favors trivalent Eu [34,39]. Moreover, calculations of REE
species distribution suggest that in some acid-sulfate fluids
(<120°C) the REE are present in solution predominantly as
free trivalent ions [7]. Therefore, at the low temperatures
characteristic of the Kueishantao yellowish fluids, Eu can
occur in the trivalent form, the same as other REE, so the
negative Eu anomaly would be weakened or be almost absent.

As more cracks exist near the white spring, relatively
oxidizing seawater infiltrates and mixes with fluid under the
seafloor, increasing the oxidation and decreasing the tem-
perature of the whitish fluids. As a result, Eu is present as
Eu (IIT), and no Eu anomaly occurs in the whitish fluids,
owning to the lower temperatures (average 51°C) and high-
er oxidation state.

4.3 Complexation of REE in Kueishantao fluids

Kueishantao hydrothermal fluids have high Al contents [45],

which may inhibit REE-fluoride complex formation by form-
ing Al-fluoride complexes [57]. Moreover, the very low pH
of the yellowish fluids would mean that fluorine is present
as HF, minimizing the quantity of F ions available for
complexation [19]. Therefore, REE-fluoride complexes do
not contribute to aqueous REE species in the Kueishantao
hydrothermal fluids.

The REE-sulfate and REE-chloride complexes are irrel-
evant to the enrichment of REE in acid-sulfate fluids (low
pH and sulfate-enriched) [7] and would then have little ef-
fect on the REE distribution in the Kueishantao yellowish
fluids (average pH 2.55). However, concentrations of REE
in the whitish fluids (51°C and average pH 4.89) could be
affected by REE-chloride complexes. As shown by experi-
ments and calculations, the stabilities of LREE (La3+)-sulfate
complexes are similar to those of HREE (Lu**)-sulfate com-
plexes at 25 and 300°C, saturated water vapor pressure [58],
while the stabilities of LREE (La*")-chloride complexes are
higher than those of HREE (Lu**)-chloride complexes at all
temperatures, 25, 200 and 300°C, saturated water vapor
pressure [35,58]. These results imply that the formation of
REE-sulfate complexes can not fractionate LREE and
HREE, whereas the formation of REE-chloride complexes
may give rise to the LREE enrichment in the whitish fluids.

4.4 Fractionation of REE in Kueishantao fluids

At very low pH (<1.5-2), REE from rock or magma show
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little fractionation across the entire series, whereas waters
with pH in the range 2—4 tend to show fractionation of the
LREE [25]. Therefore, the Kueishantao yellowish fluids
(pH 2.29 and 2.81) have a slight LREE enrichment, (La/
Yb)y of 3.34 and 3.28, but their REEy distribution patterns
are flatter than those of the host andesites (4.79-6.99), indi-
cating that besides low pH, there are other factors affecting
the fractionation between the LREE and HREE. One factor
might be the formation of native sulfur. The LREE/HREE
ratios of native sulfur in a chimney formed from the yel-
lowish fluid are much higher than that of the yellowish fluid
and (La/Yb)y is up to 6.61-9.80 [49]. The fractionation be-
tween HREE (Gdn/Yby is 1.10-1.48) of the chimney is
similar to those of yellowish fluid (1.24 and 1.33), implying
that the precipitation of native sulfur causes the LREE to be
mobilized from fluid more easily than the HREE, leading to
a decrease in the LREE/HREE ratio of the yellowish fluid.

The REEy distribution patterns of Kueishantao whitish
fluids (pH 5.10 and 4.67) exhibit a slight enrichment of
LREE relative to HREE, and the (La/Yb)y ratios are 4.13 and
4.42. The adsorption of small, milky-white particles may be
significant for the enrichment of LREE. Fluids with pH >4
have a significant particulate REE load [16], and in flu-
id-rock interaction under mildly acidic conditions the REE
pattern of the fluid is controlled by sorption processes
(strength of sorption: La**<Eu**<Lu*"), which lead to (La/
Lu)x>1 [39].

5 Conclusions

The REE in Kueishantao hydrothermal fluids originate from
host andesite. Their concentrations are lower than those of
most deep-sea hydrothermal fluids and acidic hot waters in
continental geothermal fields. The lower concentrations
may be related to the short duration of fluid-andesite inter-
action under the seafloor, the boiling of fluid and the pre-
cipitation of sulfur minerals near the seafloor. The REEy
distribution patterns of the yellowish fluids exhibit a slight
convex-downward curvature at Eu, and those of the whitish
fluids have no Eu anomaly. The Eu anomalies of Kueishantao
hydrothermal fluids are controlled mainly by the lower
temperature and relative oxidizing conditions. Both yellow-
ish fluids and whitish fluids show a slight enrichment of
LREE. The fractionation between LREE and HREE of the
yellowish fluids is influenced mainly by the very low pH
and the precipitation of native sulfur. In contrast, the
LREE/HREE ratios of the whitish fluids are related to the
adsorption by small sulfur particles and the formation of
REE-chloride complexes.
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