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Abstract

Polymetallic sulfides from two hydrothermal chimneys and talus deposit from the Vienna Woods field of Manus
Basin were studied for mineralogy, elemental composition, and S-isotope ratio to understand their evolution. The
factors including the nature of source fluid, mineral paragenesis, and related geochemical processes have been
discussed. Mineralogy and elemental concentration of Cu and Fe-rich large chimney at the central part of this
hydrothermal field was completely different from the smaller Zn-rich peripheral chimney and Fe-rich talus
deposit, suggesting the variable degree of alterations generate physico-chemically different source fluids
responsible for these hydrothermal structures. Similarly, S-isotope ratios also indicate chemically diverse fluids
and different modes of precipitation were involved in their evolution. Distinct mineral zonings and associated
elemental and isotopic compositions within individual deposit confirm paragenetic shifts were involved during

their growth process.
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1 Introduction

The western part of the Pacific Plate has a number of conver-
gent segments, marking the boundaries of more than 75% mar-
ginal basins found on the earth today (Tamaki and Honza, 1991).
Some of these marginal basins developed due to seafloor spread-
ing behind the magmatic arcs and are well known for seafloor hy-
drothermal activities. Over the last two decades several explora-
tions in these marginal basins have shown that this region has
wide variation in hydrothermal activities and associated ore de-
posits (Ishibashi and Urabe, 1995). In the Manus Basin, evidence
of hydrothermal activity was first recorded in 1985-1986 with
deep tow camera which photographed a variety of vent fauna
within the Manus Spreading Center (Both et al., 1986). Later,
many active and extinct hydrothermal fields (e.g., Vienna Woods,
Solwara, PACMANUS, NE Pual, DESMOS and SuSu Knoll) were
found at different parts of this basin (Tufar, 1990; Auzende et al.,
1996, 2000; Lisitzin et al., 1997; Sinton, 1997). Several authors de-
scribed the nature of hydrothermal deposits of these vent fields,
based on bulk mineralogy and geochemistry (Tufar, 1990; Lizit-
syn et al., 1993; Lein et al., 1993; Binns and Scott, 1993; Kim et al.,
2004). In the present study, the evolutionary histories of three dif-
ferent hydrothermal deposits have been discussed based on the
small-scale variations of minerals, elemental composition and
sulfur isotopic ratios. The chemical characterization of different
mineral zonings across the section of individual sulfide structure

has provided better insights about mineral paragenesis at differ-
ent growth phases of these deposits.

2 Local geological settings

At the northeast of Papua New Guinea, the Manus Basin has a
complex tectonic setting; bounded by inactive Manus Trench in
the north and active New Britain Trench in the south (Binns and
Scott, 1993). In the northeastern part of the Bismarck Sea, this
basin represents a typical back-arc setting with respect to New
Britain volcanic arc-trench system (Fig. 1). Within this marginal
basin relative motion between the Pacific Plate and the Bismarck
Plate occurs along three NW-SE trending lateral transform faults
(i.e., Willaumez, Djaul and Weitin Faults) and four spreading seg-
ments (i.e., Southeast Rift, South Rift, Manus Spreading Center
and Extensional Transform Zone) offset by those faults (Mar-
tinez and Taylor, 1996). In the central part of the Manus Basin
120 km long Manus Spreading Center (MSC in Fig. 1) is a well de-
veloped spreading axis located between Willaumez transform
fault (3°42'S, 149°37'E) and Djaul transform fault (3°S, 150°34'E)
(Reeves et al., 2011). The estimated spreading rate of MSC varies
from zero to 9.2 cm/a. The variable spreading rate made it wide
(~72 km) and shallow at the southwest end and narrowed down
to almost zero at the deeper northeastern tip (Taylor et al., 1994;
Martinez and Taylor, 1996). Studies showed that transitional
mid-oceanic ridge basalt (T-MORB) was mostly present within
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the rift valley (Lizitsyn et al., 1993; Mudholkar and Paropkari,
1999; Sinton et al., 2003). In the southernmost end of the spread-
ing axis, occurrence of back-arc basin basalt (BABB) also has
been reported (Tufar, 1990; Sinton et al., 2003). The valley floor of
MSC hosts for two active hydrothermal fields (e.g., Vienna Woods
and Worm Garden; Fig. 1) at the water depths of ~2 470 m. The
Vienna Woods field on an axial graben near 3°09.75'S,
150°16.83'E, at the northern part of the valley, is a large vent field
having diameter more than 300 m (Auzende et al., 1996).

3 Materials and methods

During the 21st cruise of R/V Akademik Mstislav Keldysh
(May-June, 1990), the Vienna Woods hydrothermal field has
been explored thoroughly with “MIR” manned submersibles
(Lizitsyn et al., 1993; Lisitzin et al., 1997). Sulfide samples from
two chimneys of different heights and talus deposit (Table 1)
from that vent field, collected during that cruise, has been used
for the present study.

3.1 Detailed description of sample and sub-sampling

During underwater observation with MIR manned submers-
ible (Dive #M2255), three closely spaced clusters of hydrotherm-
al chimneys were found within the Vienna Woods field (Tufar,
1990; Lein et al., 1993). In this vent field sheet-like sulfide base
was found to host tubular chimneys of variable heights (2-14 m;
Fig. 2a) (Lein et al., 1993; Lizitsyn et al., 1993; Reeves et al, 2011).
The sample, M2255-2 (Fig. 2b) is a horizontal section of a small
(~4.0 m) active chimney, located on the outer edge of that sulfide
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base. The hand-specimen of this chimney section has distinct
colored layers from outer rim to the inner orifice and three sub-
samples were made mostly based on color variation. The dark
black layer around the chimney orifice (02) was carefully separ-
ated from the brown colored middle layer (M2) and exterior rim
with several white patches (E2) (Fig. 2b). Another chimney
sample, M2255-10 was obtained from a large active gray smoker
(height 14 m and basal diameter >5.0 m), located at the central
part of the same chimney cluster (Fig. 2a). The hand specimen in
Fig. 2c represents a vertical section from the top most part of a
side projection of that giant columnar chimney. This section has
a central fluid conduit which was dark in color relative to lateral
portions on either side. Three sub-sections (L10, C10 and R10)
were made based on the position of the tortuous fluid channel as
shown in Fig. 2c. The third sample, M2255-9 shows a vertical sec-
tion of sulfide talus accumulated at the base of the central chim-
ney (Fig. 2a). This talus section of height 15-20 cm has more or
less uniform appearance and sub-sampled into four concentric
sections as shown in Fig. 2d. Section P9 represents the porous
surface layer of the talus while Sections T9, C9 and B9 corres-
pond to the top, central and bottom layers of the same deposit,
respectively. All these sub-samples from each hydrothermal
structure were analyzed separately for mineralogy, major and
trace element composition and S-isotope ratio.

3.2 Mineralogy
Mineralogy of fine powders of each sub-sample was analyzed
with an X-ray diffractometer (Model: Philips PW-1840) by using
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Fig. 1. Seafloor topography of Manus Basin in the Southwest Pacific Ocean. The red square shows the MIR diving site, M2255 over the
northern part of Manus spreading center. Bathymetric data are obtained from Smith (1993).

Table 1. Minerals identified in sub-samples of chimney sections and talus deposit from Vienna Woods hydrothermal field in the

northern Manus spreading center

) . h b ) Minerals
Sample Location Depth/m Sub-samples Major Minor/Trace
Horizontal section of peripheral 3°09.73'S, 150°16.85'E 2485 E2 Anh Op-Si
chimney (M2255-2) M2 Anh, Wu Py, Wy, Sph,
02 Wu Py, Op-Si, Sph, Cp
Vertical section of main 3°09.77'S, 150°16.85'E L10,R10 Py, Sph, Cp Ba, Op-Si
chimney (M2255-10a) C10 Cp, Py Sph

Vertical section of Talus 3°09.73'S, 150°16.85'E 2500 P9 Mar Py, Ba, Gal

deposit (M-2255-9) T9, C9, B9 Py, Mar, Op-Si Wu, Ba, Gal

Note: Cp represents chalcopyrite, Op-Si opaline silica, Py pyrite, Sph sphalerite, Ba barite, Anh anhydride, Wu wurtzite, Mar marcasite,

and Gal galena.
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Fig. 2. Schematic 2D diagram of hydrothermal deposits found during MIR dive M2255 in Vienna Woods (Gothic Forest) field
(modified after Crook, 1990) (a); chimney section of peripheral chimney, M2255-2, with three sub-samples (E2, M2 and 02) (b);
vertical section of a projection of central high chimney, M2255-10 with three sections (L10, C10 and R10) (c); and sample from talus
deposit on pillow basalts with four sub-samples (P9, T9, C9 and B9) (d).

Cu-Ka radiation over the 20 range from 5° to 60°. For textural in-
vestigation of minerals, small chips of each sub-sample and pol-
ished section of selective samples were scanned with a Scanning
Electron Microscope (JEOL JSM-5410LV). An Energy-dispersive
X-ray Spectrometer attached to SEM was used for qualitative
chemical analysis. All these analyses were carried out at CSIR-
National Institute of Oceanography, Goa.

3.3 Mineral chemistry

The quantitative chemical composition of selective minerals
from each sub-sample was determined with an Electron Probe
Micro Analyzer (EPMA, Model: Cameca SX-5) equipped with
four wave length-dispersive spectrometers at CSIR-National In-
stitute of Oceanography, Goa. Major elements (Na, Mg, Ca, Al,
Ba, Sr, Si, Fe, Mn, Co Ni, Cu, Zn, Pb, and S) were analyzed on pol-
ished sections of samples by using accelerating voltage of ~15 kV,
beam current of ~12 nA, and a beam diameter of 2.0 pm. The
standard materials including pyrite, chalcopyrite, sphalerite, and
galena (from SPI Supplies, USA) were used to assess the accur-
acy of microprobe analyses. More than 15 spot analyses were car-
ried out in different mineral phases in each sample.

3.4 Bulk elemental composition

For bulk chemical analysis, 20 mg of powdered sub-samples
were mixed with 10 mL acid mixture (HF:HNO,:HCI0,=7:3:1)
and 0.5 mL saturated solution of extra-pure NaCO, and then
evaporated to complete dryness. To this 20 mL (1:1) ultra pure
nitric acid was added and final volume made up to 100 mL with

Milli-Q water. Trace elements were analyzed with a quadrupole
ICP-MS using '93Rh solution (20 ng/mL) as the internal standard
(Balaram and Rao, 2003) at Pondicherry University. Standard ref-
erence material, IF-G (from Groupe International de Travail,
France) was used for instrument calibration and the analytical
precision with <5.0% RSD were achieved. The composition of
major elements in same solutions was analyzed by using an ICP-
OES at CSIR-National Institute of Oceanography, Goa.

3.5 Sulfur-isotope ratio

Sulfur isotopic ratios (34S/%2S) in all sub-samples were estim-
ated with an IRMS at CSIR-National Institute of Oceanography,
Goa. For isotopic measurements, mostly monomineralic parts of
each sub-sample were separated out from the bulk sample un-
der a microscope and crushed into fine powder. The powdered
samples were mixed with V,0; in tin capsule and then com-
pletely combusted in presence of oxygen at 1 050°C. The gas mix-
ture produced during combustion was swept in helium stream
over combustion catalyst of tungsten oxide to produce SO,. Avail-
able SO, is subsequently reduced to gaseous SO, using pure cop-
per granules. Water vapor was removed by magnesium perchlor-
ate moisture trap. SO, was separated from other gas impurities by
a chromatographic column (PTFE tubing) at 100°C. The result-
ant SO, was analyzed for S-isotope ratios using an IRMS having
conflo-III interface. The stable S-isotope ratios are expressed in
terms of permil (%o) relative to the composition of Vienna Can-
ion Diablo Troilite (V-CDT) and presented as: §34Sy_¢pr=
[{(348/328 iy mp1e) /(3487328 _cpr)}-11x1 000 (Coplen and Krouse,
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1998). The reproducibility of 634S,,_ ., values less than 0.29%o
was obtained for each sample. External calibration was prepared
using IAEA standards S-1, S-2, S-3, SO-5, and SO-6.

4 Results

4.1 Short peripheral chimney (sample: M2255-2)

The horizontal section of the short chimney has diverse min-
eral zonings with the dominance of massive anhydrite in the ex-
ternal rim, E2 (Table 1, Figs 3a and 4a) and wurtzite in the inner
layers, M2 and O2 (Table 1, Figs 3c-e and 4c). X-ray diffracto-
grams of 02 and M2 layers showed there was a minor amount of
sphalerite, and traces of pyrite and chalcopyrite were also
present. The wurtzite grains from the middle layer of the wall
were relatively larger in size and had a composition of 56.4-60.9
wt% Zn; 31.3-32.4 wt% S and 3.9-4.9 wt% Fe. In contrast, the finer
wurtzite grains close to fluid channel contain 60.5-63.4 wt% Zn,
32.5-33.0 wt% S and 3.9-5.1 wt% Fe (Table 2). Few crystals were
characterized with negligible Cu (0.01-0.2 wt%) and Ni (0.01-0.1
wt%). The bulk elemental concentration in anhydrite-rich layer

200 pm

400 um

E2 also notably differs from two inner layers. Dark inner layers,
M2 and 02 showed high concentration of Zn (32.4 and 37.5 wt%,
respectively) followed by Fe (4.1-5.4 wt%) and Cu (1.5-3.0 wt%).
Whereas, chalcophiles are depleted in E2 (Zn=6.8 wt%; Fe=1.2
wt% and Cu=0.6 wt%) (Table 3). In contrast, elements including
low ionic radii lithophiles (LILEs - Ba, Sr) and high field strength
elements (HFSE-Zr, Nb, Hf) are relatively enriched in E2 layer
(Table 3). S-isotope ratio also varies across this chimney section
with maximum %S value in external E2 layer (18.76%o) followed
by M2 (6345=5.9%0) and 02 (934S=3.4%o) (Table 3).

4.2 Giant central chimney (sample : M2255-10)

Sub-samples from the vertical section of this chimney (L10,
C10, and R10) have pyrite (Table 1) as major minerals with the
significant amount of sphalerite and chalcopyrite. Scattered dis-
tribution of massive barite and amorphous silica (Figs 5a and b)
were found to be associated with sulfide minerals in lateral
halves (L10 and R10) of the chimney wall. Electron microprobe
analyses of minerals show chalcopyrite grains in C10 layer (Figs
5c and 6b) has a composition of 34.4-35.3 wt% Cu, 30.2-31.2 wt%
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Fig. 3. SEM images of Massive anhydrite in external E2 of small peripheral chimney M2255-2 (a), the EDS results (b). The layered and
isolated hexagonal wurtzite crystals in orifice layer, O2 (c-€) and the EDS result (f).
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Fig. 4. Microphotographs (obtained from EPMA) of polished sections from the short chimney, M2255-2. a. Wurtzite crystals (light
gray) embedded in massive anhydrite (dark gray) deposits in the outer E2 layer, b. hexagonal and anhedral wurtzite in siliceous

deposit, and c. wurtzite dominated innermost O2 layer.

Table 2. Elemental compositions (in wt%) of anhydrite and wurtzite from E2 and O2 layers of hydrothermal chimney sample, M2255-

2, respectively

Anhydrite in E2 layer Waurtzite in O2 layer

Si S Fe Cu Zn Ca Sr Ba O Total Na Al Si S Fe Co Ni Cu Zn Total
0.01 14.12 0.02 bdl 0.25 26.61 23.90 5.62 24.73 95.26 1.63 0.01 0.01 3249 5.12 0.03 bdl 0.35 61.53 101.10
0.03 14.57 0.06 0.06 0.37 26.18 21.71 6.38 25.12 94.48 154 0.01 0.01 3142 487 bdl 0.03 0.10 60.90 98.88
0.03 14,50 0.12 0.04 0.17 26.41 18.90 10.10 25.10 95.27 1.69 bdl bdl 32.13 4.62 0.08 bdl 0.09 60.86 99.47
0.03 14.08 0.02 bdl 0.23 26.34 21.67 8.67 24.59 9563 1.57 0.06 0.02 3232 431 bdl bdl 0.06 60.70 99.04
1.40 0.08 bdl 32,53 497 bdl 0.04 0.15 60.70 99.86

1.61 0.08 bdl 3249 441 bdl 0.04 0.02 62.12 100.70

Note: bdl is short for below detection limit; and for elements selected for analyses, the bdl is 0.01 wt%.

Fe and 28.2-30.8 wt% S (Table 4). Besides these elements, a
minor amount of Zn (<0.1 wt%) and Co (<0.05 wt%) were also oc-
casionally recorded in some chalcopyrite crystals. The pyrite de-
posit has estimated composition with 44.3-46.2 wt% Fe and
44.3-50.4 wt% S (Table 4). Bulk chemical composition dominates
with Fe (20.5-23.0 wt%), followed by Cu (8.9-11.6 wt%) and Zn
(1.9-3.8 wt%). Lighter S-isotope composition (§34S=3.8%o0) was
found in C10 as compared to lateral halves (§3*S=8.8%. and
9.3%o) (Table 3).

4.3 Talus deposit (sample: M2255-9)

The surface porous layer of the talus, P9 mostly contains mar-
casite, pyrite, and wurtzite with traces of barite and galena (Ta-
ble 1). Dark bladed (20 pm to more than 50 pm) marcasite crys-
tals occurred in groups (Figs 7a and c) and has well-developed
faces. The dendritic barite (Fig. 7d) and few Zn-sulfide crystals
were mostly found as isolated growths in these marcasite
clusters. The dark gray colored other three layers of talus deposit
(T9, C9, and B9) contain pyrite with traces of galena, opal, and
barite (Table 1). Microprobe analyses also indicate that both pyr-
ite and marcasite in each layer were nearly pure Fe-sulfide
(43.7-48.0 wt% Fe and 47.8-53.3 wt% S) and thus more compat-
ible to the stoichiometric formula of FeS,. The other trace ele-
ments had very low concentration (<0.25 wt%, Table 5). The in-
discriminate growth of feather-like dendritic barite crystals in the
same layer show average composition of 54.0 wt% of Ba and 8.8
wt% of S (Table 5). The bulk composition of talus showed Fe as
the major constituent (20%-32%) while elements like Cu, Zn, Ba,
and Pb were reasonably low (maximum 2.2 wt%, Table 3). All
four sub-samples were rich in lighter S-isotope (J34S=2.6%o-
4.3%o, Table 3).

5 Discussion
Analyses of sulfides from three hydrothermal structures in Vi-

enna Woods field showed quite diverse mineral assemblages,
elemental and isotopic composition; indicating different evolu-
tionary histories. Moreover, results showed prominent mineral
zonings and compositional variety within the individual deposit.
Such mineral zonings and chemically discrete microenviron-
ments are common within hydrothermal deposits and de-
veloped due to changes in evolutionary conditions during their
growth (Paropkari et al., 2010; Kristall et al., 2011; Dekov et al.,
2016). These changes are mostly contributed by the alteration of
physiochemical nature of source fluid due to change in fluid-sea-
water mixing ratios and/or change in temperature of precipita-
tion (Haymon, 1983; Hannington and Scott, 1988; Marchig et al.,
1988; Koski et al., 1994; Paropkari et al., 2010; Kristall et al., 2011;
Ray et al., 2014, 2016).

5.1 Evolution of small peripheral chimney (M2255-2)

This cylindrical active chimney at the edge of the vent field
was characterized by 3-4 cm thick wall and a meandering central
fluid channels. The chimney wall is mostly made up with Zn-sulf-
ide and has elevated concentration of V, Cd, Ga, and Pb; but de-
pleted in elements like Cu and Fe. Such geochemical composi-
tion was very similar to low temperature (~250°C or less) imma-
ture hydrothermal chimneys reported in other oceans (Styrt et
al., 1981; Paradis et al., 1988; Koski et al., 1994; Kim et al., 2004).
The Zn-sulfide in this chimney was mostly present as euhedral
wurtzite with less sphalerite. The abundant hexagonal wurtzite
appeared as isolated or stacked composite platelets (Figs 3c-e),
had the grain size ranging between <10 to 300 pm and appar-
ently indicative of certain evolutionary conditions involve in
chimney formation. Experimental observation showed that
metastable wurtzite crystallizes only at the temperature >1 020°C
from pure ZnS and at 850°C from Fe-rich ZnS (Kojima and
Ohmoto, 1991 and references therein). Otherwise, the occur-
rence of crystalline wurtzite under low temperature (<250°C)
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Table 3. Major and trace element compositions and sulfur isotopic ratios in sub-samples from different chimney sections and talus
deposits from Vienna Woods hydrothermal fields in the northern Manus spreading center

Horizontal section of short
peripheral chimney (M2255-2)

Vertical section of of large central
chimney (M2255-10a)

Vertical section of talus
deposit (M2255-9)

Element  Exterior Middle Orifice Left Central fluid  Right Porous surface Top Central Bottom
rim section section section channel section layer layer layer layer
(E2) (M2) (02) (L10) (C10) (R10) (P9) (T9) (C9) (B9)
wt%
Al 0.03 0.01 0.05 0.08 0.10 0.10 0.12 0.16 0.22 0.51
Mn 0.01 0.04 0.04 0.02 0.02 0.05 0.05 0.05 0.05 0.07
Fe 1.23 4.12 5.42 20.58 21.98 23.20 20.31 32.01 30.20 27.12
Cu 0.66 1.48 3.11 8.94 11.65 9.40 0.59 0.16 0.12 0.08
Zn 6.78 32.45 37.56 9.89 3.14 6.85 2.29 0.63 0.54 0.36
Ba 0.06 0.05 0.03 1.24 0.44 1.0 1.10 0.25 0.20 1.02
x10-6
Sc 7.3 8.72 9.28 15.73 10.60 16.19 13.07 15.97 20.01 26.32
Ti 84.7 40.4 46.2 136.1 79.91 138.7 111.1 146.3 165.1 214.2
\Y 165.5 213.6 177.6 114.8 63.76 81.15 63.88 65.48 68.76 64.78
Co 3.07 0.05 7.09 19.75 29.05 17.96 30.02 31.57 28.95 27.40
Ni 5.36 1.92 1.13 3.41 1.22 1.49 26.35 3.35 3.74 3.63
Ga 22.3 20.8 32,5 10.1 8.5 13.2 9.6 9.8 8.1 4.7
Ge 5.48 8.36 9.58 25.62 15.74 17.66 18.51 20.58 21.97 21.03
Rb 0.72 0.60 0.98 7.04 4.07 4.22 5.21 5.12 5.73 8.46
Sr 1734 428.9 24.1 167 31.03 116.1 747.2 129.9 88.93 174.5
Y 0.24 0.13 0.15 0.25 0.18 0.27 0.25 0.30 0.25 0.32
Zr 2.04 0.81 0.93 5.31 3.35 6.98 5.4 6.04 5.77 6.41
Nb 0.33 0.17 0.17 2.74 1.22 1.19 0.56 0.97 0.76 0.69
Mo 7.54 16.56 24.53 57.32 77.34 52.20 11.01 26.97 30.94 37.15
Cd 269 1571 1732 82.5 55.64 81.0 16.41 3.44 2.99 2.58
Sn 0.63 3.12 0.66 6.18 4.23 5.69 0.97 0.77 0.62 0.62
Hf 0.16 0.02 0.03 0.15 0.11 0.19 0.17 0.16 0.15 0.17
Ta 3.83 0.61 1.04 134.7 49.95 41.75 14.36 30.27 23.20 17.68
w 1.02 0.33 0.43 7.65 3.99 3.83 0.23 3.02 2.74 2.54
Hg 3.48 2.37 2.79 2.64 2.76 2.40 4.5 4.09 3.51 4.32
Pb 262 230 331 46 90 181 4010 7630 9270 6810
Th 0.19 0.03 0.05 0.15 0.06 0.10 0.1 0.07 0.08 0.08
U 0.11 0.10 0.09 0.32 0.29 0.35 0.21 0.16 0.17 0.33
Cu/Zn 0.09 0.045 0.083 0.904 3.71 1.37 0.25 0.25 0.22 0.22
Ba/Nb 1818 2941 1764 4525 3 606 840 19 642 2577 2631 14782
0348/ %0 18.76 5.92 341 9.19 3.87 8.82 4.22 2.62 2.63 2.94
Mineral Anh Wu Wu Cp-Py Cp Cp-Py Mar Py Py Py

Note: Anh represents anhydride, Wu wurtzite, Cp chalcopyrite, Py pyrite, and Mar marcasite.

condition indicates low fugacity of H,S (fs,) in source fluid (Scott
and Barnes, 1972) and/or rapid cooling of solution supersatur-
ated with Zn (Kojima and Ohmoto, 1991). According to the earli-
er study, the fluid venting from this vent field had low concentra-
tion of dissolved H,S (H,S,,,,=1.6 mmol/L; Reeves et al., 2011)
and therefore, the observed mineralogy and elemental composi-
tion substantiate the low temperature formation of small peri-
pheral chimney.

The mineral assemblages and bulk geochemistry of small
peripheral chimney were completely different from the large Cu-
Fe-rich central chimney, M2255-10 (Table 1). Such diversity of
sulfide geochemistry in same vent field suggests, even being fed
by same magma source, but the certain processes alter the nature
of source fluid prior to their deposition. In smaller chimney, low
concentration of Cu and Fe (as compared to M2255-10) suggests,
source fluid of this chimney lost most of the Fe and Cu in the sub-
surface environment. Therefore, it can be anticipated that fluid
for peripheral chimneys might not venting directly from high

temperature stock-work zone. Instead, sluggish fluid flows
through the subsidiary branched channels likely fed those smal-
ler chimneys and that would responsible for geochemical
changes of source fluid due to conductive cooling. Such cooling
effect might cause sub-surface precipitation of Fe, and Cu but al-
low fluid to retain elements like Zn, V, Pb, and Cd; usually re-
main in solution even at low temperature hydrothermal environ-
ments. This mechanism is similar to those described for the ori-
gin of low temperature Zn-rich chimneys in other studies (Koski
et al., 1994). Moreover, the average Fe contents in wurtzite grains
from short peripheral chimney were substantially lower
(Fe,a=5.1 wt% in wurtzite, Table 2) than those reported in hy-
drothermal wurtzite from 21°N EPR (10-20 wt% Fe; Styrt et al.,
1981), Endeavour (4-28 wt% Fe; Tivey and Delaney, 1986) and
Cleft (3-18 wt% Fe; Koski et al., 1994) segments of Juan de Fuca
Ridge. This also probably indicates the poor availability of Fe in
low temperature fluid during sulfide precipitation in the peri-
pheral chimney. Earlier studies showed more oxidizing redox
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Fig. 5. SEM images and corresponding EDS results of the sample from the central giant chimney (M2255-10a). a. Massive barite
(white) in lateral half L10, b. colloform silica in L10, c. massive chalcopyrite in C10, and d. the EDS result.

chalcopyrite

200 pm

Spectrum 1%

Fig. 6. Microphotograph (obtained from EPMA) of polished sections from the central chimney, M2255-10. a. Anhedral to subhedral
pyrite and chalcopyrite deposits embedded in silicate of R10 section, b. large anhedral chalcopyrite deposits in C10, and c.

chalcopyrite with sphalerite intrusion in L10.

Table 4. Elemental compositions (in wt%) of chalcopyrite; and pyrite in large hydrothermal chimney sample, M2255-10

Chalcopyrite in C10 layer

Pyrite in L10 layer

Na Al Si S Fe Co Ni Cu Zn Total

Na Al Si S Fe Co Ni Cu Zn Total

0.05 0.01 bdl 30.16 3052 0.06 bdl 344 0.04 95.24
bdl bdl 0.03 30.86 31.26 0.02 0.01 3454 0.06 96.78
bdl bdl bdl 29.85 30.90 bdl 0.04 3529 0.06 96.14
bdl 0.09 bdl 29.28 30.27 0.01 0.03 3548 0.07 95.23
0.07 0.04 0.03 3224 31.65 0.02 bdl 3561 0.17 99.83

0.01 0.02 0.01 48.95 44.99 bdl bdl 0.13 053 94.64
bdl 0.09 bdl 5043 46.17 006 bdl 003 0.29 97.36
0.14 0.26 0.01 48.64 4435 0.01 bdl 0.35 024 94.00
0.03 1.70 0.01 44.06 43.99 0.02 bdl 035 0.70 90.86
0.04 0.05 0.02 4834 4592 bdl bdl 0.12 0.07 94.56

Note: bdl is short for below detection limit; and for elements selected for analyses, the bdl is 0.01 wt%.

condition of fluid also can develop such Fe-poor Zn-sulfides in
hydrothermal system (Kawasumi and Ciba, 2017; and references
therein). The fluid flow through branched channels may en-
hance the possibility of oxidative changes of fluid and would re-
sponsible for the development of Fe-poor Zn-sulfides in peri-
pheral chimney.

The cross section of the peripheral chimney wall had three
distinct mineral zonings, which includes the anhydrite-rich por-
ous outer layer, E2; anhydrite-sulfide-silicate mixed middle layer,
M2, and Zn-sulfide dominated innermost layer, O2 (Figs 4a-c).
This mineral distribution suggests chimney development initi-
ated with precipitation of anhydrite as the outer rim of its wall
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Fig. 7. SEM image and corresponding EDS results of the sample from the Talus deposit (M2255-9). a. The dense accumulation of
marcasite crystals in the P9 layer, b. the EDS result, c. isolated barite crystal within marcasite, and d. radiated growth of barite crystals

within marcasite deposit in the C9 layer.

and later inward thickening of the wall took place due to depos-
ition of metal-sulfides. Generally, hot hydrothermal fluid comes
out through cracks on seafloor and thus mixing of hot Ca-rich flu-
id with dissolved sulfate in ambient seawater crystallizes anhyd-
rite at temperature higher than 150°C and act as initial cement-
ing material for further growth of chimney (Haymon, 1983; Gold-
farb et al., 1983; Tivey, 1998). Later, as the anhydrite wall ma-
tures, less permeable and thicker wall restricts the mixing of fluid
with seawater and favor precipitation of metal sulfides around
the fluid flow channel within the chimney structure (Alt et al.,
1987). The polished section of middle layer M2 showed abund-
ance of Zn-sulfides (wurtzite with less sphalerite) intergrowths of
anhydrite (Fig. 4a) and silica grains (Fig. 4b). This sulfate-sulfide-
silica mixed layer, M2 clearly indicates the transition phase of the
chimney growth. The dispersed sulfide crystals in this mixed lay-
er would likely form due to precipitation of H,S rich fluid in the
pore space available within anhydrite deposit, precipitated in ad-
vance. Alternatively, gradients of temperature and sulfur fugacity
across the chimney wall caused partial dissolution of anhydrite
and subsequent replacement with sulfide minerals could also de-
velop such mixed layer. The euhedral to subhedral wurtzite crys-
tals in the M2 layer are quite larger (>180 um or more). But the
chimney interior (layer O2) was devoid of any anhydrite and
mostly contained disseminated finer wurtzite (Fig. 4c) inter-
grown with amorphous silica and traces of pyrite. Thus altogeth-
er these mineral zonings across the smaller chimney wall identi-
fy two major growth phases which include early sulfate and fol-
lowed by sulfide-silica phases (Fig. 10a).

Like mineralogical variation, the distinct S-isotopic composi-
tions in three layers also indicate temporal changes in growth
mechanism. The heavy isotope ratio in anhydrite of layer E2
(034S=18.76%o0) was very close to that found in seawater sulfate

(034S=+21.0%o, Rees et al., 1978), suggesting fast precipitation of
CaSO, involving ambient seawater at the initial stage of chimney
growth. Compared to contemporary seawater, the slightly lighter
S-isotopic ratio of sulfate-S in anhydrite layer E2 could originate
either due to (1) oxidation of H,S in hydrothermal fluid or (2)
subsurface disproportionation of magmatic volatile SO,.
However, extremely low SO, concentration (0.7-1.8 mmol/kg;
Reeves et al., 2011) in end-member fluid from Vienna Woods
field possibly indicate low sulfidation environment with limited
presence of gaseous SO, or aqueous SO, of magmatic origin.
Therefore, the first mechanism involving oxidation of sulfides
would be the most suitable explanation for the isotopic composi-
tion. In contrast, the isotopic values of S in wurtzite from two in-
ner layers, M2 and 02 were quite low (§34S=5.9%o and 3.4%o, re-
spectively). This range was quite comparable to those reported in
chimney sulfides from adjacent PACMANUS vent field (d34S=
1.0%0-4.3%0) but substantially heavier than those (63*S=-8.0%o to
-3.9%o) reported in SuSu Knoll vents in the eastern Manus Basin
(Kim et al., 2004). Isotopic values of layers M2 and O2 suggest
precipitation of those layers took place from H,S rich hydro-
thermal fluid and thus confirm the evolutionary mechanism as
mentioned before. Besides mineralogy and isotopic signatures,
bulk geochemistry showed concentration of Cu, Fe, and Mo pro-
gressively increase from outer to inner layers (Table 3). Such in-
terlayer heterogeneity possibly indicates the temperature of pre-
cipitation increases as the chimney wall grows inward. But Sr,
which mostly contributed by seawater and presumably concen-
trate in anhydrite lattice, had maximum enrichment in the outer
E2 layer. With chimney maturity, thickening of chimney wall re-
duced the contribution of ambient seawater and responsible for
gradual drops of Sr concentration in the inner M2 and O2 layers.
The negative relations (R?>0.7) of bulk Sr with Cu and Fe (Figs 9a
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Table 5. Elemental compositions (in wt%) of pyrite and barite
from T9 and B9 layers of hydrothermal chimney sample, M2255-
9 respectively

Marcasite from T9 layer

Na Al Si S Fe Co Ni Cu Zn Total
bdl 0.01 bdl 51.17 46.90 bdl 0.08 0.07 bdl 98.23
bdl 0.02 0.02 5098 47.37 0.02 0.01 0.04 bdl. 98.46
0.04 0.18 0.01 50.22 4528 bdl 0.06 0.06 0.16 9597
bdl 0.21 0.02 47.81 47.05 0.01 0.03 0.06 0.04 95.23
0.03 0.20 bdl 49.52 46.03 0.02 0.01 bdl 0.01 95.79
0.01 0.14 0.02 49.02 46.61 0.02 bdl 0.10 bdl 9591
Marcasite from B9 and C9 layers
Na Al Si S Fe Co Ni Cu Zn Ca Ba Total
0.02 bdl 0.07 52.06 47.95 0.02 0.03 0.07 0.04 bdl 0.08 100.30
bdl 0.16 0.01 50.96 46.83 0.03 0.05 0.06 bdl 0.01 0.04 98.15
0.02 bdl 0.01 51.09 47.54 0.02 bdl 0.10 bdl 0.01 bdl 98.79
bdl 0.02 0.01 50.51 46.13 0.13 bdl 0.25 bdl 0.03 0.05 97.13
0.03 bdl 0.02 50.93 47.45 0.02 bdl 0.01 0.08 0.01 bdl 98.53
0.02 0.07 0.01 53.39 48.04 bdl 0.01 0.10 bdl 0.01 0.03 101.60
Barite from B9 layer
Na Al Si S Fe Co Ni Zn Sr Ca Ba O Total
0.02 0.12 0.01 9.07 0.98 0.07 bdl 0.05 9.16 0.18 55.7 16.03 91.31

0.05 0.12 0.02 8.93 0.57 0.04 bdl 0.17 12.05 0.05 56.60 15.87 94.45
0.05 0.30 3.14 8.46 0.4 0.05 0.07 bdl 16.76 0.01 51.86 18.47 99.47
0.06 0.31 1.98 9.36 0.48 0.03 0.02 0.03 17.21 0.04 53.93 18.12 101.60

Note: bdl represents below detection limit; and for elements se-
lected for analyses, the bdl is 0.01 wt%.

and b) in this chimney also confirm less influence of seawater fa-
cilitated more deposition of Cu and Fe from fluid.

5.2 Evolution of giant central chimney (M2255-10)

The morphology of this, 14 m high cone-shaped chimney
structure was quite similar in appearance to the large, broad-
based, mature hydrothermal spires reported on the Axial
Seamount (Hannington and Scott, 1988) or Southern Explorer
Ridges (Scott et al., 1984). The projection of this central chimney
had the maximum width of ~4 cm and a well defined central flu-
id channel (Fig. 2¢). This chimney (M2255-10) is predominantly
made up with anhedral pyrite, sphalerite, and chalcopyrite. Lizit-
syn et al. (1993) also reported marcasite as the major mineral in
another portion of the same chimney. Concentration of Fe
(20.5-23.0 wt%), Cu (8.9-11.6 wt%), Mo ((52-57)x10-6), Sn
((4-6)x10-6) and W ((3.8-7.6)x10-%) in this central chimney (Ta-

ble 3) resemble typical high temperature (>250°C) hydrothermal
sulfide deposits described elsewhere (Fouquet et al., 1991; Koski
et al., 1994; Gena et al., 2013). The in situ measurement showed
that vent fluid emanating through this gray smoker chimney had
temperature of 275.7°C (Lizitsyn et al., 1993; Lisitzin et al., 1997).
Therefore, giant structure and sulfide geochemistry of this chim-
ney suggests vigorous flow of hot fluid from deep stock work zone
is responsible for its growth.

The distinct color variation in hand specimen (Fig. 2c) corres-
ponds to diverse mineralogy and geochemistry at different parts
of this chimney section; suggesting variable nature of fluid in-
volved at the different growth stages. The lateral halves of chim-
ney wall, presumably formed at the early stage of chimney devel-
opment contained more sphalerite and siliceous inclusions (Fig.
6¢). However, unlike smaller chimney, there was no anhydrite
mineralization has been observed. The absence of anhydrite on
the external rim could be explained either by (1) dissolution over
the period of time or (2) lack of anhydrite as initial cementing
material. The dissolution effect cannot be ruled out because an-
hydrite can get dissolved in case of its exposure to fluid or fluid-
seawater mixture below 180°C (Tivey and Delaney, 1986), eject-
ing from other active vents in the surroundings. Otherwise, the
barite and silica in outer wall indicate instead of anhydrite, the
growth of this large chimney initiated with silica (and barite) pre-
cipitation. A similar growth mechanism involving the precipita-
tion of barite and silica at the beginning of chimney formation
was also reported by Hannington and Scott (1988). Moreover,
amorphous silica in outer wall usually provides good stability for
tall standing hydrothermal chimneys (Tivey and Delaney, 1986)
and thus ample silica deposit (Fig. 5b) in L10 and R10 helped this
chimney to grow in the large structure. Massive chalcopyrite (>50
um) were mostly abundant in the dark central layer, C10, around
the feeder channel, but the grain size sharply drops towards the
outer rim of the wall (Fig. 6). The continuous flow of high temper-
ature (about 280°C) fluid through the central channel would de-
velop sharp temperature gradient across the chimney wall and
likely responsible for maximum occurrence chalcopyrite in C10;
as compared to lateral halves (L10 and R10) of the chimney wall.
A similar observation with plenty of high temperature mineral
formation near fluid channel compared to edges of hydrotherm-
al chimney wall was also noticed by Tao et al. (2011) and Gena et
al. (2013).

Like mineralogy, the elemental distribution also showed sub-
stantial variability across this chimney section. Among three sec-
tions, the central C10 had the maximum abundance of Cu, Fe,
Co, Mo and highest Cu/Zn ratio of 3.7; but depleted in other trace

100 pm

200 pm

Fig. 8. Microphotograph (obtained from EPMA) of the polished section from top T9 shows cubic pyrite embedded in silicate deposit (a);
the bottom section B9 of the Talus, M2255-9 reveals radiated dendritic barite and anhedral pyrite surrounded by opaline silica (b); and

the C9 layer having massive pyrite growths (c).
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Fig. 9. Plots of bulk Sr contents against concentrations of Cu (a) and Fe (b) in different sub-samples of the small peripheral chimney

and central giant chimney.

elements (e.g., Sc, Ti, V, Ni, Y, Zr, Hf, Th, and U) (Table 3). High
temperature fluid flow helps to keep most of those trace ele-
ments in mobile fluid phase and thus made them least abundant
in sulfide deposit. Relatively lighter S-isotopic composition
(9345=3.8%0) of chalcopyrite in C10 is very similar to previously
reported values in large chimney of same vent field (53S=3.0%o-
5.5%o; Lein et al., 1993) and also comparable to high temperature
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Fig. 10. Distribution of minerals representing their possible par-
agenetic sequences across the short peripheral chimney (a) and
central giant chimney (b).

sulfides over oceanic ridges (534S=1.2%o to <5.0%o, Fig. 11). The
lighter isotopic ratio around fluid channel suggests more equilib-
rium S-isotope fractionation between H,S in fluid and sulfide
minerals. Whereas, the isotopic composition in sulfides from L10
and R10 (%45=9.1%o and 8.8%o, respectively) were rich in heavier
isotopes; however, lying within the range observed in sulfides re-
ported from other back-arc settings (Fig. 11). Usually, heavier iso-
topic composition (6%4S>5.0%o) in hydrothermal sulfides origin-
ates from sub-surface reactions involving higher seawater-rock
ratios (Ohmoto et al., 1976; Styrt et al., 1981). Therefore, this res-
ult probably suggests fluid at the initial phases of chimney growth
has more contribution from percolated seawater. The relative en-
richment of Srin L10 and R10 (as compared to C10, Table 3) also
could be due to excess inputs from seawater and confirms the hy-
pothesis. However, the contribution from sulfate minerals (e.g.,
barite) available in these layers for such heavier isotopic compos-
ition cannot be ruled out completely. Thus the distribution of
minerals, elements, and S-isotopic ratios has spotted out at least
two distinct growth phases across this giant chimney section in-
volving different types of source fluid. Initially, chimney develop-
ment started with mixed sulfate-sulfide-silica phase originated
from fluid having more seawater components and as the chim-
ney mature, with paragenetic shift, higher temperature sulfides
dominates over other minerals (Fig. 10b).

5.3 Formation of talus (M2255-9)

The talus deposits in this vent field mostly composed of sulf-
ide debris; probably originated from local mass wasting or
broken chimney fragments (Lizitsyn et al., 1993; Gena, 2013).
However, the talus (M2255-9, Fig. 2d) which collected from the
base of the central chimney does not look a part of any chimney
or spire but resembles more a piece of massive sulfide. The min-
eralogy and elemental composition of talus sample also differ
significantly from chimney sections. Even though, it is difficult to
predict the actual origin of talus; but the observed lighter S-iso-
topic composition in talus (J34S=2.6%0-4.3%o, Table 3) is quite
comparable to sulfides originated from magmatic materials hav-
ing adequate reduced sulfur and low water-rock ratio (Zieren-
berg et al., 1984; Zeng et al., 2017). Thus, the possibility of disin-
tegration of dome-shaped massive sulfide base, which would de-
velop directly from the magmatic component, cannot be ruled
out as the origin for such talus accumulation. The occurrence of
crystalline marcasite (size 20 pm to more than 50 um, Figs 7a and
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Fig. 11. Comparison of ¢%4S values of hydrothermal sulfides
from Vienna Woods fields with other known sulfide deposits
from various Mid-oceanic ridges and Back-arc settings. This fig-
ure is modified after Kim et al., (2004) with additional data from
Devok et al., (2016) and Zeng et al., (2017).

c¢) as dominant Fe-sulfide suggesting sulfides in talus were likely
to have formed from the Fe-rich fluid, containing sufficient
amount of dissolved polysulfides. Earlier studies also showed
that abundant well crystalline marcasite usually developed from
Fe(II)-rich fluid, containing non-protonated polysulfides or
sulfane (H,S, or H,S,) at the temperature less than 240°C and pH
below 5.0 (Murowchick and Barnes, 1986). Along with marcasite,
euhedral to subhedral pyrite crystals and colloform-silica was
also found in the talus. A similar dominance of marcasite with
sufficient pyrite and amorphous silica has reported in low tem-
perature (<250°C) hydrothermal sulfide (Koski et al., 1994). The
bulk chemistry of talus with low Cu, Mo, and Sn but high Pb con-
tents (Table 3) also likely suggest typical medium to low temper-
ature formation of this talus deposit.

Like uniform physical appearance, the hand-specimen of this
talus sample also exhibits almost comparable geochemical prop-
erties in different layers. Except for minor variation in the top-
most P9 layer, which was exposed to ambient seawater, the con-
centration of most of the elements and S-isotope ratios in other
three layers (T9, C9 and B9) of the talus body were quite closer.
This result suggests there was no major geochemical change in
the formation of original massive sulfide structure, from which
talus might have formed. However, in polished sections of T9 and
B9 layers, the sulfide and sulfate minerals were found to be em-
bedded in siliceous mass (Figs 8a-c) and which apparently indic-
ates late stage low temperature silica precipitation engulfed the
sulfide sulfate minerals developed early.

6 Conclusions

Mineralogy and geochemistry of three hydrothermal struc-
tures in Vienna Woods vent field suggest that even being the con-
stituent part of the same hydrothermal field, the nature of source
fluid responsible for their growth were certainly different from
each other. Different morphology, height, mineral assemblages

and paragenesis of hydrothermal chimneys also confirm differ-
ent modes of evolution from fluid with different temperature and
composition. Nature of mineral zonings and elemental distribu-
tions suggest central giant chimney of this field formed at the
higher temperature relative to smaller peripheral chimneys.
However, for both the chimneys paragenetic shifts were not rep-
resented by sharp changes but on the whole two growth regimes
involving early sulfate and late sulfide phases were involved in
their development. Talus was identified as disintegrated part of
massive sulfide dome of hydrothermal origin. Despite different
evolutionary history, on average, sulfides of this field are en-
riched with Zn and Fe.
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