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Abstract

Utilizing Si, Fe and Mn concentrations within the end-member PACMANUS hydrothermal fluid, Si-Fe-Mn-
H,O Pourbaix diagrams were constructed at 300°C and 25°C. The Pourbaix diagrams show that the main Si,
Fe and Mn oxides species precipitating from the hydrothermal fluid were SiO,, Fe(OH),, Fe,(OH),, Mn,0,,
and Mn,0, at 25°C During mixing of hydrothermal fluid with seawater, SiO, precipitated earlier than Fe-
Mn-oxyhydroxides because of the lower stability boundary. Then Fe(OH), precipitated first, followed by
Fe,(OH), and Fe(OH),, and last, small amounts of Mn,0, and Mn,0, precipitated. Fe(OH), was readily de-
posited in alkaline solution with little influence by Eh. There were many Si-Fe-Mn-concentric particles in
the polished sections of the massive precipitates collected from PACMANUS. In the concentric nucleus and
ellipsoid, Si oxides precipitated first before the hydrothermal fluid had mixed with seawater. In the concen-
tric nucleus, after the precipitation of Si oxides, the increase of pH and Eh promoted the precipitation of Mn
oxides around the Si oxides. In the large ellipsoid, the precipitation of Fe was divided into two periods. In the
early period, increase of pH value of hydrothermal fluid produced by low-temperature convection and an
input of a small volume of seawater promoted a small amount of Fe(OH), to precipitate in the Si-rich core.
In the late period, after complete mixing with seawater and the resultant fluid was close to neutral or slightly

alkaline in pH, Fe(OH), was easily precipitated from the solution and distributed around the Si-rich core.
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1 Introduction

Amorphous Fe- and Mn-oxyhydroxides and silica deposits
are widely distributed on the seafloor of hydrothermal fields in
various geological settings: mid-ocean ridges (Benjamin and
Haymon, 2006; Dekov et al., 2010), back-arc basins (lizasa et al.,
1998; Hein et al., 2008; Sun et al., 2012; Zeng et al., 2012), and
seamounts (Alt, 1988; Karl et al., 1989; Binns and Scott, 1993;
Binns et al., 1993; Bogdanov et al., 1997; Emerson and Moyer,
2002; Edwards et al., 2011). Hydrothermal Fe-oxyhydroxides on
the seafloor can be divided into three sources: oxidation prod-
ucts of hydrothermal sulfides, primary Fe-oxyhydroxide from
hydrothermal fluid, and metalliferous sediments from hydro-
thermal plume fallout (Hekinian et al., 1993; Little et al., 2004).
Mn oxides are generally of three types: hydrogenetic (precipitat-
ed from seawater), hydrothermal (precipitated from hydrother-
mal fluids), and diagenetic (precipitated in the sediment from
pore fluids; Hein et al., 2008). Hydrothermal Si-Fe-Mn-oxyhy-
droxides are widely distributed at hydrothermal fields and are
often used to decipher the dispersal patterns and evolution of
hydrothermal fluid (Hrischeva and Scott, 2007). In addition,
these deposits might be a helpful guidance for the exploration
of ancient volcanogenic massive sulfides (Zeng et al., 2012).

The origin (Bonatti et al., 1972; Hekinian et al., 1993; Hein

etal., 1994, 1997), element adsorption, and transport (Halbach,
1986; Takahashi et al., 2007) of Si-Fe-Mn-oxyhydroxides has
been widely studied, as has the bacterial role in the formation of
Si-Fe-Mn-oxyhydroxides (Emerson and Moyer, 2002; Emerson
etal.,, 2007; Edwards et al., 2003; Kennedy et al., 2003; Fortin and
Langley, 2005). However, there is less research concerning the
formation conditions of Si-Fe-Mn-oxyhydroxides. This paper
uses Pourbaix diagrams to explain the formation conditions of
Si-Fe-Mn-oxyhydroxides at the PACMANUS hydrothermal field.

2 Geological setting

The Manus Basin is a young (ca. 3.5 Ma old) back-arc basin
with a fast-spreading rate (up to 137 mm/a; Tregoning, 2002). It
is bound by the Manus trench to the north and the New Britain
Trench to the south (Taylor, 1979; Fig. 1a). Eastern Manus Basin
(EMB) is located between the Djaul and Weitin transform faults
(Martinez and Taylor, 1996; Fig. 1b).

Volcanism associated with an earlier rifting phase in the
Eastern Manus Basin has produced a series of echelon volca-
nic ridges and volcanic cones (Eastern Manus volcanic zone;
Binns and Scott, 1993; Sinton et al., 2003). The composition of
lavas changes progressively from basaltic to rhyodacitic (Binns
and Scott, 1993; Sinton et al., 2003). The Eastern Manus Basin
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has three main hydrothermal fields: PACMANUS (Papua New
Guinea-Australia-Canada-Manus), Desmos, and SuSu Knolls
(Fig. 1b).

The PACMANUS hydrothermal field is located on the crest
of the Pual Ridge (Figs 1b and c), which is a northeast-trending
volcanic structure 15 km in length, 1.5 km in width, and 1 600-
1700 m in depth (Binns and Scott, 1993). The stem of the Pual
Ridge is mainly composed of dacite (Binns and Scott, 1993). Pil-
lowed and lobate tubular flows of vesicular andesite dominate
the deeper, northeast-sloping platform between the two arms
of Pual Ridge. The rocks are mainly lobate basaltic andesites
(Binns and Scott, 1993). Some hydrothermal deposits are lo-
cated along the Pual Ridge and form the PACMANUS field. PAC-
MANUS hydrothermal field is composed of four high-temper-
ature hydrothermal sites (Roger’s Ruins, Roman Ruins, Satanic
Mills, and Tsukushi) and a low-temperature hydrothermal site
(Snowcap; Binns et al., 2007; Fig. 1c).

3 Samples and methods

3.1 Samples

Si-Fe-Mn-oxyhydroxide samples were collected by dredg-
ing (starting point 3°43.0751'S, 151°40.4173'E; end point
3°43.3952'S, 151°40.8478'E, water depth of 1780 to 1800 m)
during the cruise “KX08-973” of the R/V Kexueyihao in the PAC-
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MANUS hydrothermal field in 2008 (Fig. 1c).

We chose two large samples for this study (Fig. 2): (1) yellow
precipitates with honeycomb-like texture and a small amount
of loose black and yellow-green materials (Fig. 2a, Sample
#1) and (2) yellow, loose and fragile precipitates with a small
amount of black, yellow-green materials with acicular textures
containing white filamentous structures on the surface (Fig. 2b,
Sample #2). Sub-samples from each sample were separated to
make polished sections for optical microscope observations
and electron microprobe analyses. A small portion of Sample
#1 was sampled using a stainless-steel spatula to make polished
Section 1 (Fig. 3a). The sub-sample was solid with black and yel-
low materials interspersed. The sampling location is shown in
the red box in Fig. 2a. A small portion of Sample #2 was also
sampled using a stainless-steel spatula to make polished Sec-
tion 2 (Fig. 4a). The sub-sample was mainly composed of yellow,
red-brown materials, with white filamentous structures on the
surface. The samplinglocation is shown in the red box in Fig. 2b.

X-ray diffraction analysis showed the samples were poorly
crystallized and amorphous. The yellow materials were com-
posed of opal-A (the distinctive broad peak centered on 0.4 nm)
and goethite (a small, weak peak at 0.256 nm). The black ma-
terials were composed of birnessite (peaks at 0.725 and 0.244
nm), todorokite (peak at 0.96 nm), and vernadite. The yellow
green materials were composed of birnessite, todorokite and

151°40.5"E

151°40.0"

1700

Depth/m

1800

1900

3°44.0'1

- sulfide chimney Fe-Mn oxide diffuse venting

152°00" E 250 m
I

//PACMANUS
Y

>\/ /
4°00" / 0,0

74
&
/ '%/\

New Ireland

- basalt and basaltic andesite

Bl andesite

[ dacite

Fig.1. Tectonic setting and regional seafloor geology of the Eastern Manus Basin (a); locations of PACMANUS, Desmos, and SuSu
Knolls hydrothermal fields on the East Manus Basin and the types of volcanic rocks (b); hydrothermal sites, hydrothermal deposit
types and the dredge track (the black line nearby the Roger’s Ruins and Roman Ruins) within the PACMANUS hydrothermal field (c)

(modified after Binns et al., 2007).
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nontronite (peaks at 1.54, 0.453 and 0.152 nm; Zeng et al., 2012).

The Si-Fe-Mn-oxyhydroxides had low concentrations of Ti
and transition elements. The distribution patterns of rare earth
elements had positive europium anomalies and slight light rare
earth elements enrichment. In the Mn-Fe—(Co+Ni+Cu) x10 ter-
nary diagram, the samples were plotted in the hydrothermal-
origin region. These geochemical characteristics of the samples
suggest that the Si-Fe-Mn-oxyhydroxides directly precipitated
from hydrothermal fluids (Zeng et al., 2012).

3.2 Electron microprobe analysis

Electron microprobe analysis was performed with a JXA-
8230 electron microprobe operating at U=15 kV, I=2x10-8A, with
an electron beam diameter of 5 pm at the Institute of Mineral
Resources, Chinese Academy of Geological Sciences. The stan-
dard materials were natural minerals or synthetic oxides of na-
tional standards.

3.3 Thermodynamic modeling of Si-Fe-Mn-H,0 system

3.3.1 Thermodynamic data

Since the vent fluids can mix with seawater, we used end-
member compositions of the hydrothermal fluid to determine
the true composition of the hydrothermal fluid. Reeves et al.
(2011) used zero Mg concentration to obtain the composition
of end-member fluid prior to mixing with seawater. The average
values of total SiO,, Fe, Mn and H,S in the end-member hydro-
thermal fluids were 17.35 mmol/kg, 5.2 mmol/kg, 3.28 mmol/kg
and 3.77 mmol/L, respectively (Reeves et al., 2011). In the ther-
modynamic modeling at 300°C, we chose ZSiOZ =17.35x1073
mol/L, ) Fe=5.20x10- mol/L, and ) Mn = 3.28x10- mol/L.
In the hydrothermal field, the deposition of iron sulfide miner-
als will result in the removal of Fe from the hydrothermal fluid.
The report of ODP Leg 193 indicates that pyrite is the most dis-

seminated sulfide (Binns et al., 2007). Therefore, the reaction of
Fe?*+2H,S=FeS,+2H*+H, is responsible for Fe removal. Accord-
ing to the average composition of total Fe and ZHZS in the
vent fluid and the reaction above, we calculated the amount of
reactive (3.10 mmol/kg) and residual Fe (2.10 mmol/kg) in the
hydrothermal fluid. Therefore, in the thermodynamic modeling
at 25°C, we chose »_SiO, =17.35x10-3mol/L, ) Fe =2.10x10-3
mol/L, and ZMn =3.28x10~3mol/L. The pH of vent fluid at the
Roger’s Ruins and Roman Ruins fields ranged from 2.3 to 3.2,
(Table 1), which overlaps with the lowest values (2.63-7.26)
measured in 1995 (Fourre et al., 2006). The pH of the bottom
seawater surrounding the PACMANUS hydrothermal field was
7.9. Therefore we chose 2.3 as the lower limit of pH and 7.9 as
the upper limit of pH for our thermodynamic calculations. The
temperature of vent fluid at the Roger’s Ruins and Roman Ruins
fields range from 272°C to 341°C (Reeves et al., 2011), with an
average value of 297°C. As a matter of convenience, we chose
300°C as the high temperature for the thermodynamic calcula-
tions. Many studies have shown that the precipitation tempera-
ture of hydrothermal SiO, is 41.1-42.9°C (Sun et al., 2012), and
hydrothermal Fe-Si-oxides are 3.6-20°C (Dekov et al., 2010). As
a matter of convenience, we chose 25°C as the low temperature
for the thermodynamic calculations.

Besides the chemistry parameters of the hydrothermal fluid,
the Fe-oxyhydroxides and Mn-oxyhydroxides speciation and
their standard free energies of formation must be selected for
the thermodynamic modeling. There are some challenges in the
selection process, namely the variety of Fe-oxyhydroxides and
Mn-oxyhydroxides involved and the lack of chemical data on
some species (Ponnamperuma et al., 1967).

Elemental Si is unstable relative to SiO,. The dominant
stable phase of Si in water is solid SiO,. Dissolved species of
HSiO; and SiO;(OH)* only appear under highly alkaline condi-

Fig.2. Photos of the Si-Fe-Mn-oxyhydroxides from PACMANUS hydrothermal field: a. Yellow precipitates with honeycomb-like tex-
ture (Sample #1), the red box is the sampling location of polished Section 1; b. loose yellow precipitates with white filaments on the
surface (Sample #2), the red box is the sampling location of polished Section 2.

Table 1. Geochemistry of the end-member vent fluids from the PACMANUS hydrothermal field (Reeves et al., 2011)

Roger’s Ruins

Roman Ruins Ambient seawater

T/°C 274-320
pH (at 25°C) 2.6-2.7
Fe/mmol-kg! 3.88-4.64
Mn/mmol-kg! 2.58-2.76
Si0,/mmol-kg! 18.8-19
> H,S/mmol-L! 2.8-3.6

272-341 3
2.3-2.6 7.9
1.42-7.75 0
3.02-4.79 0
15.7-23.9 0.13
4.0-7.5 0
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tions (pH>10; Kim et al., 2012) which is higher than the typical
pH of seawater (7.9). Therefore, Si and SiO, were chosen as the
main species in the SiO,-H,0O thermodynamic modeling and
SiO, was used to represent opal-A in the Si-Fe-Mn-oxyhydrox-
ide samples.

Fe has a wide range of oxidation states: -2 to +4. In acidic
solutions, Fe forms Fe** and Fe®+. Fe?* hydrolyses to FeOH*
and Fe(OH),(aq) and precipitates to Fe(OH),(s) when the pH
rises to neutral. Fe3* may hydrolyze to polynuclear complexes
with increasing pH (Beverskog and Puigdomenech, 1996). In
soils, Fe(OH),;-nH,0 is regarded as the main species, whereas
the reduction products of Fe** may be Fe,(OH), or Fe,(OH),,
(Ponnamperuma et al., 1967). Fe,(OH), is named ferrosic hy-
droxide, which is a compound formed by mixing Fe(OH), and
Fe(OH), (Ponnamperuma et al., 1967; Schwab et al., 1983; Boyd
and Scott, 2001). Therefore we chose Fe?*, Fe%*, Fe(OH),, and
Fe(OH), as the primary species in the Fe-H,O thermodynam-
ic modeling. We chose Fe(OH), to represent ferric hydroxide
(goethite) in the Si-Fe-Mn-oxyhydroxide samples and chose
Fe,(OH), to represent the unstable precursor of magnetite.

There are many factors influencing the speciation of Mn ox-
ides, of which pH may be the most important (Ponnamperuma
et al., 1969). Based on the pH range of PACMANUS hydrother-
mal fluid and that of the ambient seawater, we chose species of
Mn oxides which are stable at pH values of 2.3 to 7.9. Ponnam-
peruma et al. (1969) reported the pH range of 5-MnO,, y-MnO,,
y-Mn,0,, y-MnOOH, and Mn,0, are 3.7-4.2, 4.2-4.6, 6.5-7.2,
6.4-7.0 and 6.3-6.9, respectively. Therefore, we chose MnO,,
Mn,0O,, MnOOH, and Mn,0, as the primary species in the Mn-
H,O thermodynamic modeling. We chose MnO, to represent
vernadite and chose Mn, 0, to represent amorphous birnessite
(Wang et al., 2009) in the Si-Fe-Mn-oxyhydroxide samples. The
standard molar Gibbs free energies of formation for Fe and Mn
oxides species were obtained from previous works (Sadiq and
Lindsay, 1979; Lin et al., 1985).

Table 2 is a compilation of the thermodynamic data used
for the modeling in the PACMANUS hydrothermal field. Table 3
presents the equations of the Si-Fe-Mn-H,O systems.

3.3.2 Calculations

Table 2. Standard Gibbs free energy of formation of species at 25°C for the Si-Fe-Mn-H,0 system

A;G%/kcal-mol-!

AG°/kJ-mol!

Sio, -203.020 (Sadiq and Lindsay, 1979) -849.811
Fe3*(aq) —-4.020 (Sadiq and Lindsay, 1979) -16.827

Fe?*(aq) -21.800 (Sadiq and Lindsay, 1979) -91.252
Fe(OH),(s) -117.584 (Sadiq and Lindsay, 1979) —-492.189
Fe(OH)4(s) -169.250 (Sadiq and Lindsay, 1979) -708.455
Fe;(OH)4(s) —-459.220 (Sadiq and Lindsay, 1979) -1922.226

H,0 -56.687 (Sadiq and Lindsay, 1979) -237.283

Mn?+ -54.908 —-229.840 (Lin et al., 1985)
MnO, -111.106 -465.075 (Lin et al., 1985)
Mn, 0O, -210.150 -879.658 (Lin et al., 1985)
Mn,0, -305.976 -1280.771 (Lin et al., 1985)
Mn(OH), -147.309 -616.614 (Lin et al., 1985)

Table 3. Equations for the Si-Fe-Mn-H,O system

Chemical equations T=573.15K T=298.15K
(1) Fe3*+e=Fe?+ @=0.771 D=0.771
) Fe**+2e=Fe ®=-0.603 @=-0.552
3) Fe2*+2H O=Fe(OH),+2H* pH=4.5 pH=7.79
4) Fe3++3H,0=Fe(OH) ,+3H* pH=1.376 pH=2.07

(2
(
(
(5) Fe(OH);+3H*+e= Fe2*+3H (0]

(6) 3Fe(OH),+H*+e=Fe,(OH)4+H,0

(7) Fe,(OH)4+8H*+2e=3Fe?*+8H,0

(8) Fe;(OH)g+2H*+2e=3Fe(OH),+2H,0
(9) Fe(OH),+2H*+2e=Fe+2H,0

(10) Mn?*+2e=Mn

any M n2++2H O=Mn(OH),+2H*
(12) MnO,+4H*+2e=Mn?*+2H,0
(13) 2MnO,+2H*+2e=Mn,0,4+H,0
(14) Mn,0O4+6H*+2e= 2Mn2*+3H (0]
(15) 3Mn,0O4+2H*+2e=2Mn;0,+H,0
(16) Mn,0,+8H*+2e=3Mn?*+4H,0
(17) Mn(OH),+2H*+2e=Mn+2H,0
(18) Mn,0,+2H,0+2H*+2e=3Mn(OH),
(19) Si0,+4H*+4e=Si+2H,0

(20) O,+4H*+4e=2H,0

(21)

2H*+2e=H,

®=1.24-0.341 pH
@=0.354-0.114 pH
®=1.683-0.454 pH
®=0.150-0.114 pH
®=-0.091-0.114 pH
®=-1.332

pH=5.24
@=1.381-0.227 pH
®=0.968-0.114 pH
®=1.795-0.341 pH
@=0.828-0.114 pH
®=2.278-0.455 pH
®=-0.736-0.114 pH
®=0.49-0.114 pH
®=-1.026-0.114 pH
®=1.23-0.114 pH
®=-0.114 pH

=1.138-0.178 pH
®=0.353-0.059 pH
@=1.532-0.237 pH
@=0.150-0.059 pH
®=-0.091-0.059 pH
®=-1.264

pH=8.93
@=1.313-0.118 pH
=0.968-0.059 pH
@=1.66-0.178 pH
©=0.828-0.059 pH
@=2.075-0.237 pH
®=-0.736-0.059 pH
@=0.49-0.059 pH
®=-1-0.059 pH
@=1.23-0.059 pH
$=-0.059 pH
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The possible chemical reactions in the Si-Fe-Mn-H,O sys-
tem can be divided into three types:

(1) Reactions related only to the electrode potential, that are
independent of pH (horizontal solid lines in the Pourbaix dia-
grams of Figs 5 and 6). The equation is

aA+bB+ne=cC+dD;
the formula is

A.Gheis 2303RT . aAaB’
S =+ lg )
nF nF aCaD’

¢=

where A and B are reactants, C and D are products, a, b, ¢, and
d are the stoichiometric coefficient of chemical reactions, e is
electron, n is the number of moles of electrons transferred in
the reaction, « is activity of species, ¢ is the electrode poten-
tial, A Gy, is the standard change of reaction in Gibbs free
energy, R is the gas constant (8.3144 J/(K-mol)), T is absolute
temperature (573.15 K), and F is the Faraday constant (96.487
kJ/(V-mol)).

(2) Reactions related only to pH, but not to electrode poten-
tial (vertical solid lines in the Pourbaix diagrams of Figs 5 and
6). The formula is

A,GY s =—RTInK ,

where Kis the equilibrium constant.

(3) Reactions related to both pH value and electrode poten-
tial (sloping solid lines in the Pourbaix diagrams of Figs 5 and
6). The equation is

aA+bB+ne+hH" =cC+dD ;
the formula is

ad‘aB’

_AGhgis L 2.303RT
aC‘aD’

nF nF

¢= (g —h-pH) .

The chemical parameters (Tables 1 and 2) and chemical re-
actions (Table 3) were entered into the origin software to create
the initial Pourbaix diagrams which were further modified us-

ing CorelDraw.

4 Results

4.1 Microscopic textures

The two hydrothermal precipitate samples had different tex-
tures. Polished Section 1 had an obvious nuclei with concentric
layers of different colors (Fig. 3a). Polished Section 2 had large
(hundreds of micrometers) ellipsoidal particles with red and
yellow zonal texture (Fig. 4).

4.2 Electron microprobe analysis

The line scanning analysis (Fig. 3b) revealed that the com-
position of concentric nuclei varied from the edge to the core.
The outermost layer (Layer I) had a high Fe content and minor
amounts of Si. In the inner layer (Layer II), the content of Si in-
creased gradually, the content of Mn was lower than in Layer I,
but with no variation, and the content of Fe decreased sharply
from Layer I to II. In the second inner layer (Layer III), the con-
tent of Si decreased sharply, while the content of Mn increased
sharply compared with Layer I and II and reached a maximum
concentration. The core (Layer IV), contained the highest con-
tent of Si, whereas the content of Mn decreased to aminimum.
Overall, in the whole concentric nucleus, the changes of Si and
Mn showed opposite trends, while the content of Fe reached its
highest value in the outermost layer and was much lower in the
other layers.

The areal scanning analysis (Figs 4c and d) showed that the
large ellipsoidal grains mainly contained Si and Fe. The cores of
the grains mainly contained Si with a small amount of Fe dis-
tributed in a zonal structure. In the outer part, the grains mostly
contained Fe.

4.3 Thermodynamics analysis

The Si-Fe-Mn-H,O systems are shown in Figs 5 and 6. Fig-
ures 5a and ¢ show the Eh-pH diagrams for the Si-Fe-H,O and
Mn-H,0O systems at 573.15 K (300°C), respectively. Figures 5b
and d show the Eh-pH diagrams for the Si-Fe-H,0 and Mn-H,0
systems at 298.15 K (25°C), respectively. Figures 6a and b present
the integrated Eh-pH diagrams for the Si-Fe-Mn-H,O system at
573.15 K and 298.15 K, respectively. In Figs 5 and 6, the sloping
dotted lines represent the stability boundaries of H,-H,O and
H,0-0, and the vertical dotted lines represent the lower limit
of pH (pH=2.3) of the hydrothermal fluid and the upper limit of
pH (pH=7.9) of the bottom seawater around the sampling hy-

Fig.3. Back-scattered electrons image of polished Section 1 (a) and line scanning analysis along Transect A and B of polished Sec-

tion 1 (b).
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Fig.4. Photomicrograph (optical microscope with plane polarized light) of polished Section 2 (a), back-scattered electrons image of
polished Section 2 (b); and areal scanning analysis of polished Section 2 (c and d).

im0

Fig.5. Eh-pH diagram for the Si-Fe-H,O system at 300°C (a); Eh-pH diagram for the Si-Fe-H,0 system at 25°C (b); Eh-pH diagram
for the Mn-H, 0 system at 300°C (c); and Eh-pH diagram for the Mn-H, 0O system at 25°C (d). Sloping dotted lines represent the stabil-
ity boundaries of H,-H,O and H,0-0,,. Vertical dotted lines represent the lower limit of pH value (pH=2.3) of the hydrothermal fluid
and the pH value of ambient seawater (pH=7.9). The blue, red and black solid lines represent the stability boundaries of Si, Fe and
Mn, respectively.
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Eh

Eh

pH

Fig.6. Integrated Eh-pH diagram for the Si-Fe-Mn-
H,0 system at 300°C (a) and integrated Eh-pH dia-
gram for the Si-Fe-Mn-H,O system at 25°C (b). Yellow
quadrilaterals represent the range of pH-Eh values at
the sampling sites. Sloping dotted lines represent the
stability boundaries of H,-H,0 and H,0-O,. Verti-
cal dotted lines represent the lower limit of pH value
(pH=2.3) of the hydrothermal fluid and the pH value of
ambient seawater (pH=7.9). Blue, red and black solid
lines represent the stability boundaries of Si, Fe and
Mn, respectively.

drothermal vents. The blue, red, and black solid lines represent
the stability boundaries of Si, Fe and Mn, respectively.

The stability region of SiO, (Figs 6a and b) is constrained
by Line 19. The stability region of Fe?* (Figs 6a and b) is con-
strained by Lines 1, 2, 3, 5, and 7, and the stability region of Mn?*
is constrained by Lines 10, 11, 12, 14, and 16. Figures 5 and 6
show that Si is easily oxidized to SiO, above -1V at pH 0. This
Eh value is far below the water stability boundary. Figures 5 and
6 also show that SiO, precipitates significantly earlier than Fe-
Mn-oxyhydroxides.

In the Pourbaix diagrams (Figs 5 and 6), the stability field of
Mn?* is larger than that of Fe?*. The Mn?* oxidation requires a
higher Eh and pH than Fe?*.

The yellow quadrilaterals in Figs 6a and b represent the
range of Eh-pH at the sampling sites. The yellow quadrilateral
in Fig. 6a represents the high-temperature conditions (300°C)
before the mixing of hydrothermal fluid with seawater and the

yellow quadrilateral in Fig. 6b represents the low-temperature
conditions (25°C) after mixing of hydrothermal fluid with sea-
water. Compared with Fig. 6a, the amounts and kinds of Fe-Mn-
oxyhydroxides in the region enclosed by the yellow quadrilat-
eral decrease in Fig. 6b.

5 Discussion

5.1 Pourbaix diagrams help decipher the precipitation condi-
tions of the Si-Fe-Mn-oxyhydroxides

Pourbaix diagrams have been widely used to explain the
geological processes associated with fluids. Pourbaix diagrams
can show the stability field of a particular element in a specific
environment.

The Eh value of normal seawater is close to 0.4 (Silver, 1991)
and mainly controlled by the oxygen system (Cooper, 1937).
The hydrothermal fluids of Roger’s Ruins and Roman Ruins are
hot (272-341°C), acidic (pH of 2.3-3.2), and reduced (Table 1).
Therefore, the Eh-pH values of the initial hydrothermal fluid
should be located in the bottom left of the yellow quadrilateral
at low pH and Eh values in Fig. 6a. When hydrothermal fluid
mixes with seawater, the pH and Eh values of the hydrother-
mal fluid increase and oxyhydroxides will begin to precipitate.
The conditions of the hydrothermal fluid will migrate towards
the upper right corner in the yellow quadrilateral (Fig. 6a). At
the same time, the temperature of hydrothermal fluid will drop.
Figure 6b is the Si-Fe-Mn-H,O Pourbaix diagram at 25°C.

The stability boundary (Line 19) of SiO, is far below stabil-
ity boundaries (Lines 3, 4, 5, 7, 9, 11, 12, 14, 16, 17) of Fe-Mn-
oxyhydroxides which indicate SiO, will precipitate earlier than
Fe-Mn-oxyhydroxides.

Assuming the pH value of hydrothermal fluid is close to 7.9
when the Fe-Mn-oxyhydroxides precipitate and the Eh value
increases from reducing conditions to 0.4 (the value of normal
seawater), Fe(OH), will precipitate first, followed by Fe,(OH),
and Fe(OH),, and then a small portion of Mn,0, and Mn, O, will
precipitate. If the pH and Eh of the hydrothermal fluid is lower
than 0.7425 and 0.4 (Point 2 in Fig. 6b), respectively, the only
product will be Fe(OH),.

The stability field of Mn?* is larger than that of Fe** (Figs 6a
and b), which indicates that Mn?* will remain in the fluid at a
wider range of Eh-pH values. The hydrothermal fluid is acidic,
reduced, and hot. As hydrothermal fluid mixes with seawater,
the pH and Eh of the hydrothermal fluid increases. Fe-oxyhy-
droxides will precipitate first and as pH and Eh increase further,
Mn-oxyhydroxides will subsequently precipitate.

A small amount of Fe(OH), appeared in the lower right cor-
ner of the yellow quadrilateral (Fig. 6b), which indicates Fe(OH),
is stable at high pH and low Eh. Figure 6b shows that Fe(OH), is
not a major oxide species and it will disappear rapidly when Eh
increases.

Fe(OH), is a dominate species in all Fe oxides, and can form
at a wide range of pH values (Figs 5a and b). When the pH of
hydrothermal fluid is close to 2.3 (the lowest pH value of the
PACMANUS hydrothermal fluid), the precipitation of Fe(OH),
requires a higher Eh up to 0.73 (Point 1 in Fig. 6b). However,
this value is far from the normal seawater Eh (0.4). Therefore,
Fe(OH), could not precipitate in a condition of low pH and high
Eh. When the pH of the hydrothermal fluid is close to 7.9 (pH
of seawater), Fe(OH), can precipitate at a lower Eh of -0.114V
(Point 4 in Fig. 6b). This indicates Fe(OH), is easily deposited in
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alkaline solution with little influence from Eh.

The ability of Fe,(OH), to form at a narrow range of Eh
(<—0.044; Point 3 in Fig. 6b) and at higher pH indicates Fe,(OH),
is stable in a reducing and alkaline environment. However,
when hydrothermal fluid mixes with seawater completely, it
becomes an oxidizing environment. Therefore, Fe,(OH), may
form before hydrothermal fluid and seawater mix completely.

The lowest Eh for the formation of Mn,0, is 0.205 (Point 5
in Fig. 6b); however, the precipitation of Mn,O, requires an Eh
value greater than 0.361 (Point 6 in Fig. 6b), which indicates
Mn,0, will precipitate before Mn,O,. Of all Mn oxides, MnO,
has the largest field of stability in the Pourbaix diagrams (Fig. 6).
But whatever the pH value is, the precipitation of MnO, requires
high Eh values. The lowest possible Eh value for the precipita-
tion of MnO, is 0.5 when the pH is close to 7.9 (Point 7 in Fig.
6b). However, the Eh of normal seawater is close to 0.4 (Silver,
1991). Therefore, at a temperature of 25°C and ¥ Mn=3.28x10-3
mol/L, it is difficult to form MnO,.

5.2 Physical-chemical conditions for the formation of Si-Fe-

Mn-concentric particles

The back-scattered electrons image and line scanning anal-
ysis (Fig. 3) showed that the concentric nucleus was rich in Si
and Mn with a small amount of Fe on the edge. The distribution
of Si and Mn showed that Si oxide formed first in the core and
Mn oxide formed subsequently around the Si core. Then the
hydrothermal fluid shifted to become rich in Si and Fe and pre-
cipitated another layer of Si and Fe around the Si-Mn core. The
photomicrograph and areal scanning analysis (Fig. 4) showed
that the core of the large ellipsoid was mainly composed of Si
with a small amount of Fe, whereas the edge mainly contained
Fe. The distribution of Si and Fe indicates Si oxide precipitated
first with a small amount of Fe oxide precipitating at the same
time. Then large amounts of Fe oxide precipitated around the
Si core.

As discussed above, Si is mainly distributed in the core of the
concentric nucleus (Fig. 3) and ellipsoid (Fig. 4), while Fe and
Mn are distributed on the edge. This indicates Si oxide precipi-
tated earlier than Fe, Mn oxides. The Pourbaix diagrams (Figs 5
and 6) also show that the stability boundaries of SiO, (Line 19)
are lower than Fe-Mn-oxyhydroxides. This also indicates SiO,
precipitated first in the Si-Fe-Mn-oxyhydroxides (Lines 3, 5, 7,
9,12, 14, 16, and 18).

The solubility of SiO, increases with temperature, pressure,
and pH (White et al., 1956; Rimstidt and Cole, 1983). In the early
period of precipitation, the hydrothermal fluid was hot and
acidic, therefore the solution was undersaturated in SiO,. When
hydrothermal fluid encountered seawater, the temperature
abruptly fell. The lower temperature and increasing pH pro-
moted the precipitation of SiO,. The complete mixing of hydro-
thermal fluid with seawater diluted the concentration of SiO, in
the solution. Therefore, SiO, in the concentric nucleus (Fig. 3)
and ellipsoid (Fig. 4) may have precipitated before hydrother-
mal fluid mixed with seawater.

After the precipitation of SiO, in the core (Fig. 3), the rising
hydrothermal fluid mixed with seawater which increased the
pH and Eh. This condition promoted the precipitation of Mn
oxides around the Si oxides (Fig. 6b). The Fe oxyhydroxides in
the outermost layer may indicate the composition of the hydro-
thermal fluid changed on a micrometer scale, because Fe oxy-
hydroxides cannot precipitate after Mn oxyhydroxides.

In the large ellipsoid (Fig. 4), the core mainly contained Si
with a small amount of Fe, whereas the edge mainly contained
Fe. In the early stages of formation, SiO, precipitated first from
the hydrothermal fluid before mixing with seawater, as dis-
cussed above. At this time, the pH and Eh of the hydrothermal
fluid increased gradually, but remained acidic. The Eh-pH val-
ues of the hydrothermal fluid are then located on the left side
of yellow quadrilateral (Fig. 6b). If the Eh is high enough to ex-
ceed the equilibrium line of Fe?* and Fe(OH), (Line 5), a small
amount of Fe(OH), will precipitate in the Si-rich core. This may
explain the occurrence of a small amount of Fe in the core.
In the later period of formation, as discussed in Section 5.1,
Fe(OH), was easily deposited in an alkaline solution with little
influence by Eh. After the complete mixture of the hydrother-
mal fluid with seawater, the hydrothermal fluid is close to neu-
tral or slightly alkaline and Fe(OH), was easily precipitated from
solution (as discussed in Section 5.1) and distributed around
the Si-rich core.

6 Conclusions

(1) According to the Si, Fe and Mn concentrations in the end-
member PACMANUS hydrothermal fluid, we created Si-Fe-
Mn-H,0 Pourbaix diagrams at 300°C and 25°C. Si-Fe-Mn-H,0
Pourbaix diagrams showed that the main Si, Fe and Mn oxides
species were SiO,, Fe(OH),, Fe,(OH)y, Mn,0,, and Mn,0, at
25°C. In the mixing process of hydrothermal fluid with seawater,
SiO, precipitated earlier than Fe-Mn-oxyhydroxides because of
the lower stability boundary. Then Fe(OH), precipitated first,
followed by Fe,(OH), and Fe(OH),, and last, small amounts of
Mn,0, and Mn,0O, precipitated. Fe(OH), was easily deposited
in the alkaline solution with little influence by Eh. Fe,(OH), was
readily formed before the complete mixture of hydrothermal
fluid with seawater. Mn,0, precipitated before Mn,O,.

(2) In the concentric nucleus and ellipsoid, Si oxides precipi-
tated first before hydrothermal fluid mixed with seawater. In the
concentric nucleus, after the precipitation of SiO,, the increase
of pH and Eh promoted the precipitation of Mn oxides around
the Si oxides. In the large ellipsoid, the precipitation of Fe oxides
was divided into two periods. In the early period, SiO, precipi-
tated first before mixing with seawater. The cool and acidic hy-
drothermal fluid promoted the precipitation of a small amount
of Fe(OH), in the Si-rich core. In the late period, after complete
mixture of hydrothermal fluid and seawater, the hydrothermal
fluid was close to neutral or slightly alkaline, and Fe(OH), was
readily precipitated from the solution and distributed around
the Si-rich core.
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