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Abstract

Rare earth element (REE) concentrations are reported for a large suite of seafloor vent fluids from four hydrothermal sys-
tems in the Manus back-arc basin (Vienna Woods, PACMANUS, DESMOS and SuSu Knolls vent areas). Sampled vent flu-
ids show a wide range of absolute REE concentrations and chondrite-normalized (REEN) distribution patterns (LaN/
SmN � 0.6–11; LaN/YbN � 0.6 – 71; EuN=Eu�N � 1–55). REEN distribution patterns in different vent fluids range from
light-REE enriched, to mid- and heavy-REE enriched, to flat, and have a range of positive Eu-anomalies. This heterogeneity
contrasts markedly with relatively uniform REEN distribution patterns of mid-ocean ridge hydrothermal fluids. In Manus
Basin fluids, aqueous REE compositions do not inherit directly or show a clear relationship with the REE compositions
of primary crustal rocks with which hydrothermal fluids interact. These results suggest that the REEs are less sensitive indi-
cators of primary crustal rock composition despite crustal rocks being the dominant source of REEs in submarine hydrother-
mal fluids. In contrast, differences in aqueous REE compositions are consistently correlated with differences in fluid pH and
ligand (chloride, fluoride and sulfate) concentrations. Our results suggest that the REEs can be used as an indicator of the type
of magmatic acid volatile (i.e., presence of HF, SO2) degassing in submarine hydrothermal systems. Additional fluid data sug-
gest that near-seafloor mixing between high-temperature hydrothermal fluid and locally entrained seawater at many vent
areas in the Manus Basin causes anhydrite precipitation. Anhydrite effectively incorporates REE and likely affects measured
fluid REE concentrations, but does not affect their relative distributions.
� 2010 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Rare earth element (REE) distributions in submarine
hydrothermal fluids have been used extensively as a tracer
of sub-seafloor processes associated with hydrothermal
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activity including crustal (i.e., aluminosilicate) alteration
by high-temperature hydrothermal fluids. Studies of REEs
in seafloor vent fluids have focused mostly on basalt-hosted
hydrothermal systems along mid-ocean ridge (MOR)
spreading centers where fluids have remarkably uniform
chondrite-normalized REE (REEN) distribution patterns
characterized by a light-REE enrichment and large, positive
Eu anomaly (Michard et al., 1983; Michard and Albarede,
1986; Michard, 1989; Klinkhammer et al., 1994; Mitra
et al., 1994; Bau and Dulski, 1999; Douville et al., 1999).
REE enrichments in seafloor hydrothermal fluids relative
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to ambient seawater reflect removal from crustal rock during
fluid–rock reaction. It has been suggested that plagioclase
dissolution controls the distribution of REEs in submarine
hydrothermal fluids because the chondrite-normalized
REE (REEN) compositions of MOR hydrothermal fluids
and plagioclase are similar (Campbell et al., 1988; Klink-
hammer et al., 1994). Laboratory studies, however, suggest
that REE compositions of seafloor vent fluids are unrelated
to primary rock composition because REEN distribution
patterns in experimental hydrothermal solutions are differ-
ent from primary REEN compositions of the volcanic rock
or individual minerals with which these fluids have reacted
(Bach and Irber, 1998; Möller, 2002; Allen and Seyfried,
2005). These studies suggest that vent fluid REE composi-
tions reflect solubility control during fluid–rock interaction
influenced by aqueous REE speciation (c.f., Bau, 1991),
which in turn is strongly influenced by numerous aspects of
fluid chemistry such as pH, temperature and the availability
of ligands. Collectively, these factors lead to fractionation of
REEs in sub-seafloor environments.

This study reports REE data for 36 seafloor vent fluids
from four active hydrothermal systems (Vienna Woods,
PACMANUS, DESMOS and SuSu Knolls) in the Manus
back-arc basin, Papua New Guinea. Prior to this study, lim-
ited data existed for REE compositions of vent fluids and
deposits (e.g., anhydrite) recovered from the Manus Basin
or other back-arc basins (e.g., Douville et al., 1999; Bach
et al., 2003). Bach et al. (2003) proposed that the heteroge-
neous REEN patterns recorded by anhydrite recovered from
PACMANUS reflected differences in aqueous REE concen-
trations that are associated with changes in fluid composi-
tion (Cl�, F� and SO4

2� ligand concentrations) owing to
varying inputs of magmatic volatiles (H2O–CO2–SO2–
HCl–HF). The Manus Basin is an ideal area to investigate
factors that govern the aqueous abundance of REEs because
the composition of underlying crustal rocks differs signifi-
cantly among vent fields, ranging from basalt to rhyolite
(Sinton et al., 2003; Bach et al., 2007; Sun et al., 2007). In
addition, vent fluid composition (e.g., pH and ligand concen-
trations) and temperature differ substantially between fields
owing to varying degrees of magmatic volatile degassing
either on-going or in the recent past (Seewald et al., 2006;
Reeves, 2010). Our data are used to examine the relationship
between measured aqueous REE concentrations and host
rock compositions to assess whether aqueous REE abundances
are controlled primarily by crustal rock composition or as-
pects of fluid chemistry that affect REE solubility during
sub-seafloor fluid–rock interaction. Following on from the
study of Bach et al. (2003), our data are also used to examine
the sensitivity of aqueous REE abundances to different fluid
compositions owing to varying styles of magmatic acid vol-
atile input. The present study provides a better understand-
ing of how measured REE abundances in seafloor vent
fluids can be used as tracers of sub-seafloor processes affect-
ing the formation of submarine hydrothermal fluids.

2. GEOLOGIC SETTING

The Manus Basin in the Bismarck Sea, Papua New
Guinea (Fig. 1) is a rapidly-opening (�100 mm/year)
back-arc basin associated with subduction of the Solomon
Microplate beneath the New Britain arc (Taylor, 1979;
Davies et al., 1987; Martinez and Taylor, 1996). Crustal exten-
sion and spreading are complex and variable and occur
along several distinct lineations. Toward the west is the
Manus Spreading Center (MSC) bounded between the Wil-
laumez and Djaul transform faults (Martinez and Taylor,
1996). Lavas erupted at the MSC are dominantly basaltic
in composition (Both et al., 1986; Sinton et al., 2003; Bach
et al., 2007). Several areas of hydrothermal activity have
been identified in the MSC; Vienna Woods is the largest
and most active of the known fields (Tufar, 1990; Tivey
et al., 2007). It is located slightly south of the major spread-
ing center within an axial rift valley at a water depth of
�2500 m.

To the east, the Eastern Manus Basin (EMB) is
bounded by the Djaul and Weitin transform faults where
rapid spreading is accommodated primarily by rifting and
extension of existing crust (Martinez and Taylor, 1996).
Lavas are erupted as a series of discrete en echelon neovol-
canic ridges and volcanic cones of felsic (andesite to rhyo-
lite) composition (Sinton et al., 2003; Bach et al., 2007).
The arc-affinity of volcanic lavas (Sinton et al., 2003) is
consistent with the proximal location (<200 km) of the
EMB to the actively subducting margin. The EMB hosts
several known active hydrothermal systems. The Papua
New Guinea–Australia–Canada–Manus (PACMANUS)
hydrothermal system is located on the crest of the 35 km
long, 500 m high Pual Ridge, between water depths of
1650 and 1740 m (Binns and Scott, 1993). The ridge is con-
structed of several sub-horizontal lava flows with composi-
tions between andesite and dacite (Binns and Scott, 1993;
Sinton et al., 2003). There are several discrete vent fields
within the PACMANUS system (Fig. 1B) that exhibit
varying styles of hydrothermal activity ranging from high-
temperature (>300 �C) black smoker fluid venting from
sulfide-rich chimneys to low-temperature diffuse flows through
sediment and cracks in lavas. Further to the east, the DES-
MOS and SuSu Knolls hydrothermal systems are located
on individual volcanic structures in environments that are
markedly different from the ridge-hosted Vienna Woods
and PACMANUS hydrothermal fields. DESMOS (Onsen
Field, Sakai et al., 1991; Gamo et al., 1997) is located at
the crescent-shaped North wall of a caldera located in a
water depth of �1900–2000 m. Basaltic to andesitic pillow
flows and hyaloclastite deposits arranged across several ter-
races form the slopes of the caldera. Sedimentation and
alteration of primary lavas is common and includes Fe-
oxide staining and acid-sulfate (advanced-argillic) alter-
ation, locally abundant native sulfur flows and extensive
presumed microbial mats (Sakai et al., 1991; Gamo et al.,
1997; Gena et al., 2001). Further east, SuSu Knolls consists
of three discrete volcanic cones (Suzette, North Su and
South Su; Fig. 1C) at water depths between �1140 and
1510 m (Binns et al., 1997; Tivey et al., 2007). The North
Su and South Su volcanic structures are composed of abun-
dant porphyritic dacite flows showing variable acid-sulfate
type alteration (i.e., quartz–pyrophyllite–illite–alunite and
native sulfur) and sedimentation by mixed volcaniclastic
and hydrothermal material (Binns et al., 1997; Yeats



Fig. 1. (A) Regional tectonic setting of the Manus back-arc basin showing major plates and active plate motions (solid gray arrows). Areas of
known hydrothermal activity in the Manus Spreading Center (Vienna Woods) and Eastern Manus Basin (PACMANUS, DESMOS and SuSu
Knolls) are indicated by white stars. (B) Spatial distribution of known vent deposits at PACMANUS. (C) Spatial distribution of known
hydrothermal deposits at SuSu Knolls. Seafloor bathymetry based on EM300 SeaBeam sonar (modified from Tivey et al., 2007).
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et al., 2000; Hrischeva et al., 2007; Tivey et al., 2007). The
Suzette volcanic structure is extensively coated in metallif-
erous sediment and relict sulfide talus that overlies primary
and/or secondary volcanic features (Hrischeva et al., 2007;
Tivey et al., 2007).
2.1. Hydrothermal activity

2.1.1. Vienna woods

Current hydrothermal activity is manifest as both fo-
cused and diffuse fluid venting within an area of �150 m
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by 100 m (Tufar, 1990; Tivey et al., 2007). Inactive sulfide
chimneys extend across a total area �300 m by 100 m.
Mildly acidic (pH (25 �C) 4.2–4.7), clear and gray-smoker
fluids with temperatures between 273 and 283 �C were sam-
pled exiting the tops of large sulfide-rich chimneys up to
7 m in height (Seewald et al., 2006).

2.1.2. PACMANUS

Current hydrothermal activity occurs at several discrete
vent fields (Roman Ruins, Roger’s Ruins, Satanic Mills,
Snowcap, Tsukushi and Fenway) that are each between
50 and 200 m in diameter (Binns et al., 2007; Tivey et al.,
2007). Vent fluids with a range of temperature and compo-
sition were sampled from these fields, including high-tem-
perature fluids (�300–358 �C) with focused discharge
from black smoker chimneys, lower temperature white/
gray-smoker fluids (150–290 �C) discharging from “dif-
fuser” chimneys that lack a central open conduit, and
low-temperature diffuse fluids (<100 �C) exiting through
cracks in the volcanic basement or metalliferous deposits
and sediments. The measured pH (25 �C) of all high-tem-
perature vent fluids (>240 �C) are relatively acidic between
2.3 and 2.8 (Seewald et al., 2006).

2.1.3. DESMOS

Hydrothermal activity occurs at the Onsen field (Gamo
et al., 1997), which is a small (�30 m diameter) area of
moderate temperature fluid discharge located along the
northern interior slope of the DESMOS caldera. Seafloor
venting is markedly different from high-temperature black
smoker fluids and is manifest as thick, milky-white fluids
discharging directly through extensively altered volcanic
breccia and hydrothermal sediments composed of abundant
native sulfur and anhydrite (Gamo et al., 1997; Seewald
et al., 2006; Bach et al., 2007). Despite the low-temperatures
of sampled fluids (<120 �C), measured pH (25 �C) values
are low (<1.5) and aqueous sulfate abundances exceed that
of seawater concentrations (Seewald et al., 2006). On the
basis of aqueous compositions, these fluids have been
termed ‘acid-sulfate’ fluids (Gamo et al., 1997).

2.1.4. SuSu Knolls

At SuSu Knolls, hydrothermal activity and vent fluid
compositions are remarkably diverse (Seewald et al.,
2006). At North Su, the summit of the volcano is domi-
nated by a large sulfide-rich black smoker complex with
individual chimneys up to 11 m in height. Vent fluids sam-
pled from this complex are similar to high-temperature
black smoker fluids sampled from PACMANUS, with tem-
peratures between 300 and 325 �C and moderate-to-low pH
(25 �C) between 2.8 and 3.2 (Seewald et al., 2006). In con-
trast, the flanks of the volcano are dominated by extensive
discharge of acid-sulfate fluids similar to that sampled from
DESMOS. acid-sulfate fluids from North Su have a milky-
white color, lower temperatures (48 to 241 �C), are very
acidic (pH (25 �C)<1.8) (Seewald et al., 2006) and exit
through cracks in hyaloclastite flows, extensively altered
volcanic breccia and hydrothermal sediments composed
of native sulfur and anhydrite (Yeats et al., 2000; Bach
et al., 2007; Tivey et al., 2007).
There is currently more limited hydrothermal activity at
South Su. This vent field is characterized by outcrops of
both fresh and variably altered volcanics overlain by mostly
inactive sulfide chimneys and scattered oxide-stained
hydrothermal sediments (Yeats et al., 2000; Hrischeva
et al., 2007; Tivey et al., 2007). In an area of diffuse venting
toward the NW, extensively altered and bleached volcanic
rocks were observed (Tivey et al., 2007). High-temperature
fluid venting from scattered diffuser-type chimneys was ob-
served and sampled in two areas toward the S and SE. The
maximum measured temperature for these fluids was
290 �C. The pH (25 �C) of these fluids is low, ranging from
2.6 to 2.7 (Seewald et al., 2006).

The smaller structure of Suzette, located NW of North
Su and South Su, is extensively covered by volcanic breccia,
hydrothermal and hemipelagic sediment, mass-wasted sul-
fide talus, Fe-oxide crusts and limited exposures of possible
hydrothermal stockwork (Hrischeva et al., 2007; Tivey
et al., 2007). The summit is characterized by large expanses
of both relict and scattered active sulfide chimneys that are
commonly buried within thick sediment. Hydrothermal
activity is intermittent over broad sections of the Suzette
mound. Five high-temperature vents, with fluids emanating
from sulfide-rich chimney edifices, were sampled. Tempera-
tures ranged from 226 to 303 �C and measured pH (25 �C)
from 3.5 to 3.8 (Seewald et al., 2006). A sixth fluid was sam-
pled from a cracked pavement structure; this fluid had a
temperature of �249 �C and a considerably lower pH
(25 �C) of �2.3 (Seewald et al., 2006).

3. METHODS

3.1. Sample collection and processing

A total of 101 hydrothermal fluid samples were collected
from 36 vents during R/V Melville cruise MGLN06MV
(July–September, 2006) using discrete samplers deployed
by ROV Jason II. Samples were primarily collected in
160 ml isobaric gas-tight samplers (Seewald et al., 2002)
and supplemented with fluids collected in 755 ml Ti-syringe
or “major” samplers (Von Damm et al., 1985). In most
cases, fluids were sampled in triplicate. Temperatures were
measured with a thermocouple mounted directly on the
snorkel of the isobaric samplers, and in some cases, using
the ROV temperature probe. Estimated uncertainty in the
measured temperatures is ±2 �C.

Sample aliquots for chemical analysis were extracted
immediately after recovery of the samplers at the end of
each dive operation. Fluid samples were drawn into acid
cleaned, high-density polyethylene (HDPE) Nalgenee bot-
tles. Aliquots of fluid drawn for REE and other trace ele-
ment analysis were immediately acidified to pH < 2 by
addition of Fisher Optimae grade HCl to prevent precipi-
tation of metal sulfides and sulfates from solution during
storage prior to on-shore analysis. In nearly all major
and gas-tight samplers, a precipitate (“dregs” fraction)
formed on the interior walls and bottom of the sampler
as the hydrothermal fluid cooled. The dregs were collected
on a 0.22 lm pore-size, 45 mm diameter Nylon filter by
rinsing with high-purity acetone and Milli-Q water. The
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Nylon filters were dried and stored in glass vials for on-
shore processing. In addition, minor precipitates formed
within several acidified aliquots during storage (referred
to here as “bottle-filter” fraction). These precipitates were
separated from the fluid by filtering through a 0.22 lm
Nuclepore� filter as part of shore-based sample processing.
The concentrations of REEs in sampled fluids were deter-
mined by separate measurement of element concentrations
in all dissolved, dregs and bottle-filter fractions followed by
mathematical reconstitution of the original fluid. A mass
balance for REEs indicates that for fluids analyzed in this
study, approximately 90% of REEs were in the dissolved
phase.

Dissolved fractions were prepared for analysis by gravi-
metric dilution of a �0.20 g split of each solution using 5%
Fisher Optimae grade HNO3. Sample dilution factors were
adjusted as a function of the chlorinity of the fluid to obtain
a uniform 6 mM Cl concentration in all samples. This equa-
ted to between 80 and 110 times dilution of the original
sample. Dilution to uniform Cl minimized the effect of var-
iable matrix (primarily from Na+, the major cation in solu-
tion) on analyte behavior within the plasma during analysis
by inductively coupled plasma–mass spectrometry (ICP–MS).
Dregs and bottle–filter fractions were treated separately.
Particles were removed from filters into 30 ml Savillexe

vials by rinsing with 5 ml of concentrated Fisher Optimae

HNO3. The vials were sealed and placed on a hot plate
overnight (�70 �C) to digest particles. The resulting solu-
tions were then evaporated to dryness. The acid diges-
tion/evaporation step was repeated a further two times to
achieve complete dissolution of the sulfide–sulfate mix.
The digested particles were redissolved and quantitatively
diluted in 5% HNO3 acid for analysis.

3.2. Analytical methods

3.2.1. Determination of REE concentrations

Analyses of REE concentrations were performed on a
ThermoElectron Element2 ICP–MS at the Woods Hole
Oceanographic Institution. Solutions were introduced into
the plasma using a Cetac Aridus� desolvating nebulizer
to reduce isobaric interferences (e.g., 135Ba16O+ on
151Eu+). Barium- and REE-oxide formation was monitored
throughout the analytical session by periodic aspiration of
Ba and Ce spikes. Barium-oxide formation was signifi-
cantly less than 1%. Significant interference of BaO+ on
Eu+ would bias (decrease) the natural 151Eu/153Eu ratio
(�0.916). In almost all samples no bias was observed and
no correction for BaO interference was required. REE-
oxide formation was typically less than 1–4% of total
REE concentration. Samples were spiked with 1 ppb 45Sc
and 115In internal standards to correct for fluctuations of
the plasma during the analytical session. Unknown sample
concentrations were calibrated against matrix-matched,
multi-REE standards prepared from Specpure plasma solu-
tion standards. Background intensities were measured peri-
odically by aspirating 5% HNO3 blanks. External
precision, determined by triplicate analysis of randomly se-
lected samples across multiple analytical sessions, was
�10% (1r).
3.2.2. Calculation of vent fluid and end-member fluid

compositions

Typically, seafloor vent fluid compositions are reported
as endmembers assuming that the hydrothermal fluid con-
tains no Mg owing to quantitative Mg uptake during
high-temperature fluid-rock interaction (Von Damm,
1983; Von Damm et al., 1985). Nearly all sampled fluids
in this study contained measurable Mg. The presence of
non-zero Mg reflects either the true non-zero Mg composi-
tion of the fluid sampled at the seafloor (e.g., owing to near-
seafloor mixing between seawater and hydrothermal fluid),
or artifacts during sampling owing to entrainment of sea-
water at the sampler snorkel. The measured Mg concentra-
tion of fluids sampled in duplicate or triplicate at each
discrete vent orifice was typically near identical, which is
interpreted as reflecting the true Mg concentration of the
fluid exiting the seafloor. Fluids sampled in this study
should not be interpreted as being compromised by seawa-
ter entrainment during sampling because it is unlikely that
identical amounts of seawater (as indicated by the same Mg
concentration) would be entrained in two or more indepen-
dently sampled fluids. REE concentrations for all vent flu-
ids sampled at the seafloor are therefore reported at the
lowest measured Mg concentration (Table 1).

REE concentrations in smoker-type fluids are also reported
as endmembers (Table 2) by extrapolation of replicate vent
fluid compositions to zero Mg using least-squares linear
regression forced to pass through the composition of ambi-
ent seawater (Von Damm, 1983). The concept of a zero Mg
end-member hydrothermal fluid is useful for understanding
the processes occurring in the sub-seafloor (e.g., high-tem-
perature fluid–rock interaction) prior to mixing between
hydrothermal fluid and seawater at or close to the seafloor.
Calculation of end-member concentrations also allows direct
comparison of species compositions among vent fluids
examined in this and other studies.

REE concentrations in acid-sulfate fluids sampled from
DESMOS and SuSu Knolls (North Su) were not extrapo-
lated to zero Mg. Our indications are that the concept of a
zero Mg end-member acid-sulfate hydrothermal fluid does
not necessarily apply. Acid-sulfate fluids sampled in tripli-
cate contain similar and consistently high Mg concentrations
(P24 mmol/kg), but have elevated temperatures and very
low pH. In contrast to typical high-temperature black- and
gray-smoker fluids, acid-sulfate fluids appear to absent of
convecting seawater-derived hydrothermal fluids that react
extensively with fresh crustal rocks and instead appear to
have formed primarily by sub-seafloor mixing of a magmatic
volatile phase and Mg-rich seawater (Seewald et al., 2006)
followed by reaction with extensively altered crustal rocks.

4. RESULTS

4.1. Rare earth element concentrations in Manus Basin

hydrothermal fluids

4.1.1. Manus Spreading Center (Vienna Woods)

Total REE concentrations (RREE) at Vienna Woods
range from �2.6 to 5.8 nmol/kg (Table 1). Chondrite-
normalized REEN distribution patterns are uniformly



Table 1
Rare earth element concentrations (pmol/kg) in sampled smoker- and acid-sulfate-type fluids from the Manus Basin. Data are reported at the lowest measured Mg.

Sample Vent Site Temp
(�C)

pH
(25 �C)

Mg
(mM)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb RF/RCl
(�1000)

RSO4/RCl
(�1000)

RCa/RCl

Smoker fluids

VW1 Vienna Woods 282 4.4 1.4 1700 1750 180 532 88 738 81 14 43 14 30 21 0.03 0.9 0.116
VW2 Vienna Woods 273 4.2 1.0 1021 1244 157 467 81 629 61 10 33 14 25 19 0.03 0.6 0.117
VW3 Vienna Woods 285 4.7 1.1 740 958 110 291 45 390 32 7 20 19 19 11 0.03 1.5 0.105

RMR1 Roman Ruins 314 2.3 7.3 8493 10,417 837 2225 520 6848 187 27 132 21 57 65 0.19 1.6 0.030
RMR2 Roman Ruins 272 2.3 15.9 979 2210 283 1134 278 2865 188 27 207 22 59 59 0.17 5.5 0.019
RMR3 Roman Ruins 278 2.5 6.4 9585 15,412 1935 7369 1568 16,075 1121 134 626 86 221 170 0.22 2.5 0.034
RMR4 Roman Ruins 341 2.6 3.6 12,500 22,500 2830 10,213 2075 11,182 1324 154 685 97 228 191 0.19 1.7 0.034
RGR1 Roger’s Ruins 320 2.7 4.2 6500 11,332 1416 5926 1389 7698 959 102 438 55 135 85 0.23 2.7 0.040
RGR2 Roger’s Ruins 274 2.6 8.6 1165 2225 230 868 250 1712 232 28 135 18 42 45 0.21 3.0 0.035
SM1 Satanic Mills 295 2.6 8.2 1361 3326 480 2179 685 3417 545 73 357 59 143 120 0.29 3.7 0.022
SM2 Satanic Mills 241 2.4 16.9 330 800 125 694 389 677 1583 395 2777 479 1307 965 0.63 15.6 0.013
SM3 Satanic Mills 288 2.5 9.7 1078 2481 410 2137 1050 2477 1705 258 1362 221 593 443 0.40 5.3 0.026
SC1 Snowcap 152 4.6 30.8 221 411 46 176 83 105 58 16 112 26 83 70 0.26 22.8 0.013
SC2 Snowcap 180 3.4 24.2 352 827 70 284 56 140 50 12 70 16 40 40 0.32 10.3 0.013
TK1 Tsukushi 62 5.7 44.4 309 661 73 293 80 185 70 17 95 28 75 55 0.13 38.5 0.022
F1 Fenway 329 2.5 5.8 859 1971 232 1252 1868 7362 2073 283 1338 203 530 401 0.61 4.3 0.031
F2 Fenway 343 2.7 4.7 19,716 33,980 3982 14,465 2851 8514 1979 250 1210 165 405 314 0.25 2.5 0.038
F3 Fenway 358 2.7 4.5 15,000 27,172 3400 14,000 3400 7750 2750 320 1500 205 470 290 0.29 3.9 0.039
F4 Fenway 284 2.4 8.9 3000 9130 1200 5260 1610 5060 1970 430 3100 385 1150 900 0.30 5.9 0.034
F5 Fenway 78 5.0 44.7 1960 4700 560 2070 520 1075 655 110 760 nd 210 100 0.16 52.6 0.026

SZ1 Suzette 303 3.8 4.4 3478 5736 726 2607 444 2741 291 32 163 25 65 61 0.10 2.3 0.051
SZ2 Suzette 274 3.6 8.6 3095 5250 624 2450 546 2701 373 41 192 27 76 66 0.12 2.9 0.066
SZ3 Suzette 290 3.5 5.5 3035 6237 950 4652 1300 4798 841 88 347 49 110 83 0.12 1.5 0.066
SZ4 Suzette 229 3.6 8.3 868 1767 256 1150 279 1607 214 31 125 42 53 41 0.10 2.4 0.059
SZ5 Suzette 249 2.3 6.4 2400 4094 668 3979 2561 1304 4005 739 4637 864 2486 2076 0.79 6.7 0.040
SZ6 Suzette 226 3.7 8.0 2322 4120 594 2549 606 5024 459 45 192 26 60 54 0.12 1.9 0.066
NS3 North Su 300 3.4 1.6 10,689 18,408 2075 6913 840 3089 424 41 179 29 66 60 0.21 1.1 0.046
NS5 North Su 299 3.2 7.4 836 1700 330 2031 752 2341 265 20 90 16 37 51 0.31 4.2 0.034
NS6 North Su 325 2.8 1.6 590 690 99 470 282 1502 399 59 318 54 142 147 0.48 1.4 0.052
SS1 South Su 271 2.6 5.3 536 1250 126 452 201 181 212 57 521 91 235 164 0.56 3.3 0.045
SS2 South Su 288 2.7 6.8 480 681 70 207 61 621 51 13 62 16 47 58 0.43 3.2 0.042

Acid-sulfate fluids

D1 DESMOS 117 1.0 46.0 17,862 54,166 7331 31,845 7830 2948 7283 1160 6980 1330 4044 3826 0.28 297.5 0.019
D2 DESMOS 70 1.4 50.4 20,805 71,826 11,431 55,550 15,736 6526 14,321 2267 13,865 2595 7773 7336 0.01 123.7 0.024

NS1 North Su 48 1.8 49.0 10,923 35,507 4755 19,616 4699 1782 4452 718 4452 876 2793 2846 0.09 78.5 0.018
NS2 North Su 215 0.9 38.8 25,597 98,058 16,244 83,537 25,511 8865 26,764 4323 26,644 5155 15,724 15,225 0.23 335.5 0.020
NS4 North Su 241 1.5 23.5 12,657 47,812 6540 29,310 9834 3549 13,534 2355 15,301 3064 9287 8503 0.94 48.0 0.012
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Table 2
End-member (zero Mg) rare earth element concentrations (pmol/kg) in smoker fluids sampled in the Manus Basin.

Sample Vent Site Temp (�C) pH (25 �C) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb

VW1 Vienna Woods 282 4.4 1700 1750 180 532 88 738 81 14 43 14 30 21
VW2 Vienna Woods 273 4.2 1021 1244 157 467 81 629 61 10 33 14 25 19
VW3 Vienna Woods 285 4.7 740 958 110 291 45 390 32 7 20 19 19 11

RMR1 Roman Ruins 314 2.3 9918 12,164 977 2599 607 7996 219 31 154 24 67 76
RMR2 Roman Ruins 272 2.3 1392 3140 402 1612 395 4072 268 39 294 32 83 84
RMR3 Roman Ruins 278 2.5 10,829 17,413 2186 8326 1772 18,162 1267 151 708 98 249 192
RMR4 Roman Ruins 341 2.6 13,262 23,871 3002 10,835 2201 11,863 1405 164 727 103 242 202
RGR1 Roger’s Ruins 320 2.7 7071 12,328 1540 6447 1511 8374 1044 111 476 60 147 92
RGR2 Roger’s Ruins 274 2.6 1390 2653 274 1035 299 2042 277 34 161 21 51 53

SM1 Satanic Mills 295 2.6 1617 3950 570 2588 813 4058 647 87 424 69 170 143
SM2 Satanic Mills 241 2.4 480 1163 182 1009 566 984 2303 575 4039 697 1901 1404
SM3 Satanic Mills 288 2.5 1317 3031 501 2612 1283 3027 2084 315 1664 270 725 541
SC1 Snowcap 152 4.6 499 928 103 396 186 237 130 35 251 58 188 158
SC2 Snowcap 180 3.4 619 1454 123 500 99 246 88 21 123 28 70 70
TK1 Tsukushi 62 5.7 1470 3148 349 1397 379 881 335 81 452 135 357 262
F1 Fenway 329 2.5 959 2200 259 1397 2085 8217 2313 315 1493 226 592 448
F2 Fenway 343 2.7 21,528 37,103 4348 15,794 3113 9296 2161 273 1321 180 442 343
F3 Fenway 358 2.7 16,318 29,560 3699 15,230 3699 8431 2992 348 1632 223 511 315
F4 Fenway 284 2.4 3609 10,984 1444 6328 1937 6087 2370 517 3729 463 1383 1083
F5 Fenway 78 5.0 9925 23,799 2836 10,482 2633 5443 3317 557 3848 nd 1063 506

SZ1 Suzette 303 3.8 3777 6228 788 2831 482 2976 316 35 177 27 70 67
SZ2 Suzette 274 3.6 3660 6209 738 2897 646 3194 441 48 227 32 90 78
SZ3 Suzette 290 3.5 3368 6921 1054 5162 1442 5324 933 97 386 55 122 92
SZ4 Suzette 229 3.6 1020 2077 301 1352 327 1888 251 36 147 50 63 48
SZ5 Suzette 249 2.3 2711 4625 755 4495 2893 1473 4525 834 5239 976 2808 2345
SZ6 Suzette 226 3.7 2711 4811 693 2976 708 5866 536 52 225 30 70 63
NS3 North Su 300 3.4 10,689 18,408 2075 6913 840 3089 424 41 179 29 66 60
NS5 North Su 299 3.2 964 1960 380 2342 867 2700 306 23 104 18 43 58
NS6 North Su 325 2.8 590 690 99 470 282 1502 399 59 318 54 142 147
SS1 South Su 271 2.6 592 1381 139 499 222 201 234 63 576 101 260 181
SS2 South Su 288 2.7 547 775 80 236 69 708 58 15 71 18 53 66
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Rare earth elements in hydrothermal fluids from the Manus Basin 5501
light-REE (La–Nd) enriched and show a large positive
Eu-anomaly (Fig. 2). The data are consistent with REE
compositions previously reported for Vienna Woods hydro-
thermal fluids (Douville et al., 1999). The range of REE
concentrations and relative distributions are similar to
those measured in high-temperature (P280 �C) vent fluids
from basalt-hosted, mid-ocean ridge (MOR) hydrothermal
sites (Fig. 2).
Fig. 2. Chondrite-normalized REE distribution patterns of (A) mid-ocea
and Atlantic Oceans. Data are from Michard et al. (1983), Michard (1989
(1999); (B) black/gray-smoker fluids sampled from Vienna Woods, Man
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Fig. 3. Chondrite-normalized REE patterns of black/gray-smoker fluid
Ruins-Roger’s Ruins; (B) Satanic Mills; (C) Fenway and (D) Snowcap a
4.1.2. Eastern Manus Basin (PACMANUS, DESMOS and

SuSu Knolls)

Most hydrothermal fluids sampled from the Eastern
Manus Basin have high REE concentrations relative to flu-
ids from Vienna Woods and overall exhibit a broad range
of REEN distribution patterns. Total concentrations of
REEs at PACMANUS range from �1.5 to 88 nmol/kg
(Table 1). The REEN distribution patterns of most sampled
n ridge hydrothermal fluids and modern seawater from the Pacific
), Klinkhammer et al. (1994), Mitra et al. (1994) and Douville et al.
us Spreading Center (this study).

B

D

s sampled from PACMANUS, Eastern Manus Basin. (A) Roman
nd Tsukushi.
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fluids are variably light-REE enriched with a positive Eu
anomaly (Fig. 3). Two vent fluids, Satanic Mills (vent
SM2) and Fenway (vent F1), have REEN distribution pat-
terns that show heavy-REE (Dy–Yb) enrichments and po-
sitive Eu anomalies (Fig. 3B and C).

Total REE concentrations in acid-sulfate fluids at DES-
MOS vary from �147 to 236 nmol/kg (Table 1) and are sig-
nificantly greater than those of sampled high-temperature
black smoker fluids at Vienna Woods and PACMANUS
(see also Douville et al., 1999), but are similar to those mea-
sured in acid-sulfate fluids from continental geothermal
environments (e.g., Valles Caldera, New Mexico (Michard,
1989); Rotokawa and Waiotapu, New Zealand (Wood,
2001)). Chondrite-normalized REEN distribution patterns
are generally flat with a only slight convex-upward curva-
ture and do not have a clear positive or negative Eu anom-
aly (Fig. 4A). The flat REEN distributions patterns differ
markedly from those of black and gray-smoker fluids vent-
ing from chimney edifices at other vent fields.

Total REE concentrations and REEN distribution pat-
terns show a high degree of variability in vent fluids at SuSu
Knolls (Fig. 4). Total REE concentrations in acid-sulfate flu-
ids sampled from North Su range from �93 to 350 nmol/kg
(Table 2) and exhibit REEN distribution patterns that are flat
with no clear Eu anomaly (Fig. 4A), similar to REEN distri-
bution patterns in acid-sulfate fluids at DESMOS. Total
concentrations of REEs in smoker fluids from North Su,
South Su and Suzette range from �6.5 to 43 nmol/kg. The
REEN distribution patterns of most black/gray-smoker flu-
Fig. 4. Chondrite-normalized REE patterns of hydrothermal fluids sam
acid-sulfate fluids from DESMOS (open symbol) and North Su (filled sym
smoker fluids from Suzette and (D) black/gray-smoker fluids from South
ids are light-REE enriched with pronounced positive Eu
anomalies (Fig. 4B–D). Some smoker fluids sampled from
Suzette (vent SZ5) and South Su (vent SS1) have REEN

distribution patterns that exhibit greater enrichment of hea-
vy-REEs and smaller Eu anomalies relative to other smoker
fluids sampled from the same vent field (Fig. 4B and D).

5. DISCUSSION

5.1. Controls on aqueous REE compositions of seafloor

hydrothermal fluids

Although there is consensus that the rare earth elements
(REEs) in submarine hydrothermal fluids are derived prin-
cipally from the oceanic crust during high-temperature
fluid–rock interaction, the primary processes that control
the observed chondrite-normalized REE distribution pat-
terns of seafloor vent fluids are poorly understood. It has
been hypothesized that REEN distribution patterns of vent
fluids directly reflect the REE composition of crustal host
rocks or constituent minerals, such as plagioclase, subject
to alteration (Campbell et al., 1988; Klinkhammer et al.,
1994). Alternatively, it has been proposed that REEN distri-
bution patterns of vent fluids reflect equilibrium partition-
ing between fluid and minerals, controlled primarily by
fluid chemistry (e.g., pH, redox, availability of ligands),
temperature, pressure and alteration mineralogy (Bau,
1991; Bach and Irber, 1998; Bach et al., 2003; Allen
and Seyfried, 2005). Previous studies reporting REE
pled from DESMOS and SuSu Knolls, Eastern Manus Basin. (A)
bol); (B) black/gray-smoker fluids from North Su; (C) black/gray-
Su.



Fig. 5. REE distribution patterns of: (A) bulk primary basalts
(stippled field) and bulk primary dacites (gray field) sampled
along the Manus Spreading Center (MSC) and Eastern Manus
Basin (EMB). Data are from Sinton et al. (2003). Also shown are
characteristic REE patterns of constituent mineral phases in
mafic (basalt) and felsic (dacite, rhyolite) igneous rocks (cpx is
clinopyroxene, bt is biotite, plg is plagioclase and olv is olivine).
Data are from Schnetzler and Philpotts (1970). Data are
normalized to average chondritic composition. (B) variably
altered dacites sampled from the beneath PACMANUS, in the
EMB. Solid and dashed lines indicate dacites showing incipient
(chlorite-smectite) and extensive (“acid-sulfate-type”, illitepyro-
phyllite-alunite) alteration, respectively. Data are from Beaudoin
et al. (2007) and are normalized to average chondritic compo-
sition. (C) bulk primary dacites (gray field) and highly-altered
dacites (“acid-sulfate-type” alteration, shown in solid black lines)
sampled at the DESMOS hydrothermal field, EMB. Data are
normalized to average chondritic composition. Also shown are
REE pattern of the highly-altered dacites normalized to that of
the primary dacites (dashed gray lines). REE data are from Gena
et al. (2001). The REE patterns of primary and altered rocks
record evidence for significant and variable REE mobilization
during fluid-rock interaction, similar to that inferred from the
fluid REE compositions reported in this study. During low pH,
acid-sulfate-type alteration, the REEs appear to be mobilized
without significant fractionation among the lanthanides (C). See
text for discussion.

Rare earth elements in hydrothermal fluids from the Manus Basin 5503
compositions of submarine hydrothermal fluids have fo-
cused largely on high-temperature, black smoker fluids
sampled at mid-ocean ridge hydrothermal systems, where
the range of rock-types encountered by circulating fluids
is limited (i.e., all are basalt-dominated) and the composi-
tions of sampled fluids (e.g., pH, Mg, F, SO4

2� concentra-
tions, chondrite-normalized REE patterns) are generally
similar. These similar characteristics make it difficult to
asses how REE solubility in submarine hydrothermal fluids
is affected by changes in fluid composition and whether
aqueous REE abundances reflect that of crustal rock
REE compositions. In contrast, hydrothermal fluids sam-
pled from the Manus back-arc basin have interacted with
crustal rocks of a wide range of composition (from basalt
to dacite and rhyolite) and are remarkably different in terms
of their pH, fluid composition and ligand and REE abun-
dances. Accordingly, these vent fluids serve as an ideal case
study by which to identify the key factors that affect REE
solubility at submarine hydrothermal fluids and how aque-
ous REE abundances can be used as tracers of hydrother-
mal processes.

5.1.1. Influence of host–rock REE composition

The range of REEN distribution patterns observed in
Manus Basin seafloor vent fluids do not reflect variations
in primary whole-rock REE abundances in basalts from
the Manus Spreading Center (MSC) and dacites from the
Eastern Manus Basin (EMB; Fig. 5). For example, light-
REE enriched patterns of Vienna Woods vent fluids are
very different to whole-rock REE distribution patterns of
primary basalts erupted in the MSC (Fig. 5A). Similarly,
the range of REEN distribution patterns measured in vent
fluids from PACMANUS, DESMOS and SuSu Knolls is
different relative to the uniform whole-rock REE distribu-
tion patterns of dacites erupted in the EMB (Fig. 5A).
Moreover, the range of REEN distribution patterns mea-
sured in Manus Basin vent fluids do not appear to record
the REE composition of specific constituent minerals (see
also Schnetzler and Philpotts, 1970; Hanson, 1980). In par-
ticular, the range of REE fluid compositions cannot be ex-
plained as reflecting discriminate leaching of REEs from
plagioclase as previously suggested (Campbell et al., 1988;
Klinkhammer et al., 1994; Douville et al., 1999). Additional
evidence suggesting that vent fluid REE abundances are not
controlled by primary rock composition is provided by
REE concentrations and REEN distribution patterns that
vary substantially among fluids samples within individual
vent areas on spatial scales (<100–500 m) over which the
primary REE composition of volcanic rocks are uniform
(Sinton et al., 2003; Miller et al., 2006). The fluid composi-
tional data suggest that REEs are fractionated from pri-
mary crustal rock REE compositions during fluid–rock
interaction owing to differences in aqueous REE solubility.
This idea is supported by the mineral and chemical compo-
sitions of altered crustal rocks in the Manus Basin that
vary significantly from chlorite–smectite (argillaceous) to
illite–pyrophyllite–cristobalite–anhydrite (advanced-argillic)
assemblages (Lackschewitz et al., 2004; Paulick et al.,
2005; Paulick and Bach, 2006; Bach et al., 2007) and



Fig. 6. Total REE abundance versus pH for black smoker and
acid-sulfate fluids sampled in the Manus Basin (this study). REE
concentrations in black smoker fluids from unsedimented, mid-
ocean ridge hydrothermal systems (symbol +) and in acid-sulfate
fluids from continental geothermal systems (symbol �) are shown
for comparison (data from Michard, 1989; Klinkhammer et al.,
1994; Lewis et al., 1997; Douville et al., 1999). Smoker-type fluids
with lower temperatures (<280 �C) and elevated Mg concentrations
(>10 mmol/kg) are not plotted as these fluids have experienced
local sub-seafloor mixing with seawater and the measured pH
(25 �C) of these fluids does not reflect that of the high-temperature
hydrothermal fluid at depth.
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indicate fluid–rock interaction involving a range of temper-
atures (>220–360 �C), pH (<2 to >3.5), water/rock ratios
and fluid compositions. The REE compositions of variably
altered rocks show a range of chondrite-normalized compo-
sitions (Fig. 5B and C) that are consistent with variable
mobilization and extensive fractionation of the REEs dur-
ing crustal rock alteration (e.g., Gena et al., 2001; Beaudoin
et al., 2007).

5.1.2. Influence of fluid composition – pH and ligand

concentration

High-temperature black smoker and acid-sulfate fluids
in the Manus Basin exhibit a wide range of pH and fluid
composition (e.g., alkali metal, Mg, Cl, F and SO4 abun-
dances) that reflect different styles of sub-seafloor fluid cir-
culation, a range of conditions of fluid–rock interaction and
variable crustal rock compositions (Seewald et al., 2006;
Craddock, 2009; Reeves, 2010). The compositions of
high-temperature black and gray-smoker fluids at Vienna
Woods, PACMANUS and SuSu Knolls (e.g., Mg depletion
and alkali metal enrichment relative to ambient seawater)
reflect extensive reaction (buffering) between convecting
seawater-derived hydrothermal fluids and fresh basalts in
the MSC and dacites in the EMB (Craddock, 2009). The
low pH and elevated F concentrations of black smoker flu-
ids in the EMB (PACMANUS and SuSu Knolls) relative to
those from the MSC (Vienna Woods) may reflect assimila-
tion of magmatic acid volatiles (H2O–CO2–SO2–HCl–HF)
with convecting hydrothermal fluids owing to the proximity
of EMB to the active subducting arc. Acid-sulfate fluids at
DESMOS and SuSu Knolls in the EMB are products of
fundamentally different styles of hydrothermal activity
and are probable submarine equivalents of fumaroles
associated with subaerial volcanism (Giggenbach, 1992;
Hedenquist et al., 1994). These fluids appear to have formed
via shallow mixing of magmatic acid volatiles with entrained
seawater in the absence of large-scale seawater convective
circulation and reaction with fresh crustal rocks (Seewald
et al., 2006). The low pH (25 �C) < 1–1.5 and high sulfate
concentrations (28–149 mmol/kg) in DESMOS and SuSu
Knolls acid-sulfate fluids relative to ambient seawater
(Gamo et al., 1997; Seewald et al., 2006) likely reflect addi-
tion of SO2-rich magmatic vapors to seawater and dispro-
portionation of SO2 at decreasing temperatures to yield
sulfuric acid (e.g., Holland, 1965). The high concentrations
of Mg (P24 mmol/kg) and low concentrations of fluid-mo-
bile elements (e.g., alkali metals) in acid-sulfate fluids are a
critical difference relative to that of typical black smoker
fluids (Craddock, 2009). These data suggest that acid-sul-
fate fluid compositions are not governed primarily by reac-
tion with fresh crustal rocks, but reflect interaction with
previously and variably altered crustal rocks. This idea is
supported by the occurrence of highly-altered rocks con-
taining cristobalite, alunite, pyrophyllite and native sulfur
in proximity to acid-sulfate fluids at the seafloor at DES-
MOS and SuSu Knolls (Gamo et al., 1997; Bach et al.,
2007) that are analogous to the low pH, advanced-argillic
alteration observed in subaerial epithermal environments
(Hemley and Jones, 1964; Hemley et al., 1969).
We propose that the range of REE abundances observed
in Manus Basin hydrothermal fluids are controlled primar-
ily by fluid composition (e.g., pH, availability of ligands)
and alteration mineralogy, which regulate aqueous REE
solubility during sub-seafloor fluid–rock interaction. Over-
all, REE concentrations in Manus Basin vent fluids increase
with acidity (Fig. 6). REE concentrations in acid-sulfate
fluids from DESMOS and SuSu Knolls are high relative
to black and gray-smoker fluids sampled in the Manus
Basin, despite the lower temperatures of acid-sulfate fluids.
Similarly, REE concentrations are high in lower pH smoker
fluids from PACMANUS and SuSu Knolls (pH (25 �C)
2.3–3.5) relative to higher pH smoker fluids sampled from
Vienna Woods (pH (25 �C) P 4.2). Similar correlations in
hydrothermal fluids sampled from a range of geologic envi-
ronments, including basalt-dominated mid-ocean ridge
(MOR) and continental geothermal systems (Michard and
Albarede, 1986; Michard, 1989; Lewis et al., 1997; Douville
et al., 1999; Wood, 2001) support this relationship. It is un-
likely that REE abundances in seafloor hydrothermal fluids
are limited by their abundance in the host rock because the
concentrations of REEs in both fresh and altered oceanic
crustal rocks (e.g., Michard et al., 1983; Beaudoin et al.,
2007) are several orders of magnitude higher than those
measured in submarine hydrothermal fluids (see Fig. 5).
Indeed, acid-sulfate fluids have the highest REE concentra-
tions, despite these fluids having bulk aqueous composi-
tions consistent with reaction with altered crustal rocks,
which typically contain REE abundances lower than those
in primary igneous lavas (e.g., Beaudoin et al., 2007).
The results suggest total REE abundances in submarine
hydrothermal fluids are solubility controlled during
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high-temperature fluid–rock interaction, are strongly influ-
enced by pH, and are largely independent of crustal–rock
REE abundances.

Sampled vent fluids are also characterized by a range of
chondrite-normalized (REEN) patterns that vary systemat-
ically with pH and the availability of aqueous ligands.
These trends are readily apparent upon examination of
LaN/YbN and EuN=Eu�N ratios as a function of relative li-
gand abundances (Fig. 7). The LaN/YbN ratio is a measure
of the relative light-REE (La) versus heavy-REE (Yb)
abundance and reflects chemical fractionation among the
light- and heavy-REEs. The EuN=Eu�N ratio (Eu anomaly)
is a measure of the fractionation of Eu relative to neighbor-
ing REEs (Sm and Gd), which can be related to the varying
oxidation state exhibited by Eu (II and III) compared to tri-
valent REEs in high-temperature hydrothermal fluids
(Sverjensky, 1984). High-temperature smoker fluids from
all Manus Basin vent areas exhibit a wide range of RF/
RCl ratios and a limited range of low RSO4/RCl ratios,
the latter being the result of sulfate removal by anhydrite
precipitation and reduction to H2S during fluid–rock inter-
action. Manus Basin smoker fluids with low F and SO4

2�
Fig. 7. Correlations between aqueous [RF]/[RCl] ratios and chon-
drite-normalized LaN/YbN (A) and EuN=Eu�N ratios (B) in black
smoker and acid-sulfate fluids from the Manus Basin. Data for all
vent areas are grouped by measured pH (25 �C). Smoker fluids with
lower temperatures (<280 �C) and elevated Mg concentrations
(>10 mmol/kg) are not plotted. Smoker fluids (pH > 2 to 4) show
decreasing LaN/YbN and EuN=Eu�N ratios (increasing heavy-REE
abundances relative to light-REEs and Eu) with increasing [RF]/
[RCl] ratios. Acid-sulfate fluids (pH < 2) show no clear differences
in LaN/YbN and EuN=Eu�N ratios for a wide range of [RF]/RCl]
ratios. Differences in ligand abundances affect aqueous REEN

distributions likely owing to the formation of various REE-ligand
complexes with different stabilities. See text for discussion.
concentrations, and low RF/RCl (<0.03 lM/mM) and
RSO4/RCl ratios (�1 lM/mM) have a characteristic light-
REE enrichment and large positive Eu-anomaly (highest
LaN/YbN and EuN=Eu�N ratios; Fig. 7). In contrast, smoker
fluids that have a range of high F concentrations and high
RF/RCl ratios have only minor light-REE enrichments and
lower LaN/YbN and EuN=Eu�N ratios. The most fluoride-
rich sampled fluids with the highest RF/RCl ratios
approaching �0.60–0.80 lM/mM (Satanic Mills SM2, Fen-
way F1, Suzette SZ5; Table 1, Fig. 7) exhibit a distinct
light-REE depletion and heavy-REE enrichment (LaN/
YbN� 1) and a small or absent Eu anomaly (EuN=Eu�N �
1–2).

We interpret the range of light- versus heavy-REE
enrichments observed in these fluids as reflecting differences
in relative solubilities of the light- versus heavy-REEs as a
direct result of significant differences in pH, ligand concen-
tration and, therefore, the relative abundances of REE-
chloride and REE-fluoride complexes. The pronounced
light-REE enrichment and positive Eu-anomaly in smoker
fluids with chloride-rich, but fluoride- and sulfate-poor
compositions implies that REE-chloride complexation acts
to enhance the solubility of the light-REEs and Eu relative
to that of the mid- and heavy-REEs during fluid–rock inter-
action and secondary mineral formation. In contrast, the
marked heavy-REE enrichment in fluoride-rich smoker
fluids suggests that formation of REE-fluoride complexes
enhances the solubility of the heavy-REEs relative to
light-REEs during fluid-rock interaction in the presence
of elevated concentrations of fluoride.

These interpretations are supported by the results of spe-
cies distribution thermodynamic calculations that were car-
ried out to assess the aqueous speciation/complexation of
REEs in representative sampled Manus hydrothermal fluids
at in situ temperature and pressure across a broad range of
fluid compositions (compositions of the seven fluids used
for illustration in speciation calculations are given Table 3;
results of calculations are presented in Fig. 8). Details of the
thermodynamic calculations used in this study are docu-
mented in full in the Supporting Online Material (SOM).
Briefly, calculations were carried out using the SpecE8
program, included as a module of the Geochemist’s
Workbench (v6.0) software package (Bethke, 1996). The
SpecE8 program computes species distributions, mineral
saturation states and gas fugacity in aqueous solutions at
specified temperature and pressure. The thermodynamic
database used in SpecE8 calculations was generated using
SUPCRT 92 (Johnson et al., 1992) for a pressure of
50 MPa (500 bars) and temperatures between 0 and
400 �C, using updates for aqueous formation constants as
listed in the SOM. The pH value of each fluid measured
at 25 �C was used together with aqueous compositional
data to calculate pH at in situ temperature. The redox po-
tential for each fluid was calculated based on measured
H2(aq) concentrations and the assumption of H2(aq)–H2O
equilibrium. Equilibrium between H2S and SO4

2� was sup-
pressed because both species were measured in our hydro-
thermal fluids and are in a state of non-equilibrium. REE
speciation in chloride-rich, but fluoride- (<20–170 lmol/
kg) and sulfate-poor (<2 mmol/kg) smoker-type vent fluids



T
ab

le
3

C
h

em
ic

al
co

m
p

o
si

ti
o

n
s

o
f

re
p

re
se

n
ta

ti
ve

h
yd

ro
th

er
m

al
fl

u
id

s
u

se
d

in
th

er
m

o
d

yn
am

ic
R

E
E

sp
ec

ia
ti

o
n

ca
lc

u
la

ti
o

n
s.

S
am

p
le

V
en

t
S

it
e

T
em

p
p

H
p

H
M

g
C

l
N

a
K

C
a

B
a

A
l

M
n

F
e

S
iO

2
S

O
4

F
C

O
2

H
2
S

H
2

(�
C

)
(2

5�
C

)
(i

n
si

tu
)

(m
m

o
l/

k
g)

(m
m

o
l/

k
g)

(m
m

o
l/

k
g)

(m
m

o
l/

k
g)

(m
m

o
l/

k
g)

(l
m

o
l/

k
g)

(l
m

o
l/

k
g)

(l
m

o
l/

k
g)

(l
m

o
l/

k
g)

(m
m

o
l/

k
g)

(m
m

o
l/

k
g)

(l
m

o
l/

k
g)

(m
m

o
l/

k
g)

(m
m

o
l/

k
g)

(l
m

o
l/

k
g)

S
m

o
k

er
F

lu
id

s

V
W

1
V

ie
n

n
a

W
o

o
d

s
28

2
4.

4
4.

8
1.

4
69

0
51

2
21

.2
80

.0
55

<
10

34
9

15
9

15
.3

0.
8

21
4.

4
1.

4
42

R
M

R
4

R
o

m
an

R
u

in
s

34
1

2.
6

3.
37

3.
6

65
0

49
5

77
.2

22
.3

92
<

10
28

30
64

68
17

.8
0.

4
12

5
9.

5
6.

3
53

S
M

1
S

at
an

ic
M

il
ls

29
5

2.
6

3.
25

8.
2

51
9

40
7

60
.5

12
.5

20
<

10
21

45
27

90
12

.2
2.

1
16

7
18

1
8.

0
25

S
M

2
S

at
an

ic
M

il
ls

24
1

2.
4

3.
2

16
.9

45
5

37
4

38
.6

5.
9

16
<

10
18

53
10

45
12

.8
7.

1
28

7
11

2
4.

5
4.

3
S

Z
5

S
u

ze
tt

e
24

9
2.

3
2.

7
6.

4
61

0
49

3
44

.3
24

.2
16

18
24

3
39

61
14

.1
3.

0
48

0
16

.1
4.

8
7.

4
A

ci
d
-S

u
lf

a
te

F
lu

id
s

D
1

D
E

S
M

O
S

11
7

1.
0

1.
2

46
.0

49
2

39
1

8.
3

9.
4

<
1

48
0

40
12

40
0

8.
1

14
7

13
7

23
.1

0.
0

4.
0

N
S

2
N

o
rt

h
S

u
21

5
0.

9
1.

18
38

.8
44

2
34

0
7.

8
8.

9
n

d
10

75
81

31
03

10
.0

14
9

12
8

80
.0

0.
0

20

5506 P.R. Craddock et al. / Geochimica et Cosmochimica Acta 74 (2010) 5494–5513
is governed primarily by REE-chloride and REE-oxyhy-
droxide complexes of trivalent REEs and chloride com-
plexes of divalent Eu (e.g., Vienna Woods VW1, Roman
Ruins RMR4, Satanic Mills SM1; Fig. 8). REE-fluoride
complexes are present in lesser amounts and REE-sulfate
complexes are present at relatively low abundance. The pre-
dominance of divalent Eu versus trivalent Eu reflects the
stability of Eu2+ under reducing conditions and elevated
temperatures characteristic of sampled vent fluids (e.g.,
Sverjensky, 1984). The differences in the relative abundance
of REE-chloride and REE-oxyhydroxide complexes result
primarily from differences in fluid temperature and pH with
REE-chloride complexes increasing in abundance at higher
temperature and lower pH. The calculated REE speciation
does not change significantly across different geologic set-
tings and crustal compositions (e.g., basalt-dominated
Vienna Woods versus dacite-dominated PACMANUS) be-
cause the fluid compositions are similar.

REE species distribution in high-temperature vent fluids
with a range of elevated fluoride concentrations (up to
�500 lmol/kg) is increasingly governed by the presence of
REE-fluoride complexes, which occur primarily at the ex-
pense of REE-chloride complexes (e.g., Satanic Mills
SM2, Suzette SZ5, Fig. 8). The light-REEs occur predomi-
nantly as chloride complexes, but the heavy-REEs are pres-
ent predominantly as fluoride complexes. The relative
abundance of REE-hydroxide and REE-sulfate complexes
are low; similar to that predicted for other high-tempera-
ture smoker fluids. Europium is again predicted to occur
exclusively as a divalent chloride complex. Theoretical
and experimental estimates of the relative stabilities of
REE-chloride and REE-fluoride complexes across the
lanthanide group (e.g., Wood, 1990; Haas et al., 1995;
Gammons et al., 2002; Migdisov and Williams-Jones, 2007;
Migdisov et al., 2009) are not without uncertainties and dis-
crepancies (see documentation of thermodynamic data in
SOM). However, these studies suggest that chloride com-
plexes of the light-REEs and Eu2+ are more stable than
those of the heavy-REEs at elevated temperature and pres-
sure, whereas fluoride complexes possibly show the oppo-
site behavior, consistent with our interpretation of natural
samples. Fractionation of the REEs during fluid-rock inter-
action and secondary mineral formation owing to differ-
ences in complexation and solubility of the REEs is also
consistent with the results of experimental studies that have
demonstrated enhanced mobility of the light-REEs and
divalent Eu2+ during fluid–rock interaction with chloride-
rich hydrothermal fluids at elevated temperature and
pressure (e.g., Allen and Seyfried, 2005). No experimental
studies have yet investigated the relative solubility and
mobility of the REEs during fluid-rock interaction in the
presence of fluoride-rich hydrothermal fluids at elevated
temperature and pressure.

Marked differences in fluid composition likely also gov-
ern the REE distributions observed in acid-sulfate fluids,
which are distinct to those of smoker fluids. All acid-sulfate
fluids exhibit almost flat REEN distribution patterns with
no Eu-anomalies (LaN/YbN � 1–2.5, EuN=Eu�N � 1), simi-
lar to REEN patterns identified in other acid-sulfate fluids
sampled in the Manus Basin (e.g., Douville et al., 1999).



Fig. 8. Predicted REE species distributions in high-temperature smoker fluids from the Manus Basin. (A) Fluid VW1 (Vienna Woods); (B)
fluid RMR4 (Roman Ruins, PACMANUS); (C) fluid SM1 (Satanic Mills, PACMANUS); (D) fluid SM2 (Satanic Mills, PACMANUS); (E)
fluid SZ5 (Suzette, SuSu Knolls); (F) fluid NS2 (North Su, SuSu Knolls) and (G) fluid D1 (DESMOS). REE-chloride, REE-fluoride and REE-
sulfate complexes are shown by black squares, white triangles and gray diamonds, respectively. REE-oxyhydroxide complexes are shown by
gray circles and free REE ions by black crosses. Fluid compositions used in calculations are reported in Tables 1 and 3.
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We interpret the high REE concentrations and flat REEN

patterns of acid-sulfate fluids as reflecting primarily the
influence of low pH, which enhances the aqueous solubility
of all REEs. The very low pH is likely the critical parameter
controlling the observed abundances of REEs in acid-sul-
fate fluids because observations of natural systems suggest
that the solubility of REEs during fluid-rock reaction in-
creases significantly with acidity (Fig. 6) (e.g., Michard,
1989; Lewis et al., 1998; Fulignati et al., 1999). In effect,
acid-sulfate-type alteration occurring at very low pH, as is



Fig. 9. Fractional abundance of (A) fluoride present in solution as
HF and Al-fluoride complexes and (B) REE present in solution as
REE-fluoride complexes, versus measured fluid pH (25 �C) for
hydrothermal fluids listed in Table 3. The dashed line in (A) is the
modeled fractional abundance of HF relative to total fluoride in the
absence of Al-fluoride complexation (i.e., Al3 + removed from
fluid compositions for species distribution calculations). The values
in parentheses in (B) are measured fluoride concentrations. At low
pH in acid-sulfate fluids, fluoride is effectively bound as HF and is
unavailable to complex REEs. The presence or absence of Al-
fluoride complexes does not affect predicted REE-fluoride complex
abundances (dashed line follows modeled fluids). At higher pH in
smoker fluids, proportionally more fluoride is dissociated and
available to complex with REEs. The fraction of REE complexed
with fluoride is significant in fluoride-rich (P400 lM) hydrother-
mal fluids at pH > 2.
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observed at DESMOS and SuSu Knolls, effectively leaches
and mobilizes REEs from host rocks without fractionation
among the lanthanides. Indeed, REEN distribution patterns
of acid-sulfate fluids are similar to that of both primary and
altered felsic crustal rocks in the Eastern Manus Basin (e.g.,
Gena et al., 2001) with which acid-sulfate fluids have likely
reacted (Fig. 5C).

Results of thermodynamic species distribution calcula-
tions suggest that formation of aqueous REE complexes
in acid-sulfate fluids appears to exert a relatively minor con-
trol over the relative solubility of the REEs. REE species
distribution calculations suggest that at lower temperatures
relevant to most acid-sulfate fluids (<120 �C) the REEs are
present in solution predominantly as free trivalent ions
(e.g., DESMOS D1, Fig. 8). Similar results were obtained
in REE species distribution calculations reported for acid-
sulfate fluid by Douville et al. (1999) and Bach et al.
(2003). Europium can occur as trivalent Eu reflecting the
lower temperature and more oxidizing composition of these
fluids relative to typical high-temperature smoker fluids. A
low pH is critical for maintaining high concentrations of
REEs in solution as uncomplexed ions. The formation of
REE-sulfate complexes as predicted by species distribution
calculations (owing to high sulfate concentrations in acid-
sulfate fluids up to 150 mmol/kg) may further enhance
REE solubility. At higher temperatures (>200 �C), thermo-
dynamic calculations predict that REE-chloride complexes
increasingly contribute to REE speciation in acid-sulfate
fluids (e.g., North Su NS2; Fig. 8). Differences in the rela-
tive abundance of REE-sulfate versus REE-chloride com-
plexes do not obviously affect overall REE abundances,
suggesting that pH is the more important control. Measured
REE abundances and REEN patterns are not obviously
affected by the wide range of fluoride concentrations in
acid-sulfate fluids (Fig. 7), suggesting that REE-fluoride
complexes do not contribute to aqueous REE speciation
in these fluids. The lack of REE-fluoride complexation in
acid-sulfate fluids (Figs. 8 and 9) likely reflects quantitative
sequestration of fluoride as HF� at very low pH owing to
the weak acid behavior of hydrofluoric acid at elevated
temperature (pKa �3.1 at 25 �C and 4.6 at 200 �C). It
has also been suggested that competitive formation of
Al-fluoride complexes may inhibit REE-fluoride complex
formation in acid-sulfate fluids (Gimeno Serrano et al.,
2000). Indeed, acid-sulfate fluids sampled in the Manus
Basin have very high concentrations of dissolved Al (Table 3)
and Al-fluoride complexes and HF� constitute the entirety
of aqueous fluoride species in acid-sulfate fluids (Fig. 9).
The presence or absence of Al-fluoride complexes, however,
does not affect the predicted abundance of REE-fluoride
complexes in acid-sulfate fluids because formation of
Al-fluoride complexes in acid-sulfate fluids occurs predom-
inantly at the expense of HF�, not REE-fluoride complexes
(Fig. 9).

In summary, the data presented suggest that REE solu-
bility during fluid–rock interaction at elevated temperature
and pressure is critically dependent upon fluid composition
– in particular pH and the concentration of aqueous REE
ligands. Different REE abundances and REEN distribution
patterns among smoker- and acid-sulfate-type fluids in the
Manus Basin likely reflect differences in REE solubility ow-
ing to variations in the relative abundance and stability of
REE-chloride, fluoride and sulfate complexes as a function
of different temperature, pH and ligand concentration (e.g.,
RF/RCl and RSO4/RCl ratios). The observed correlations
suggest that light-REE and Eu enrichments (large positive
LaN/YbN and EuN=Eu�N ratios) are favored in hydrothermal
fluids with low fluoride and sulfate concentrations (low RF/
RCl and RSO4/RCl ratios) in which REE-chloride com-
plexes are the likely dominant REE species. In contrast,
heavy-REE (and to a lesser degree mid-REE) enrichments
are favored in hydrothermal fluids with high fluoride con-
centrations (high RF/RCl ratios) in which REE-fluoride
complexes are likely important REE species. In acid-sulfate
fluids, enrichment of all REEs appears to be critically
dependent upon the very low pH and possibly, to a lesser
extent, the presence of REE-sulfate and/or chloride com-
plexes. Importantly, the apparent sensitivity of aqueous
REE distributions to pH and Cl, F and SO4

2� concentra-
tions implies that the REEs can be used as tracers for input
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of fluoride- and sulfur-rich magmatic acid volatiles (H2O–
CO2–SO2–HCl–HF) in seafloor hydrothermal fluids. Fur-
ther, because minerals in hydrothermal vent deposits (e.g.,
anhydrite) often record REE distributions which preserve
that of the original hydrothermal fluid, the REEs may also
provide critical information about hydrothermal processes
associated with the formation of seafloor vent deposits,
such as fluid pH, composition and the extent and type of
magmatic acid volatile input, all of which impact metal
behavior and metal-sulfide mineralization.

5.1.3. Consequences of seawater entrainment and fluid mixing

Studies of MOR hydrothermal systems have demon-
strated that entrainment and sub-seafloor mixing of seawa-
ter with rising high-temperature hydrothermal fluids can
affect seafloor vent fluid compositions owing to mineral pre-
cipitation and/or dissolution (Edmond et al., 1995; Tivey
et al., 1995). Anhydrite (CaSO4) precipitation is a common
product of sub-seafloor mixing between high-temperature
fluids and locally entrained seawater (Tivey et al., 1995;
Fig. 10. Compositions of black/gray-smoker fluids from PACMANUS.
chloride-normalized end-member Ca versus end-member sulfate; and (D)
Symbols as follows: Roman Ruins, gray diamonds; Satanic Mills, black
composition of ambient seawater is shown by the star. Normalization of c
hydrothermal fluids from individual vent areas resulting from sub-seafloo
(zero Mg, zero sulfate) hydrothermal fluid (�300 �C) and seawater are sh
(<280 �C) vent fluids have measurable Mg and sulfate owing to local e
hydrothermal fluid (A). Measured sulfate, Ca and REE concentrations in
by conservative mixing owing to removal during anhydrite (CaSO4) pre
precipitation is indicated by the magnitude of the negative sulfate end-m
(fluid F5) show excess sulfate, Ca and REE concentrations relative to thos
previously deposited anhydrite in the Fenway mound.
Mills et al., 1998; Tivey et al., 1998; Mills and Tivey,
1999; Humphris and Bach, 2005) and can incorporate sig-
nificant amounts of REEs (Mills and Elderfield, 1995;
Humphris, 1998). Substantial amounts of anhydrite have
been recovered from beneath several PACMANUS vent
deposits (Binns et al., 2007; Tivey et al., 2007). The
down-hole distribution of anhydrite veins in Ocean Drilling
Program Leg 193 drill core from PACMANUS demon-
strates widespread precipitation of anhydrite extending to
depths >300 mbsf (Bach et al., 2003; Roberts et al., 2003).
Sulfate–sulfur isotopic compositions of anhydrite at
PACMANUS cluster around that of seawater sulfate
consistent with deposition of anhydrite in response to
sub-seafloor mixing between entrained seawater and
high-temperature hydrothermal fluid (Roberts et al., 2003;
Craddock and Bach, 2010).

The range of chemical compositions of seafloor vent flu-
ids sampled at PACMANUS is consistent with on-going
anhydrite precipitation at some vent areas (Seewald et al.,
2006; Reeves, 2010). The highest-temperature (P340 �C)
(A) sulfate versus Mg; (B) chloride-normalized Ca versus Mg; (C)
chloride-normalized end-member REE versus end-member sulfate.
triangles; Fenway, light-gray squares; Snowcap, open circles. The
alcium to chloride removes differences in Ca concentrations among
r phase separation. Conservative mixing lines between end-member
own by the black dashed lines in each plot. Many lower temperature
ntrainment and sub-seafloor mixing of seawater with end-member
many lower temperature fluids are, however, less than that predicted
cipitation (fluids SC1, SC2, RMR2, SM2). The extent of anhydrite
ember anomaly. In contrast, low-temperature fluids from Fenway

e predicted by conservative mixing, suggesting current dissolution of
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fluids sampled at PACMANUS have near zero Mg and sul-
fate concentrations, whereas lower temperature (<280 �C)
smoker fluids exhibit a range of higher Mg and sulfate con-
centrations consistent with mixing between end-member
high-temperature hydrothermal fluids and locally entrained
Mg- and sulfate-rich seawater (Reeves, 2010)(Table 1;
Fig. 10). Measured sulfate concentrations in most lower
temperature fluids are, however, significantly less than that
predicted by conservative mixing between end-member
hydrothermal fluid (zero Mg and SO4) and ambient seawa-
ter causing measured sulfate concentrations to extrapolate
to negative values at zero Mg. Although the value has no
true physical meaning, the magnitude of the negative end-
member concentration represents a proxy for the extent
of non-conservative sulfate removal during fluid mixing.
Lower temperature fluids also exhibit Ca concentrations
less than that predicted by conservative mixing between
end-member hydrothermal fluid and ambient seawater
(Fig. 10B). The extent of non-conservative Ca removal is
correlated with that of sulfate (Fig. 10C) and is explained
by anhydrite precipitation during near-seafloor mixing of
high-temperature hydrothermal fluids and locally entrained
seawater. The REEs exhibit non-conservative behavior sim-
ilar to Ca during fluid mixing suggesting that anhydrite pre-
cipitation has caused measurable removal of aqueous REEs
(Fig. 10D). On the basis of the observed correlations and
the magnitude of the negative sulfate end-member concen-
trations, on-going deposition of anhydrite appears most
prevalent at the Snowcap and Roman Ruins (PACMANUS)
vent areas.

Measured Mg concentrations in low-temperature
(�78 �C) fluids exiting diffusely from the seafloor at Fen-
way (fluid F5) are near seawater concentration and are con-
sistent with large-scale entrainment of seawater by
ascending high-temperature hydrothermal fluids within
the Fenway mound (Table 1). Sulfate and Ca concentra-
tions in these diffuse fluids are higher than that predicted
by conservative mixing between parent high-temperature
hydrothermal fluids and seawater (Fig 10A and B), suggest-
ing that local dissolution of previously deposited anhydrite
is on-going in some fluids at Fenway in response to low
fluid temperatures that enhance anhydrite solubility
(Bischoff and Seyfried, 1978). Dissolution of anhydrite yields
end-member sulfate and Ca concentrations in diffuse fluids
that are higher than in the highest-temperature black smo-
ker fluids at zero Mg (Fig. 10C). End-member REE concen-
trations in diffuse fluids at Fenway are also higher than in
parent high-temperature vent fluids (Fig. 10D) and are
interpreted as reflecting addition of REEs to solution as a
result of anhydrite dissolution. It should be recognized that
high end-member concentrations of sulfate, Ca and REEs
in diffuse fluids are an artifact of extrapolation to zero
Mg and should not be interpreted as indicating the actual
existence of a high-temperature fluid with the specified zero
Mg composition. Anhydrite dissolution represents a poten-
tial significant source of REEs because total REE concen-
trations in massive anhydrites recovered at the seafloor at
Fenway reach values as high as 50 ppm and are enriched
by several orders of magnitude relative to total REE
concentrations in high-temperature hydrothermal fluids
(Craddock and Bach, 2010). The REEN patterns of high-
and low-temperature hydrothermal fluids and of massive
anhydrites at Fenway are similar (Craddock and Bach,
2010) indicating that dissolution of anhydrite does not,
however, affect relative REEN distributions among the
sampled Fenway vent fluids.

6. SUMMARY AND CONCLUSIONS

Rare earth element data are reported for a wide range
of seafloor vent fluids sampled from four hydrothermal
systems in the Manus back-arc basin (Vienna Woods,
PACMANUS, DESMOS and SuSu Knolls). Chondrite-
normalized REEN distribution patterns of Manus vent flu-
ids show a wide range of compositions, which contrast
with the uniform REEN distribution patterns of mid-ocean
ridge (MOR) hydrothermal fluids. These differences are
correlated with differences in fluid composition, in particu-
lar pH and ligand (chloride, fluoride and sulfate) abun-
dances. Vent fluid REEN distribution patterns are not
obviously correlated to differences in crustal rock REE
compositions. The results imply that REE compositions
of hydrothermal fluids are controlled predominantly by
conditions of fluid–rock interaction (i.e., pH, temperature,
availability of complexing ligands), which affect the rela-
tive solubility and mobilization of the REEs. Our data
are supported by experimental studies that have docu-
mented fractionation of the REEs during high-temperature
fluid–rock reaction (e.g., Bach and Irber, 1998; Allen and
Seyfried, 2005).

In the Manus Basin, the range of REEN patterns ob-
served in seafloor vent fluids is interpreted as reflecting
heterogeneous solubility/mobility of the REEs during fluid–
rock interaction owing to the formation of REE-chloride,
REE-fluoride and REE-sulfate complexes with a range of
aqueous stabilities. The range of fluoride and sulfate con-
centrations measured in Manus hydrothermal fluids is
attributed to differing amounts and styles of magmatic acid
volatile (i.e., H2O–CO2–HCl–HF–SO2) degassing (Gamo
et al., 1997; Douville et al., 1999; Seewald et al., 2006;
Reeves, 2010). A significant implication of our results are that
REE distributions in seafloor hydrothermal fluids can be
used as indicators of styles of magmatic degassing at depth.
It has been proposed that the uniform REEN pattern of
MOR hydrothermal fluids (i.e., light-REE enrichment and
positive Eu anomaly) primarily reflects exchange of REE
during plagioclase recrystallization (Campbell et al., 1988;
Klinkhammer et al., 1994; Douville et al., 1999). The results
of this study, however, suggest that a light-REE enrichment
and positive Eu anomaly reflect enhanced mobility of the
light-REEs and Eu owing to the predominance of REE-
chloride complexes in chloride-rich and fluoride- and sul-
fate-poor MOR hydrothermal fluids. Local processes,
including sub-surface fluid mixing and mineral deposition
and remobilization, may also affect REE concentrations
of seafloor hydrothermal fluids. However, REEN distribu-
tions of seafloor vent fluids are primarily affected by key as-
pects of fluid composition (e.g., pH, ligand concentration)
that affect REE speciation and mobility during fluid–rock
interaction at depth.
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This detailed study of REE compositions of seafloor
vent fluids indicates that REEs can provide critical infor-
mation about fundamental sub-seafloor geochemical pro-
cesses associated with hydrothermal activity, including
conditions of fluid–rock interaction and the extent and
styles of magmatic acid volatile degassing. A better under-
standing of aqueous REE behavior offers important con-
straints for interpreting REE signatures preserved in the
mineral record. Future studies of REE-bearing mineral
deposits can be used to gain insight about geochemical pro-
cesses pertaining to hydrothermal vent deposit formation
and are essential for inactive and relict systems where access
to hydrothermal fluids is precluded.
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