
Article

Volume 12, Number 10

22 October 2011

Q0AE05, doi:10.1029/2011GC003704

ISSN: 1525‐2027

Geochemistry of vent fluid particles formed
during initial hydrothermal fluid–seawater mixing
along the Mid‐Atlantic Ridge

Verena Klevenz
Earth and Space Sciences Program, School of Engineering and Science, Jacobs University Bremen,
Campus Ring 1, D‐28759 Bremen, Germany (vklevenz@jacobs‐alumni.de)

Wolfgang Bach
Fachbereich Geowissenschaften, Universität Bremen, D‐28334 Bremen, Germany

Katja Schmidt
Earth and Space Sciences Program, School of Engineering and Science, Jacobs University Bremen,
Campus Ring 1, D‐28759 Bremen, Germany

Michael Hentscher
Fachbereich Geowissenschaften, Universität Bremen, D‐28334 Bremen, Germany

Andrea Koschinsky
Earth and Space Sciences Program, School of Engineering and Science, Jacobs University Bremen,
Campus Ring 1, D‐28759 Bremen, Germany

Sven Petersen
Leibniz‐Institut für Meereswissenschaften an der Universität Kiel (IFM‐GEOMAR), D‐24148
Kiel, Germany

[1] We present geochemical data of black smoker particulates filtered from hydrothermal fluids with seawater‐
dilutions ranging from 0–99%. Results indicate the dominance of sulphide minerals (Fe, Cu, and Zn
sulphides) in all samples taken at different hydrothermal sites on the Mid‐Atlantic Ridge. Pronounced
differences in the geochemistry of the particles between Logatchev I and 5°S hydrothermal fields could
be attributed to differences in fluid chemistry. Lower metal/sulphur ratios (Me/H2S < 1) compared to
Logatchev I result in a larger amount of particles precipitated per liter fluid and the occurrence of elemental
sulphur at 5°S, while at Logatchev I Fe oxides occur in larger amounts. Systematic trends with dilution degree
of the fluid include the precipitation of large amounts of Cu sulphides at a low dilution and a pronounced
drop with increasing dilution. Moreover, Fe (sulphides or oxides) precipitation increases with dilution of
the vent fluid by seawater. Geochemical reaction path modeling of hydrothermal fluid–seawater mixing
and conductive cooling indicates that Cu sulphide formation at Logatchev I and 5°S mainly occurs at high
temperatures and low dilution of the hydrothermal fluid by seawater. Iron precipitation is enhanced at higher
fluid dilution, and the different amounts of minerals forming at 5°S and Logatchev I are thermodynamically
controlled. Larger total amounts of minerals and larger amounts of sulphide precipitate during the mixing
path when compared to the cooling path. Differences between model and field observations do occur
and are attributable to closed system modeling, to kinetic influences and possibly to organic constituents
of the hydrothermal fluids not accounted for by the model.
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1. Introduction

[2] The hydrothermal fluid – seawater mixing zone
of deep‐sea hydrothermal vents is the major habitat
of the diverse hydrothermal vent fauna. It is char-
acterized by the precipitation of large quantities of
metal sulphide and oxide phases upon mixing of
the hot, acidic, sulphide‐ and metal‐enriched fluid
with the cold, alkaline, oxygenated seawater. The
particle‐loaded fluid with the appearance of black
smoke rises upwards in the water column, turbu-
lently mixing with seawater, and forms the hydro-
thermal plume, which acts as the major dispersal
mechanism for the heat and chemical fluxes of the
hydrothermal vent [Edmond et al., 1982; Baker and
Massoth, 1986]. Iron oxyhydroxide particles stay-
ing in the non‐buoyant hydrothermal plume act as
important sink for dissolved elements in seawater
[German et al., 1991]. A major fraction of hydro-
thermal minerals however already settles down in
close vicinity of the emanation site [Feely et al.,
1987], within the habitat of hydrothermal vent
organisms like mussels, tubeworms, and shrimps.
As a result hydrothermal minerals have been found
within the guts of these animals and elevated metal
concentrations have been found in their gills and
digestion organs [Zbinden et al., 2004;Colaço et al.,
2006; A. Koschinsky et al., Metal concentrations
in the tissues of the hydrothermal vent mussel
Bathymodiolus: Reflection of different metal sour-
ces, submitted to Marine Environmental Research,
2011]. Thus, since organisms appear to be influ-
enced by the particulate metal load, one motivation
to carry out this study on the geochemistry of par-
ticle formation in the hydrothermal mixing zone was
to characterize the hydrothermal habitat. A com-
parison was done between mussel data (Koschinsky

et al., submitted manuscript, 2011) and the respec-
tive particle chemistry of the same sites.

[3] The mineralogy and geochemistry of plume
particles have been examined in numerous studies
as far as the buoyant plume several meters above
the emanation site and the non‐buoyant plume or
hydrothermal deposits are concerned [Haymon and
Kastner, 1981; Feely et al., 1987; Dymond and
Roth, 1988; Trocine and Trefry, 1988; Feely et al.,
1990; Mottl and McConachy, 1990; German et al.,
1991; Metz and Trefry, 1993; Feely et al., 1994,
1998; Edmonds and German, 2004]. The non‐
buoyant hydrothermal plumes mainly contain
hydrous Fe oxides, with minor Fe, Cu, Zn sulphides.
The major processes being responsible for the trace
element geochemistry of the plume particles were
identified as being co‐precipitation from vent fluids,
scavenging from seawater, and preferential settling
from the plume and oxidative dissolution of Cu, Zn
and Co bearing sulphide phases [German et al.,
1991]. In contrast, particles from the initial phase
of mixing directly at the emanation site are much
less studied. Black smoker particles were studied at
vents on the Juan de Fuca Ridge by Feely et al.
[1987], who reported sphalerite, wurtzite, pyrite,
pyrrhotite, barite, chalcopyrite, cubanite, anhydrite,
hydrous iron oxides, and elemental sulphur as main
components. Sulphides are the dominant mineral
phases in the black smoker particles. To our
knowledge nothing has been published about parti-
cles precipitating from fluids diluted by less than
10% seawater, taken within the chimney. Analyzing
particles from fluids at different dilutions as well as
from nearly pure end‐member fluids, allows com-
paring particle formation caused by mixing (which
might subsequently be influenced by cooling) and
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by conductive cooling. We therefore present results
on the bulk geochemical composition of particles
precipitated within hydrothermal fluid samples with
seawater‐dilutions ranging from 0–99%. The min-
eralogy was calculated from the chemical compo-
sition of the particle samples. Sample locations
include basalt‐hosted vent fields (Red Lion, Com-
fortless Cove, and Turtle Pits at 5°S on the Mid‐
Atlantic Ridge (MAR)) and an ultramafic‐hosted
vent field (Logatchev I at 15°N on the MAR).

[4] In order to distinguish between the mixing effect
and the effect of pure cooling on particle formation
at various vent sites with different fluid composition
and temperatures, geochemical modeling using the
geochemical software package Geochemist’s Work-
bench® [Bethke, 2008] was performed. Differences
between the observed mineralogy and geochemistry
of precipitates and the theoretical equilibrium pre-
cipitation may help identifying additional processes
influencing precipitation, e. g. organic ligands stabi-
lizing metals in solution. Sander and Koschinsky
[2011] showed by thermodynamic modeling that
the presence of organic ligands significantly increases
the dissolved metal concentrations in hydrothermal
fluids.

2. Materials and Methods

2.1. Study Sites

[5] The Logatchev I hydrothermal field (14°45′N,
44°58′W) is located at about 3000 m water depth
on a small plateau on the eastern flank of the inner
rift valley of the MAR, south of the Fifteen‐Twenty
fracture zone [Batuev et al., 1994]. It is situated in a
tectonically controlled ultramafic setting. Besides the
Rainbow field located at 36°N and the Nibelungen
field at 8°18′S on the MAR, the Logatchev I field is
one of the few active high‐temperature (>300°C)
fields influenced by the serpentinization of ultra-
mafic rocks [Douville et al., 2002; Schmidt et al.,
2007; Melchert et al., 2008]. Extending ∼800 m in
NW‐SE and >400 m in SW‐NE direction, the
Logatchev I field is characterized by a diversity of
high‐ and low‐temperature fluid emanations and
faunal associations, including mussel beds of
Bathymodiolus puteoserpentis and shrimp colonies
of Rimicaris cf. exoculatus [Petersen et al., 2009].
The mineralogy of the vent structures differs between
the two venting styles occurring at Logatchev I,
namely smoking craters (Quest, site B, Irina I,
Candelabra, Anna Louise) and mound structures
with chimneys (Irina II, Barad‐Dur). The crater rims
consist of the Cu sulphides chalcopyrite and iso-

cubanite, as well as hematite, with only traces of
pyrite, sphalerite, and anhydrite. In contrast, the
mounds are built of sphalerite, pyrrhotite, with only
minor chalcopyrite, whereas the smoker chimneys
“Irina II microsmoker” and “Barad‐Dur” are domi-
nated by chalcopyrite, with rare magnetite and
hematite [Petersen et al., 2009].

[6] The measured and end‐member composition of
the fluids sampled at the different emanation sites
within the Logatchev I hydrothermal field have
been reported by Charlou et al. [2000], Douville
et al. [2002], Schmidt et al. [2007], and Schmidt
et al. [2011]. The fluids are characterized by
high concentrations of dissolved H2 and CH4, as
well as low concentrations of Si, Li, B and a low
metal/H2S ratio (≤1) in comparison to basalt‐hosted
systems, reflecting a hybrid alteration of both mafic
and ultramafic host rocks. A uniform chemical
composition and steady maximum temperature
of ∼350°C over more than 13 years indicate a
stable system with continuous serpentinization in
the sub‐seafloor.

[7] In contrast to the ridge segment hosting the
Logatchev I hydrothermal field, the 4°–9°S seg-
ment of the MAR is dominated by volcanic activity
rather than by tectonics, as evidenced by young
basaltic lavas indicating fresh or very recent vol-
canic activity at the active hydrothermal sites
[Haase et al., 2007]. The vent systems at 5°S
comprises three active high temperature vent fields
and several sites of diffuse emanations at depths of
∼3000 m [Haase et al., 2007; German et al., 2008].
The chimney mineralogy consists of chalcopyrite –
pyrite – sphalerite (Red Lion), chalcopyrite and
pyrite (Sisters Peak), and pyrite – pyrrhotite –
chalcopyrite – isocubanite (Turtle Pits). Sphalerite
and massive blocks of anhydrite associated with
magnetite and hematite form the mound surface at
Turtle Pits [Haase et al., 2007]. At the Turtle Pits
field and at Comfortless Cove, 800 m northeast of
Turtle Pits, boiling and phase separation of the
fluid emanations is evident, with several smokers
venting at or above the conditions of the critical
point of seawater (407°C at 298 bar, which is the
pressure at the seafloor at this site). The chemical
composition of these fluid emanations is marked by
a reduced chlorinity indicating the vapor phase of
the phase‐separated fluid, a major‐element com-
position that is typical for basaltic systems and
unusual high and highly variable trace‐metal con-
centrations (Fe, Cu, Co, Mo) attributed to the high
temperatures and specific properties of supercritical
fluids [Koschinsky et al., 2008]. The third vent
field, Red Lion, lying ∼2 km north of the Turtle Pits
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field, displays maximum temperatures of 350°C
and appears to be unaffected by phase separation.
The chemical composition of its fluids is typical for
basalt‐hosted mid‐ocean ridge systems, enriched in
K, Ca, Na, Si and trace metals relative to seawater
[Koschinsky et al., 2008]. The most abundant ani-
mals at the high temperature vents were two shrimp
species that colonized all active black smokers, with
Rimicaris cf. exoculata dominating over Mirocaris
sp. [Haase et al., 2007].

2.2. Sample Collection and Analysis

[8] Samples of hydrothermal fluids were obtained
from the vent fields Logatchev I I, Turtle Pits,
Comfortless Cove, and Red Lion during seven
research cruises between 2005 and 2009 with F/S
Meteor (M64/2 in May 2005, M68/1 in May 2006,
M78/2 in April 2009), F/S Maria S. Merian
(MSM04/3 in Jan. 2007, MSM10/3 in Jan. 2009),
and N/O Atalante (Ata1 in Dec./Jan. 2008/09, Ata2
in Jan. 2009), with ROV Quest (2005–2007) and
ROV Kiel6000 (2008–2009). Samples were col-
lected directly from inside vent orifices, either by
means of an inert, Teflon® pumped flow‐through
system (Kiel Pumping System ‐ KIPS: 9 bottles of
675 ml volume) mounted on the ROV [Garbe‐
Schönberg et al., 2006], or with titanium syringe
water samplers after Von Damm et al. [1985],
manufactured by Brest Meca, France. The pure hot
end‐member fluid is clear and apparently free of
particles, but blackens from a cloud of fine‐grained
sulphide particles precipitating as soon as it mixes
with seawater at the vent orifice. Within this cloud,
turbulent mixing is visible through the movement
of the particles. It was possible to obtain a few
samples with only ∼1–2% seawater admixed,
which were clear at the point of sampling. However,
cooling over several hours until filtration on‐board
the research vessel caused precipitation of particles.
Most of the samples are diluted by seawater by
various degrees, since the turbulent mixing already
starts within the chimney orifice. Samples only
containing a very small proportion (<20%) of
hydrothermal fluid were obtained at the fringe of
the vent orifice or up to 20 cm above it.

[9] On‐board, immediate measurements of pH, Eh,
and H2S were performed and fluid aliquots were
taken after re‐homogenization and filtered through
0.2 mM polycarbonate membrane filters (Nucleo-
pore™). Filters were stored in a nitrogen‐rinsed
and sealed plastic container. It should be noted that
the particles obtained this way represent both in
situ precipitates which formed by mixing with

seawater during or prior sampling as well as pre-
cipitates formed in the sample flasks upon cooling
to ambient deep‐sea temperature (it takes several
hours after sampling until the ROV is taken on‐board
again, and fluid can be removed from the sam-
plers). Further details on fluid sampling methods,
sample treatment on board and temperature mea-
surements are given by Schmidt et al. [2010, 2011].

[10] In the home lab, the filtered material was
completely removed from the filter paper. In case
of very fine material on the filter, the whole filter
paper was digested together with the filtered
material. For bulk geochemical analyses sample
decomposition was performed in 30 ml PTFE
vessels using a Picotrace DAS acid digestion system
(Bovenden, Germany), with a mixture of 3 ml of
30% HCl, 1 ml of 65% HNO3, and 1 ml of 40% HF
at 180°C for 12 h. Following repeated acid evap-
oration and redissolution in 20% HCl, the digested
samples were made up in a matrix of 0.5M HNO3.
Major and minor element concentrations (Mg, Al,
S, Ca, Mn, Fe, Cu, Zn, Cd, Pb) were determined by
ICP‐OES (Spectro Ciros SOP CCD) and trace
element concentrations (Co, Rb, Sr, Mo, Cs, Ba,
W, U) were analyzed by ICP‐MS using a collision‐
cell quadrupole (Perkin Elmer 500 DRCe) in the
Jacobs University geochemistry lab. Accuracy and
precision of the analytical method has been
checked using the certified Fe‐Mn oxide reference
material JMn‐1. For details on instrumental perfor-
mance and the determination of method param-
eters such as method blanks, limit of quantification,
precision and accuracy the reader is referred to
Alexander [2008] and Schmidt [2010, chap. 6]. The
calibration curve technique is used for both instru-
ments, with calibration standards matching the
sample acid matrix (for ICP‐OES, calibration stan-
dards closely match the sample matrix with respect
to elemental composition) and with internal stan-
dardization. The method precision of JMn‐1 (i. e.,
precision of multiple sample decomposition and
multiple analyses as % relative standard deviation)
over a period of several years is better than 4% for
all analyzed elements with ICP‐OES and ICP‐MS.
The measured concentrations of JMn‐1 are in very
good agreement with published data, with less than
5% deviation from the average of published refer-
ence values (see GeoReM database). The accurate
measurement of high sulphur concentrations has
been ensured by using artificial spike solutions.
Even though the particulate material available for
geochemical analyses was very small in some
cases, the measured concentrations were mostly
well above the limit of quantification (ICP‐MS) and
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the limit of detection (ICP‐OES). Blank filter mate-
rial has been analyzed and its contribution to total
elemental concentrations is less than 1% for Co,
Rb, Sr, Cs, and U. Filter blank measurements with
ICP‐OES are below the detection limit for all ele-
ments determined. Results are reported as mass of
particulate metal in the fluid. The major impact
on the precision of reported particle concentration
data derives from the uncertainty of the filtered fluid
volume, which has sometimes just been estimated
and may vary by about 10%.

[11] Compositional data of the hydrothermal fluid
samples used for this study are partly reported in
previous publications [Schmidt et al., 2010, 2011]
or were obtained during this study and were used
for the calculation of partition coefficients. Ana-
lytical details and information about reference
materials, precision and accuracy are given by
Schmidt et al. [2011].

[12] The mineralogy and mineral chemistry of
selected particle samples from 5°S vent fields was
analyzed by investigating small subsamples that
were mounted on aluminum stubs using carbon
tapes, coated with Au–Pd and investigated with a
JEOL JXA 8200 Superprobe using backscatter
and secondary electron images as well as energy‐
dispersive microprobe analysis (EDX; V = 15 kV,
I = 20 nA, beam diameter of 2 mm) at IFM‐Geomar
in Kiel.

2.3. Thermodynamic Calculations

[13] Particle precipitation was modeled for the
fluids of Logatchev I, Red Lion, Comfortless Cove
and Turtle Pits along two different reaction paths to
calculate the effects of cooling and mixing with
seawater. The different paths were chosen to assess
the range of processes involved in particle forma-
tion. Particles retrieved from vent fluid samplers
may have formed within the sampler or they may
represent plume particles, which were entrained
inadvertently when the vent fluid was collected.
Which of the two types dominates is largely con-
strained by the amount of seawater entrainment
upon sampling. If very little seawater is admixed to
the vent fluid sample (high‐quality sample with
low Mg contents), most of the particles have
formed within the sampler upon conductive cool-
ing. If the nozzle of the sampler is not placed well
within the vent orifice, seawater entrainment and
particle formation prior to fluid sampling takes
place. This process is believed to contribute most
of the particles in samples with large fractions of
seawater (i.e., high Mg contents).

[14] We conducted thermodynamic calculations to
predict which minerals should form due to (1) con-
ductive cooling after admixing a small fraction of
seawater (cooling model), and (2) mixing with large
fractions of seawater and cooling entirely related to
mixing (mixing model). In the cooling model, the
fluid was first mixed with 3% seawater to produce a
typical high quality fluid sample retrieved from the
vent orifice (based on low Mg concentrations, the
proportions of seawater entrained during sampling
are less than a few percent). Minerals precipitated
during the mixing step were added to the minerals
precipitated during the cooling step, as it can be
assumed, that particles formed during initial mixing
are also collected together with the fluid. The cool-
ing path predicts the amount of minerals formed by
closed‐system cooling in the sample bottle after
sampling. In the mixing model, the end‐member
hydrothermal vent fluids were mixed with 2°C
seawater to a final temperature of 25°C to predict
mineral precipitation during turbulent mixing in the
buoyant plume.

[15] In both types ofmodel calculations, itwas assumed
that the minerals form instantaneously in equilib-
rium with the solution; however, re‐equilibration of
minerals and solution upon cooling was sup-
pressed. This strategy enables us to track the rapid
formation of “black smoke” while preventing
spontaneous equilibration at low temperature where
reaction rates are slow relative to the time scales of
sample retrieval (hours).

[16] All models were re‐run with the precipitation
of all minerals suppressed to calculate the satura-
tion state of minerals. These calculations become
relevant, when thermodynamic predictions of sta-
ble phase relations and observations do not match
and metastable states need to be assessed.

[17] The React module of the Geochemist’s Work
Bench (GWB) was employed to perform the cal-
culations [Bethke, 1996]. End‐member fluid com-
positions used in the calculations are provided in
Table 1. To cover the temperature range up to
400°C of high‐temperature vent fluids, a Log K
database for GWB was created, which is valid for
temperatures between 0 and 400°C at constant
pressure of 500 bars. SUPCRT92 [Johnson et al.,
1992] with the OBIGT database [Dick, 2008] was
used to calculate equilibrium constants, which were
then compiled in the tailored GWB database. The
thermodynamic data used for aqueous species of Fe
and Cu are as in the work by Tivey et al. [1995]. An
extended Debye–Hückel equation [Helgeson, 1969]
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was used to calculate activity coefficients with
B–dot extended parameters and hard core diameters
for aqueous species from Wolery [2004]. Dissolved
neutral species were assigned an activity coefficient
of one, except non–polar species for which CO2

activity coefficients were used [Drummond, 1981].
Kinetically sluggish redox reactions involving sul-
fur species were suppressed by decoupling sulfide
and sulfate. Likewise, the reaction between H2(aq)
and O2(aq) was also suppressed. Other redox
reactions (e.g., the oxidation of Fe2+ to Fe3+) were
allowed. Mineral compositions used in the calcula-
tions are idealized; no substitutions or solid solu-
tions were taken into account.

3. Results and Discussion

3.1. Geochemistry of Vent Particles
in Comparison to Fluid Chemistry

[18] The results of bulk analyses of filtered particles
are given as moles per volume and are presented in
Table 2. The data provide a measure of the total
mass of particulate metal in the fluid. Also, when
combined with fluid compositional data, the bulk
particle analyses yield information about the parti-
tioning of a metal between the fluid and the particles.

3.1.1. Sulphur and Major Sulphide Forming
Metals (Fe, Cu, Zn)

[19] The bulk elemental composition of the parti-
cles is marked by a dominance of S in all samples.
Sulphur concentrations range from 20 to 520 mM
with one maximum value of 913 mM in the
Logatchev I samples and from 200 to 1800 mM
in 5°S samples (Table 2). Significantly lower S
concentrations in Logatchev I samples than in 5°S
samples are consistent with the fluid‐chemistry at
these sites. Comparing the S concentrations of the
particles to fluid end‐member H2S concentrations
reveals that only about 2–17% of the H2S content is
precipitated in sulphide minerals, while the rest prob-
ably undergoes oxidation [Mottl and McConachy,
1990] and uptake by organisms [e.g., Johnson
et al., 1988].

[20] A good positive correlation between S and Fe
concentration (R2 = 0.67 for Logatchev I samples,
R2 = 0.74 for 5°S samples), as well as slight to
moderate positive correlations between S and Cu
(R2 = 0.62 for Log. samples, R2 = 0.23 for 5°S
samples), and S and Zn (R2 = 0.12 for Log. sam-
ples, R2 = 0.28 for 5°S samples) indicates that
sulphides are the main components of the particles
(Figure 1). Similar to S, also the sulphide‐forming

Table 1. Model Input Parameter: Fluid End‐Member Compositions [Schmidt et al., 2007; Koschinsky et al., 2008]

Unit Logatchev I Red Lion Sisters Peak Turtle Pits Seawater

Temperature °C 350 349 400 400 4
pH (25°C) 3.3 3.5 3.1 3.1 7.8
Mg++ molal 0 0 0 0 53
Methane mmolal 3500 60 6 30 0
H2S mmolal 2.5 6 9 5 0
H2 mmolal 19 0.4 0.4 0.6 0
O2 mmolal 0 0 0 0 0.2
SO4− mmolal 0 0 0 0 29.5
Cl− mmolal 551 552 224 271 560
Br‐ mmolal 837 873 392 482 838
CO2 mmolal 10.1 10 6.7 13 2.4
B(OH)3 mmolal 335 520 591 547 450
SiO2 mmolal 8.6 21.8 14.4 11.6 0.036
Na+ mmolal 455 480 209 237 480
K+ mmolal 24 19.8 7.4 8.6 9.8
Ca++ mmolal 29 18.6 17.4 8.8 10.2
Li+ mmolal 252 1217 343 427 26
Fe++ mmolal 2410 803 3380 3940 0.0045
Mn++ mmolal 338 730 704 473 0.0013
Cu+ mmolal 44 5.2 102 76 0.0033
Zn++ mmolal 36 60 155 69 0.028
Co++ mmolal 0.75 0.4 1.1 0.88 1.50E‐05
Pb++ mmolal 0.138 0.182 0.21 0.184 1.30E‐05
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metals Fe, Cu and Zn precipitate in larger amounts
from the 5°S fluids than from the Logatchev I fluids,
which is related to slightly higher concentrations of
these metals in the fluids of 5°S (Turtle Pits and
Comfortless Cove) compared to the Logatchev I
fluids, and to the higher H2S concentrations in the
fluids of 5°S. The lower Fe/H2S ratio in the fluids at
5°S, compared to the Logatchev I fluids results in a
higher potential for metal‐sulphide precipitation at
5°S than at Logatchev I.

[21] The amount of Fe precipitating is not corre-
lated with the Fe concentration in the vent fluids,
while there is a good correlation of Cu and Zn
particle concentrations with non‐filtered (total)
fluid concentrations (Figure 2). The reason for
this is that the total Cu and Zn fluid concentra-
tion is dominated by the particulate phase already
at low mixing ratios of vent fluid with seawater.
In contrast, only a small fraction of the total Fe
content of the fluid is precipitated (mostly <10%,
Schmidt et al. [2011] compare fluid composition
of filtered and non‐filtered samples from the
Logatchev I vent field). Moreover, the fraction of
Fe precipitating increases with fluid dilution by
seawater (Figure 3), which is counteracting a posi-
tive correlation between particle and fluid concen-
tration. Resulting particle‐bound Fe amounts are
similarly large at low and high Fe fluid concentra-
tions, preventing any correlation between fluid and
particulate Fe concentrations.

[22] Figure 5 shows the fractions of all metals in the
precipitates relative to their respective concentra-
tion in the non‐filtered fluid samples. Cadmium,
Cu, Zn, Co, Pb, and Mo are the elements display-
ing Meparticle/Mefluid ratios clustering around 1.
Tungsten, Fe, and U show a large variability of the
Meparticle/Mefluid ratio in the intermediate range
from 0.007–0.7, while Cs and Ba show a similar
ratio but at lower levels ranging from 0.0001–0.01.
Strontium, Rb, Mg, Mn, and Ca have the lowest
Meparticle/Mefluid rations and range between
0.00005 and 0.006. Samples with anhydrite as a
major phase in the particles differ from this trend
(M68/1 20ROV5, Sisters Peak (Comfortless Cove),
and Ata2 46ROV7, Turtle Pits, both 5°S), and
show higher fractions of Ca and Sr partitioned into
the particles with Meparticle/Mefluid ratios of about
0.01.

[23] Some samples show Meparticle/Mefluid ratios >1
for Cu and/or Zn (Figure 2) or for the sulphide‐
forming trace metals Co, Pb, Mo, Cd (Figure 4)
implying that the amount of metal precipitated as
particles is larger than its concentration in the
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original fluid. This can be explained by heteroge-
neous partitioning of particles between filtered and
un‐filtered aliquots. As there could be either more
particles in the un‐filtered or in the filtered aliquot,
some fractions of metal precipitated would occur
too high, while others would be estimated too low,
therefore the observed range of fractions precipi-
tated is larger than in reality.

3.1.2. Trace Metals (Co, Mo, Pb, Cd, Mn, U)

[24] Among the trace metals, Co has the highest
concentration in all particle samples of Logatchev I
and 5°S, commonly ranging from 10 nM to 600 nM
for both areas. At Turtle Pits there is one sample
with 900 nM. The particles’ Co content tends to be
high at high Cu concentrations, confirming an
affinity of Co for chalcopyrite [Hannington et al.,
1991; Metz and Trefry, 2000; Schmidt et al., 2007].
The same is true for Mo, also known to precipitate
with high temperature Cu‐sulphides [Fouquet et al.,
1988;Hannington et al., 1991; Tivey et al., 1995]. A
covariance of Cu, Co, and Mo was also observed
in the fluids of Turtle Pits and Sisters Peak,

which suggests a similar control on their mobility
[Koschinsky et al., 2008]. The solubility of Cu, Co,
Mo is known to be strongly temperature‐controlled
due to the sharply decreasing solubility of chalco-
pyrite between 400 and 300°C [Seyfried and Ding,
1995]. The amounts of Co and Mo precipitated
from the fluids both show a positive correlation with
their respective calculated end‐member fluid con-
centration in non‐filtered aliquots, because >99% of
the total metal content belongs to the particulate
fraction. There is, however, a major difference in the
Mo content of the smoke particles between Logatchev I
and 5°S, with higher concentrations in 5°S particles
(average 50 nM) and lower in Logatchev I (mostly
between 8 and 20 nM, or often below detection
limit). This might be related to higher fluid con-
centrations of Mo at 5°S (end‐member concentra-
tions of 32–62 nM at Turtle Pits (K. Schmidt,
unpublished data, 2006, 2008; V. Klevenz, unpub-
lished data, 2009)) compared to those at Logatchev I
(calculated end‐member concentrations of 0–6 nM
[Schmidt et al., 2011]) which can likely be attributed
to the very high fluid temperature during venting at
Turtle Pits (∼400°C), increasing the solubility of Mo

Figure 1. Correlation of Fe, Cu and Zn with S concentrations in the particles of Logatchev I and 5°S vents.
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[Rempel et al., 2006]. The Mo content in the mixed
fluid at Logatchev I can be ascribed mainly to sea-
water, which contains high concentrations of Mo
(119 nM [Schmidt et al., 2011]). The observation that
Mo, which is highly immobile and precipitates as
high‐temperature sulphide phase [Hannington et al.,
1991; Tivey et al., 1995; Metz and Trefry, 2000], is
not present in vent fluids with temperatures ≤350°C,

suggests that Mo is already co‐precipitated with
chalcopyrite during ascent [Metz and Trefry, 2000].

[25] Another important trace metal is Pb with an
average particle concentration of ∼90 nM in both
areas. It shows a good correlation with Zn in the
particles, which was observed before in hydro-
thermal vent particles [Metz and Trefry, 2000;
Schmidt et al., 2007]. Moreover it shows the best

Figure 2. Correlation of Fe, Cu, Zn concentrations in the particles for Logatchev I and 5°S samples with their
respective concentration in the non‐filtered (nf) fluid.

Figure 3. Plot of the fraction of Fe bound to particles versus the percentage of hydrothermal vent fluid in the sample.
Nf fluid stands for not filtered fluid.
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correlation of all elements with its concentration in
the fluid (R2 = 0.97, p = 0.93).

[26] Cadmium behaves similar to Pb, as it also cor-
relates with Zn in the particles, indicating a close
association of Cd with Zn‐sulphides. This trend also
was observed for near‐vent plume particles and
incorporation of Cd as trace component into wurtzite
or sphalerite was suggested [Trocine and Trefry,
1988]. Concentrations of Cd are higher in 5°S parti-
cles (average 120 nM) than in Logatchev I samples
(average 31 nM), whichmight be ascribed to slightly
higher Cd concentrations in the 5°S fluids compared
to the Logatchev I fluids (K. Schmidt, unpublished
data, 2006, 2008; V. Klevenz, unpublished data,
2009).

[27] Although Mn is the metal with second highest
concentration in the fluids, its concentration in the
particles is low ranging from 0.13 to 1.3 mM,
amounting to Meparticle/Mefluid ratios between 1−5

and 1−3 of the total Mn concentration in the vent
fluid. It is only a trace component in sulphides,
probably substituting for Zn in sphalerite [Haymon
and Kastner, 1981; Tivey et al., 1995]. A positive

correlation of Mn with Zn confirms an affinity for
sphalerite. Mn‐oxyhydroxides do not precipitate in
close proximity to the vent due to very slow oxi-
dation of Mn2+ [Haymon and Kastner, 1981].

[28] Uranium is not contained in the pure hot end‐
member fluid, as mafic and ultramafic rocks do not
contain significant amounts of U (0.17–1.83 ppm
in basalts [Bailey et al., 1993], and 0.018 ppm in
primitive mantle rocks [Gill and Williams, 1990])
and as U is immobile under reducing conditions
and removed from the fluid [Chen et al., 1986].
Instead U in the particles is derived from seawater
(14.3 nM [Douville et al., 2002]). Its concentration
in the particles is low (0.01–2.0 nM) and not cor-
related with fluid concentration. Sorption would be
a process probably explaining its presence in the
particles, as there are no U‐minerals known to form
in the hydrothermal fluids.

3.1.3. Alkaline and Earth Alkaline Metals
(Ca, Sr, Mg, Ba, Rb, Cs)

[29] Calcium concentrations generally range from 1
to 40 mM, with two samples from 5°S falling

Figure 4. Fractions of metals precipitated in particles of the total concentration in the un‐filtered (nf) fluids. Ele-
ments are sorted by the degree of fractionation between fluid and particles.
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outside this range, 197 and 223 mM at Sisters Peak
and Turtle Pits respectively, suggesting the pres-
ence of larger amounts of anhydrite that might have
been incorporated from the chimney during sam-
pling [Schmidt et al., 2010]. Although Logatchev I
fluids have a higher Ca concentration than the
fluids at 5°S, this is not reflected by the particles.
The precipitated amounts are about the same for
both vent fields resulting in larger proportions of
Ca being precipitated at 5°S when compared to
Logatchev I. The amount of Ca being precipitated
is not correlated with the fluid concentration, since
only a tiny fraction of the Ca content of the vent
fluids is present as anhydrite particles (<1%). This
is related to its retrograde solubility at temperatures
below 150°C [Bischoff and Seyfried, 1978]. Since
its dissolution kinetics are fast (several hours until
anhydrite particles are dissolved in seawater [Feely
et al., 1987]), most of the originally precipitated
anhydrite re‐dissolves in the sample bottle before
filtration.

[30] Strontium concentrations range from 6 to
130 nM, with the exception of the two Ca‐rich
samples mentioned above that show a co‐enrichment
of Sr with Ca and reach 292 and 692 nM Sr,
respectively. The positive correlation of Sr with Ca
can be explained by the incorporation of Sr into
anhydrite [Shikazono and Holland, 1983]. As Sr
also correlates with Ca in the fluids, consequently
the apparent partition coefficients of Sr and Ca are
correlated with each other, both varying between
9e‐4 and 10e‐4. However, the two samples with
exceptional high amounts of anhydrite have first, a
larger Ca partition coefficient around 2e‐2 and
second, a Sr/Ca ratio at the lower end of the range
(0.001, respectively 0.003, out of a range from
0.003–0.025). As the Sr partitioning coefficient
determined by (Sr/Ca)anhydrite /(Sr/Ca)fluid is <1
[Teagle et al., 1998, and references therein], the
Sr/Ca ratio of the fluid increases during fluid evo-
lution when anhydrite precipitates [Mills et al.,
1998]. Moreover the Sr/Ca ratio of the hydrother-
mal fluid increases with increasing dilution by sea-
water, as seawater has a Sr/Ca ratio of 0.0087 while
the end‐member fluids have a Sr/Ca ratio between
0.003 and 0.004 [Koschinsky et al., 2008; Schmidt
et al., 2011]. The lower Sr/Ca of the high anhydrite
samples might therefore point to a less evolved or
less diluted parent fluid.

[31] The concentration of Mg in the vent fluids is
increasing with dilution by seawater, as the end‐
member fluids do not contain Mg at the studied
vent fields. Its concentration in the particles is

positively correlating with its concentration in the
mixed fluids, ranging from 0.4–30 mM. One par-
ticle sample has a higherMg concentration of 40mM
(Comfortless Cove), making up a significant part
of the elements that are precipitated. Generally
samples from 5°S tend to have a higher Mg
content in the particles when compared to those
from Logatchev I at any given Mg vent fluid
concentration. Magnesium minerals likely to form
in vent fluids are talc, Mg‐Ca sulphates and Mg‐
hydroxysulphate‐hydrate [Haymon and Kastner,
1981]. Talc also was found by EDX microprobe
in 5°S particle samples.

[32] Barium is occurring in low concentrations in
the particles, amounting to small fractions of the
total Ba of the fluid between 1−5 and1−2. Generally,
it is more abundant at Logatchev I (up to 280 nM)
than at 5°S (<20 nM). This is directly related to
fluid chemistry with a Ba concentration in the end‐
member fluids of up to 50 mM at Logatchev I and
between 5–7 mM at 5°S. Barium is usually pre-
cipitated as barite in seafloor hydrothermal systems
and rare barite has been observed at Logatchev I
[Kuhn and Shipboard Scientific Party, 2004;
Schmidt et al., 2007].

[33] Rubidium and Cs do not have a strong affinity
for secondary minerals forming in the hydrother-
mal vent [Palmer and Edmond, 1989], and their
concentrations in the particles from Logatchev I
and 5°S are very low, Rb below 15 nM, and Cs
mostly below 2 nM, and not correlating with fluid
concentrations. Two samples with strongly ele-
vated Cs concentrations in the particles exist, 11
and 22 nM respectively. A possible mineral known
to take up Cs is chlorite [Palmer and Edmond,
1989], however, this mineral has not been found
during our study.

3.2. Mineralogy of Vent Particles

[34] The quantitative mineralogical composition
was calculated using the geochemical data (Table 2)
based on stoichiometric molar S/(Cu+Fe+Zn) ratios:
First, all Ca was paired with S for anhydrite
(CaSO4). All Cu was assumed to be related to
chalcopyrite (FeCuS2), taking the same amount of
Fe and the double amount of S. In case there was not
enough S, a CuS phase was assumed. Zinc was
paired with the remaining S in a ZnS phase. If there
was still S left, it was paired with the remaining Fe
in FeS2. If there was an S deficit, the excess Fe was
assumed to be bound to Fe‐oxides. If there was
more S than Fe in the end, the S was assumed to be
native S.
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[35] The calculated data (Table 3) are in good
agreement with the observed mineralogy of
selected particle samples, examined by microprobe,
EDX, and binocular microscope [Schmidt et al.,
2007; this study]. The mineralogy of particle
samples from the Logatchev I hydrothermal field is
characterized by a dominance of Cu‐ (chalcopy-
rite), Fe‐ (pyrite, pyrrhotite), Zn‐sulphides (wurt-
zite, sphalerite). Some samples show noticeable
amounts of anhydrite, while barite is rare. In con-
trast, particles filtered from gray smoke fluids at the
main mound of Irina II (i. e., venting at cooler
temperatures well below 300°C) are dominated by
idiomorphic wurtzite and sphalerite as well as
pyrrhotite. Particles sampled from the smoking
crater black smoker fluids at Irina I and site B are
dominated by Cu‐sulphides, with minor Fe sul-
phides. At Quest oxidized Cu sulphides (likely
covellite, as observed by binocular microscope)
with minor Fe and Zn sulphides were found.

[36] Particle samples of Turtle Pits and Sisters Peak
(at Comfortless Cove) at 5°S are dominated by Fe‐,
Cu‐, and Zn‐ sulphides. At Turtle Pits, a few
samples show appreciable amounts of native sulphur
in close association with talc (Figure 5). One sample
from Sisters Peak (Comfortless Cove) revealed
abundant anhydrite besides sulphides.

3.3. Relationship Between Extent of
Seawater Entrainment and Particle
Formation

[37] There is no correlation between the hydro-
thermal fluid/seawater mixing ratio (based on Mg
concentrations) and metal concentration in the
particles (based on the sum of Fe+Cu+Zn+S in the
particles). This lack of correlation also was noticed
for the lower 20 m of the buoyant plume above hot
springs on the East Pacific Rise near 21°N [Mottl
and McConachy, 1990]. The authors attribute this
observation to the turbulent nature of mixing
between hydrothermal vent fluid and seawater in
the rising plume. However, the greatest abundance
of particles (>150 mmol minerals/L fluid) was
observed in some fluid samples with large pro-
portions of seawater (Figure 6). That the amount of
particles present is highly variable, again, is due to
the turbulence of mixing. For instance, the fact that
a fluid sample with 98.7% seawater and only 1.3%
contribution from vent fluid at Logatchev I has
>25% of high‐temperature precipitates (anhydrite
and chalcopyrite) cannot be explained with in situ
precipitation. It reflects turbulent transport of par-
ticles formed at high vent fluid/seawater mixing

ratios into parts of the plume where the fluid is
seawater‐dominated. Superimposed onto the large
variance in particle abundance, however, is a gen-
eral trend of increasing proportions of Fe minerals
with increasing mixing ratios. Apparently, the
precipitation of large amounts of Fe minerals does
not take place if entrainment of seawater is small
(Figure 6). This observation is corroborated by the
partitioning of Fe between particulate and dis-
solved Fe (Figure 2), which shows an increase in
the proportion of particulate Fe with increasing
dilution of the vent fluid by seawater. Both dia-
grams indicate that a proportion of >20% seawater
in the mixed fluid seems to be required to form
large amounts of Fe minerals in the plume.

[38] The proportions of minerals in the particles
derived from mass balance calculations of chemical
data of the particles (Figure 6 and Table 3) for
Logatchev I samples indicate a correlation between
the quantity of some minerals and the seawater/
vent fluid mixing ratios. The calculated modes
indicate that chalcopyrite and Zn sulphide (sphal-
erite and/or wurtzite) make up >80% of the pre-
cipitate in samples with <10% of seawater entrained
in the sample. The proportion of Cu and Zn sul-
phides decreases with increasing dilution by sea-
water. The abundance of Fe sulphides and Fe oxides
show the opposite trend; they precipitated in large
quantities in samples with large amounts of seawa-
ter. Pyrite typically contributes to 20–50% of the
particles in samples with >10% seawater entrained,
while Fe oxides are abundant in samples with >50%
seawater contribution (Figure 6). Microprobe EDX
analyses of particles from samples with high pro-
portions of hydrothermal fluid confirm the domi-
nance of Cu sulphides over Fe sulphides [Schmidt
et al., 2007]. Calcium sulphate, calculated as anhy-
drite, occurs in variable, but generally low amounts
(<25%) regardless of the extent of mixing.

[39] The particles in samples from 5°S show similar
trends, although less pronounced, as those from
Logatchev I with respect to the abundance of
chalcopyrite, ZnS and pyrite in relation to the
fraction of seawater in the mixed fluids. Due to the
lower number of samples, a detailed assessment of
the particle mineralogy is not possible. A striking
feature of the fluids from the 5°S area is the higher
total amount of precipitated particles per liter fluid
in comparison to the Logatchev I fluids. In the 5°S
fluids with >80% proportion of vent fluid particle
concentrations range from 156 to 271 mM/L fluid
(Logatchev I: 37–123 mM/L). Samples with less
than 80% vent fluid contribution have dissolved
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Figure 5. (a) Plume particle from Turtle Pits (sample 141ROV‐B‐F4) composed of Mg‐Si‐(Fe)‐Phase (likely talc)
with droplets of native sulphur. (b) Close‐up showing clay‐like texture of the major phase and several droplets of
native sulphur. (c) EDX of sulfur‐rich droplets (circle in Figure 5b). Mg, Si and Fe are from surrounding material.
Particle associations of talc and native sulphur (besides common sulphides and anhydrite) were also observed in par-
ticle samples from stations 3 ROV‐10 and 12 ROV‐8 (Turtle Pits).
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particle concentrations of 586–1116 mM/L at 5°S
and 16–486 mM at Logatchev I. The metal/S ratio
is higher in the Logatchev I bulk particles than in
the 5°S samples. The presence of elemental sulphur
in most samples from 5°S predicted from mass
balance calculation was confirmed by microprobe
analyses. In contrast, Fe oxides (abundant in sam-
ples with large fraction of seawater from Logatchev
I), are rare or absent in samples from the 5°S area.
Examining relative proportions of mineral phases
in the samples, the differences between the
hydrothermal areas are higher percentages of Cu
sulphides and Zn sulphides at Logatchev I when
compared to 5°S. This is due to the large propor-
tion of S at 5°S in most of the samples, which is
between 60 and 70% of the sample composition.

[40] We propose that the pronounced differences in
particle mineralogy between the Logatchev I and
5°S hydrothermal areas reflect primary differences
in the end‐member vent fluid composition. H2S
concentration up to 8000 mM in 5°S fluids [Seifert

and Shipboard Scientific Party, 2009] are much
greater than maximum concentrations of 2500 mM
in the Logatchev I fluids [Schmidt et al., 2011].
Probably more important, the Fe/H2S ratio is <1
at 5°S, and between 1.5 and 4 at Logatchev I.
These differences in fluid chemistry are reflected
in the particles precipitating from the fluids. In
congruence with the total amount of minerals, the
amount of precipitated metals is higher at 5°S
(average Fe+Cu+Zn = 300 mM, range 88–987 mM)
than it is at Logatchev I (average Fe+Cu+Zn =
124 mM, range 14–589 mM). We will expand our
discussion on relations between fluid chemistry and
the nature of the precipitates in the next section.

[41] In summary, the particle mineralogy and solid‐
fluid metal partitioning show systematic trends
with increasing proportion of seawater in the mixed
fluids, in particular for the Logatchev I sample suite.
The relative amounts of Cu sulphides in the sam-
ples (Figure 6) are greatest in the nearly un‐diluted
fluid, and decrease markedly with increasing dilution

Figure 6. Calculated mineralogy of vent fluid particles (left) at Logatchev I and (right) at 5°S. (top) Mol% of the
mineral in the samples. (bottom) Absolute mineral content in the fluid. CC = Comfortless Cove, TP = Turtle Pits,
RL = Red Lion. Note the change in y axis between Logatchev I and 5°S.
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of vent fluid by seawater. Likewise, the fraction of
total Fe associated with precipitates increase sig-
nificantly as seawater proportions in the samples
go up. This type of behavior is to be explained by
the strong temperature – controlled solubility of Cu
sulphides (i. e. chalcopyrite), decreasing sharply
between 400 and 300°C [Seyfried and Ding, 1995].
The reason for this sudden drop in solubility is the
strong temperature control of metal complexation
stability (which also depends on pH). In most
submarine hydrothermal vent fluids chloride is the
major ligand that complexes metals and the stabil-

ity of metal‐chloride complexes decreases markedly
along reaction paths of decreasing temperature and
increasing pH associated with vent fluid ‐ seawater
mixing [Seyfried and Ding, 1995]. In the Logatchev I
samples Zn sulphides are also most common in
samples least diluted by seawater and decrease in
abundance with increasing fluid dilution. As the
concentration of Zn in seafloor hydrothermal vent
fluids is not known to be temperature‐controlled
between 400 and 200°C [Metz and Trefry, 2000],
these particles are probably precipitated only after
conductive cooling of the fluid sample on its way

Table 3. Calculated Mineral Composition (From Geochemical Data) of Particles From 5°S and Logatchev Ia

Vent Sample
Fluid
(%)

CaSO4

(mM)
CuFeS2
(mM)

CuS
(mM)

ZnS
(mM)

FeS2
(mM)

Fe Oxides
(mM)

Native S
(mM)

5°S
Sisters Peak Ata 42ROV14 8 6 2 7 143 436

Ata 42ROV11+12 20 7 12 56 380 626
M68/1 20ROV5 32 223 112 46 122 336
Ata 42ROV2−5,7 70 2 44 60 47 469
M68/1 20ROV6 87 1 62 25 20 163

Turtle Pits Ata 57ROV2,3,5 30 3 18 8 144 327
Ata 46ROV7 42 197 60 27 616 216.1
M68/1 12ROV5 76 4 14 45 30 156
Ata 57ROV4 79 12 92 32 202 770
M68/1 3ROV10 88 2 43 16 8 92
M68/1 12ROV8 95 8 18 37 15 138
Ata 35 ROV8 99.7 5 54 30 38 30.5

Red Lion Ata 67ROV4+7 55 5 4 59 82 436
Ata 67ROV5−7 70 30 108 166 594 196

Logatchev I
Baradur Ata 13ROV 1 1.3 4.9 12 8.1 0.8 39.6

MSM04/3 275ROV5 99 2.7 36 29
Site B MSM10/3 313ROV12 87 7.8 7.3 26 29.2

Ata 30ROV3 90 11.3 39 11 30.4 1.2
Ata17ROV3 90 7.7 3.7 18 8.7 7.3
Ata 30ROV5 93 3.7 25 13 12.2
MSM04/3 255ROV4 98 8.0 40 23 6.9 5.1
MSM04/3 255ROV3 98 1.3 27 21 1.9 6.1

Candelabra Ata30ROV8 90 9.0 24 0.4 6.4
MSM04/3 255ROV17 98 5.2 31 29 0.3 10.8

Quest smoker Ata 24ROV11 45 4.3 10 7.9 7.5
MSM04/3 259ROV25 99 2.4 27 21

Irina II microsmoker Ata 24ROV5 8 7.2 3.1 2.6 29.5 115.7
MSM10/3 290ROV11 80 17.8 18 14 73.8
Ata 24ROV2 94 8.3 3.6 17 5.8 2.0
MSM04/3 253ROV9 98 6.2 43 40 29.9 3.7
MSM04/3 244ROV7 99 5.9 33 27 5.9 6.7

Irina II, main structure MSM04/3 244ROV3 64 3.1 104 15 343.8 22.3
Irina I smoker Ata17ROV13 23 1.4 1.2 1.3 7.5 5.9

MSM04/3 255ROV12 47 3.1 24 14 123.2 2.6
Anna Louise smoker Ata 13ROV6 10 1.9 0.5 1.3 11.1 0.7

Ata 13ROV9 11 3.6 1.6 2.2 10.3 0.0
Ata 13ROV10 43 10.4 16 12 85.8 74.2
MSM10/3 315ROV19 78 3.8 42 24 195.8
MSM04/3 275ROV7 98 3.6 35 28 0.8 6.2

Mixed sample Ata 30ROVA1 12 9.4 3.2 1.1 15.2 262.5
aFluid% gives the mixing grade of the fluid sample, from which the particle sample is derived. An empty space in the table means the calculated

phase is not present in the sample.
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from the seafloor to the ship. The solubility of
sphalerite drops by an order of magnitude upon
conductive cooling from 200°C to 150°C [Seyfried
and Ding, 1995]. That Zn sulphide concentrations
are highest in the least diluted samples might
alternatively also be due to in situ particle loss in
higher diluted samples caused by the turbulent
nature of the emanating fluid. In contrast, the
amounts of FeS2 and Fe‐oxides are larger at higher
dilution. Fe‐solubility also slightly decreases as
temperatures drop, but this effect is partly coun-
teracted by a decrease in pH due to the temperature
decrease [Seyfried and Ding, 1995]. Although there
are differences in the fluid chemistry between the
three vent sites at 5°S (Cu and Fe concentrations
are much higher in Turtle Pits and Comfortless
Cove fluids than in Red Lion fluids), these do not
affect the composition of the particle samples.
Apparently, absolute concentrations of individual
metals in the fluids are not as important in con-
trolling sulphide precipitation as metal/H2S ratios,
as well as the cooling and mixing paths of the fluid.

3.4. The Model and Comparison
With Measured Data

[42] Two sets of model calculations were run for
each of the four vent sites (Figure 7). One model
scenario (cooling) considers admixing of only 3%
of seawater to the vent fluid; it predicts the
minerals that should precipitate from a high‐quality
vent fluid sample upon cooling in the sampler. The
other model (mixing) predicts mineral precipita-
tion upon mixing in the buoyant plume. The model
paths represent instantaneous fluid‐solid equilib-
rium and do not allow minerals formed early in
the cooling path to back‐react at a lower tempera-
ture. These assumptions affect the results on the
low temperature end, where kinetic inhibition is
likely to affect fluid‐solid equilibrium during pre-
cipitation. For instance, anhydrite, which is known
to re‐dissolve at temperatures <150°C, remains
abundant throughout the reaction path. The predic-
tive power of the thermodynamic calculations is
hence diminished at the low‐temperature end of
the reaction paths, where kinetic processes become
increasingly important [Houghton and Seyfried,
2010].

[43] In the Logatchev I fluid samples with an
admixture of 5% or less seawater, Cu and Zn sul-
phides are most abundant, followed by pyrite
(Figure 1). This is consistent with the model results:
chalcopyrite and sphalerite are the most abundant
sulphides and occur in sub‐equal amounts. Pyrite is

less abundant than predicted at 25°C and native
sulphur is not observed at all. This mismatch is
likely due to the fact that fluid‐solid equilibrium did
not prevail at temperatures below ∼100°C. Like-
wise, the fact that anhydrite is much less abundant in
the particles (<10%) than predicted reflects the dis-
solution of anhydrite, which is not anticipated in the
model. The fact that dissolution was incomplete in
most cases is more evidence for disequilibrium at
temperatures below ∼100°C where anhydrite dis-
solution should be complete. Models run with
mineral precipitation suppressed allow us to deter-
mine possible metastable precipitates (Figure 8).
This assessment of saturation states indicates that Fe
oxides are super‐saturated throughout most of the
cooling path. Their formation in the equilibrium
assemblage is hindered by the formation of Fe sul-
phides. However, they will form if the formation of
sulphides is kinetically inhibited. Hence, it is not
unexpected to find Fe oxides even in the Logatchev I
samples with little seawater admixed to the vent
fluid. They likely form instead of pyrite, the for-
mation of which is known to be sluggish [e.g.,
Schoonen and Barnes, 1991]. The apparent mis-
match between model and observation with respect
to pyrite abundance (overpredicted by the model)
and the formation of Fe oxides (not predicted by the
model) can hence be explained by a simple kinetic
effect.

[44] Only two of the samples from 5°S have ≥95%
end‐member vent fluid component and both come
from the Turtle Pits vent site. One sample is
characterized by the presence of native sulphur,
while the other sample contains Fe‐oxides. The
model for admixing 3% seawater to the hypothet-
ical end‐member predicts sulphur to form, which is
in agreement with our observations: Native sulphur
is present in the sample containing a 5% admixture
from seawater while the most undiluted sample
(only 0.3% seawater admixture) does not contain
native sulphur.

[45] For the particles precipitated from fluids with
>5% seawater entrained during sampling, we note
that the principal difference between the vent fields
with respect to particle composition is the presence
or absence of sulphur, which is abundant in all
vents from the 5°S area, but is lacking in the
samples from Logatchev I. The results of the
mixing model predict sulphur to form at higher
temperatures and in greater proportions in the 5°S
fluids when compared to those from Logatchev I.
In samples from the Sisters Peak site, sulphur is
most abundant. For these fluids, the mixing model
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Figure 7. Results of GWB modeling (left) of mixing between hydrothermal fluid and seawater and (right) of cooling
of a 97% hydrothermal fluid −3% seawater mixture. Each of the four vents (Logatchev I, Red Lion, Sisters Peak, and
Turtle Pits) was considered. See text for discussion.
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predicts sulphur to begin precipitation before pyrite
at temperatures >100°C, where kinetic inhibition
may be small.

[46] The model results of the mixing path and the
cooling path for each fluid differ in that the total
amount of precipitated minerals is larger for mixing
than for cooling of the respective fluid. This is in
part due to a larger amount of anhydrite precipi-
tated caused by the high SO4 content of seawater
mixing with the hydrothermal fluid. But sulphide
minerals are also predicted to precipitate in larger
quantities during mixing than during cooling. This
is probably related to the increased pH during
mixing with alkaline seawater when compared to
simple conductive cooling. In comparison with the
mixing model the actual particle samples presented
above do contain <25% anhydrite, most likely
because of the fast dissolution kinetics of anhydrite
at low temperatures [Feely et al., 1987].

[47] Modeling suggests a larger proportion of sul-
phide minerals forms during mixing when com-
pared to fluids that undergo conductive cooling.
These results are in agreement with observations in
our particle samples. However, the effect of
increased fluid pH and decreased sulphide mineral
solubility is counteracted by the dilution of the
metal concentration in the end‐member vent fluid
by seawater. Hence, one would expect that samples
with moderate proportions of seawater admixture
have highest sulphide particle abundance. This
behavior is indeed indicated by a distinct enrich-
ment in sulphide abundance in samples from Lo-

gatchev I containing between 10 and 50% admixed
seawater (Figure 6). The relation between seawater
dilution and sulphide abundance is less obvious in
samples from 5°S. The reason for this might be that
not all particles precipitating over the course of
mixing are collected together with the higher
diluted fluid sample, while the model sums up all
minerals over the course of precipitation. This is
especially important, because for the majority of
minerals (anhydrite, pyrite, chalcopyrite, magne-
tite, hematite) precipitation occurs only during the
initial mixing and cooling stage above 200°C,
corresponding roughly to a 50–60% end‐member
hydrothermal fluid (Figure 7). Furthermore, oxi-
dative dissolution of sulphide minerals during
mixing is possible, which also reduces the amount
of particles [Dunk and Mills, 2006]. Chalcopyrite
only precipitates between 350 and 250°C, which
compares well to the observation of the highest Cu
concentrations in particles of near‐end‐member
fluids, compared to more diluted fluids. In contrast,
sphalerite precipitation only starts at temperatures
below 200°C.

[48] Further differences between particles at 5°S
and at Logatchev I are also reflected by the model:
For instance, modeling predicts that particles pre-
cipitated from Logatchev I fluid should be enriched
in Fe‐oxides (hematite and magnetite) when com-
pared to particles from 5°S fluids. This is in
agreement with the modal calculations based on the
geochemical data of the particles. The absolute
amounts of Fe precipitated from the fluids differ

Figure 8. Saturation indices (Q/K) of Fe‐bearing minerals in Logatchev I fluids along both mixing and cooling reac-
tion paths, calculated with mineral precipitation suppressed. Note that Fe‐oxides are strongly oversaturated and may
hence precipitate at higher temperatures than indicated in Figure 6, if sulfide precipitation is kinetically inhibited.
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strongly between the model data and the measured
geochemical data. The model predicts Fe to be
completely precipitated, while in our particle
samples only about 10% of the Fe is precipitated in
the initial mixing zone. Since the major Fe mineral
in the model data is pyrite, also S precipitates in
larger amounts than indicated by the field data.
Complete precipitation of Fe as FeS in the initial
mixing zone is probably prevented by slow reac-
tion kinetics. Moreover, it was shown that Fe is
kept in solution through organic complexation in
the hydrothermal plume [Bennett et al., 2008].
Complete precipitation of Cu and Zn is predicted
by the model, consistent with the geochemical data.

3.5. Comparison of Particle Chemistry to
Metal Accumulation in Mussels

[49] One implication of a higher particle load at 5°S
for the hydrothermal habitats is a higher exposure
to potentially toxic metals of animals which seem
to be influenced by particles from the fluids, e. g.
mussels of the type Bathymodiolus spp. In a study
by Koschinsky et al. (submitted manuscript, 2011),
a general enrichment of sulphide‐forming elements
(Cu, Cd, Zn, Pb, Mo, and Fe) in the tissues of
Bathymodiolus spp. might indicate the influence of
mineral particles on these animals. In fact, mineral
particles seem to play a larger role for metal
accumulation by the mussels than dissolved metal
concentrations in the fluids. Correlating with the
particle samples with high anhydrite content at 5°S
of this study, tissue of specimens of Bathymodiolus
spp. collected at a diffuse venting site at 5°S was
enriched in Ca and Sr compared to specimens
collected at Logatchev I. A similar relationship is
observed for Mo being more enriched in 5°S par-
ticle samples and in the mussel tissue obtained
from 5°S specimens compared to Logatchev I and
its respective particle and mussel tissue samples.
Barium is more enriched in Logatchev I particle
and mussel tissue samples compared to 5°S. The
availability of elemental sulphur at 5°S will also
have an impact on the vent fauna community, since
elemental sulphur is an energy source to the vent
fauna [Ruby et al., 1981].

4. Conclusions

[50] Geochemical analyses of particles from vari-
able mixtures between end‐member hydrothermal
fluid and seawater showed the dominance of sul-
phide minerals in the precipitates of the Logatchev
I hydrothermal field as well as of the 5°S hydro-

thermal fields (Turtle Pits, Comfortless Cove, and
Red Lion). A pronounced difference between the
two areas is the total amount of minerals precipi-
tated. Due to lower metal/ H2S ratios and higher
absolute H2S concentrations in the vent fluids of
5°S, larger amounts of minerals were precipitated
from the fluids at 5°S when compared to fluids
from Logatchev I.

[51] It appears that absolute concentrations of
individual metals in the fluids are not as important
in controlling sulphide precipitation as metal/H2S
ratios, as well as the cooling and mixing paths of
the fluid. The degree of mixing of the vent fluid
with seawater has an influence on mineral precip-
itation, since larger quantities of minerals only
precipitate if 20% seawater or more mix with the
vent fluid. Copper sulphides only form at low
mixing degrees, while Fe oxides occur in fluids
with a greater proportion of seawater admixed.
Modeling of the hydrothermal fluid – seawater
mixing process showed some differences between
the model and our geochemical data, indicating
that in addition to thermodynamics other factors
govern mineral precipitation in the hydrothermal
mixing zone. First of all, kinetics determines if the
thermodynamically favored reaction takes place.
Moreover, organic molecules (which were not
included in the model) have an influence on the
solubility of metals through complexation. For
example it is known that metals are stabilized
in solution in sulphide nanoparticles by organic
ligands [Lau and Hsu‐Kim, 2008]. Only recently
Yücel et al. [2011] reported that up to 10% of the
dissolved Fe of high temperature hydrothermal
fluids is in the form of pyrite nanoparticles. These
are thought to sink slower than particles and to be
more resistant to oxidation than dissolved Fe(II)
and FeS, thereby likely increasing the amount of Fe
exported to the deep ocean.

[52] This study also provides information about the
amount of Fe available for Fe oxide particle for-
mation in the plume after precipitation of Fe sul-
phides, which is mostly more than 90% of the fluid
Fe content. Nanoparticles resistant to oxidation
would however be part of this fraction, likely
reducing Fe oxide formation. This has implications
for particulate hydrothermal export fluxes [cf.
German et al., 2010] and removal fluxes from
seawater due to adsorption of dissolved elements
from seawater onto these particles.

[53] The correlation of particle composition in this
study with the results of the study on metal accu-
mulations in mussel tissues also highlights the
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importance of hydrothermal fluid – seawater mix-
ing processes for the geochemical characterization
of vent habitats.
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