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Abstract Isotopic ratios of strontium and sulfur in six
layers across a horizontal section of a hydrothermal bar-
ite—silica chimney from Franklin Seamount of western
Woodlark Basin have been investigated. Sr-isotopic ratios
in barite samples ®Sr/%Sr = 0.70478-0.70493) are less
radiogenic than seawater ®’Sr/%°Sr = 0.70917) indicat-
ing that substantial leaching of sub-seafloor magma was
involved in the genesis of hydrothermal fluid. The SO, of
magma likely contributed a considerable amount of lighter
S-isotope in fluid and responsible for the formation of bar-
ite, which is isotopically lighter (8**S = 19.4-20.5 %) than
modern seawater (3’*S ~ 21 %o). The systematic changes
in isotopic compositions across the chimney wall suggest
temporal changes in the mode of mineral formation during
the growth of the chimney. Enrichment of heavy S- and Sr-
isotopes (3**S = 20.58 %o; 3Sr/36Sr = 0.70493) in the out-
ermost periphery of the chimney indicates that, at the initial
stage of chimney development, there was a significant con-
tribution of seawater sulfate during barite mineralization.
Thereafter, thickening of chimney wall occurred due to pre-
cipitation of fluid carrying more magmatic components rel-
ative to seawater. This led to a gradual enrichment of lighter
isotopes (8°*S = 20.42-19.48 %c; ¥'Sr/%°Sr = 0.70491—
0.704787) toward the inner portion of the chimney wall. In
contrast, the innermost layer surrounding the fluid conduit
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is characterized by heavier and more radiogenic isotopes
(8%*S = 20.3 %0; ¥'S1/%Sr = 0.7049). This suggests there
was increasing influence of percolating seawater on the
mineral paragenesis at the waning phase of the chimney
development.
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Introduction

Barite, a common authigenic sulfate mineral of the marine
environment, is reported to form in the water column as
well as within sediment; especially around the cold seeps
and hydrothermal vent fields (Griffith and Paytan 2012).
Barite of hydrothermal origin develops mostly due to pre-
cipitation of Ba*? rich fluids and is reported in several
hydrothermal fields in different marginal basins, volcanic
seamounts and oceanic ridges (Kusakabe et al. 1990; Stii-
ben et al. 1994; Herzig et al. 1998; Paytan et al. 2002; de
Ronde et al. 2003; Hein et al. 2007; Noguchi et al. 2011;
Griffith and Paytan 2012; Eickmann et al. 2014). The
Franklin Seamount in Woodlark Basin, off Papua New
Guinea, is a large circular (diameter ~2.0 km) submarine
volcano known for low-temperature (20-30 °C) hydrother-
mal activities (Lisitzin et al. 1997). This volcanic seamount
hosts several barite—silica chimneys within its caldera
(Binns et al. 1993, 1997; Bogdanov et al. 1997; Boyd and
Scott 2001).

Previously, Binns et al. (1993, 1997) described the min-
eralogy and elemental chemistry of hydrothermal barite
recovered from this seamount. The results showed that
the relative abundances of barite, silica and sulfides differ
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significantly in these deposits. Ray et al. (2014) found that
besides the relative abundance, textures of the minerals
vary even within the individual chimneys. The same study
suggested that episodic changes of hydrothermal fluid were
responsible for such mineralogical variations.

Any temporal change in subsurface mixing of magma
with seawater can alter the geochemical nature of the
hydrothermal fluid (Paytan et al. 2002; Staude et al. 2011;
George et al. 2013). This eventually results in distinct min-
eral zonings within individual deposits (Stiiben et al. 1994;
Tivey et al. 1995; Paropkari et al. 2010). Isotopic compo-
sitions of certain elements like sulfur and strontium which
depend on the nature of source fluid are also expected to
vary in different mineral zonings and would provide valu-
able information about the possible changes in fluid com-
position and/or the depositional environment.

In the present investigation, based on the isotopic com-
position of S and Sr in barite—silica chimney, certain issues
linked to the genesis of hydrothermal fluid are discussed.
Moreover, the most feasible temporal changes in fluid com-
position during the growth of the chimney are also inferred
from the variations in mineralogy, elemental compositions
and isotopic ratios in different parts of the chimney wall.

@ Springer

Materials and methods
Collection and brief description of sample

In 1990, under the multinational SUPACLARK (Soviet
Union—Papua New Guinea—Australia—Canada) program,
several hydrothermal fields of different marginal basins
in the southwest Pacific Ocean were thoroughly explored
and were sampled using MIR submersibles onboard ORV
Akademik Mstislav Keldysh. During the MIR-2 dives (dive
nos. M-2192 and M-2202), a number of barite—silica chim-
ney structures of different heights rising from a mound-
like base were found inside the caldera of Franklin Sea-
mount (Fig. 1) (Binns et al. 1997). One extinct chimney
was collected from the dive site, M-2202 (09°54.45'S and
151°49.62'E) at the water depth of 2247 m.

A horizontal section from the top portion of the barite—
silica chimney (M-2202-1A2 in Fig. 2) was used for the
present isotopic investigation. This chimney section has
distinct mineral zonings characterized by variable abun-
dance and crystal habits of barite, silica and metal sulfides
(Ray et al. 2014). The outermost rim and the layer near
the fluid orifice are made up of colloform silica and partly
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Fig. 2 Cross section of barite—silica hydrothermal chimney collected
from the Franklin Seamount, Woodlark Basin. L1-L6 represent six
layers of the chimney section, M2202-1A2, used for mineralogi-
cal and isotopic investigation. Diameter of the coin in this figure is
2.5cm

crystalline barite, whereas the intermediate portion con-
tains well-developed large euhedral barite crystals, silica
and traces of disseminated metal sulfides (mostly pyrite)
(Table 1; Ray et al. 2014).

Subsampling and analytical methods

To understand the sub-seafloor mechanism(s) involved in
the evolution of hydrothermal fluid and its subsequent min-
eralization, S- and Sr-isotopic investigation was carried out
in subsamples from different layers of the chimney wall.
Accordingly, the horizontal section M2202-1A2 of the bar-
ite—silica chimney was dissected into six subsamples (L1—
L6) as shown in Fig. 2. These subsamples display minor
variations in color which correspond to diverse mineral
zonings within that chimney section (Ray et al. 2014). After
separation, samples from each layer were washed thor-
oughly with Milli-Q® water to remove the absorbed salts
and then dried in a hot-air oven. Several small chips (26
nos.) and polished samples from all six layers were thor-
oughly scanned with reflected light microscope and scan-
ning electron microscope (JEOL JSM-5800LV) for textural
and mineralogical analyses. A portion of each subsample
was crushed into fine powder and used for other geochemi-
cal analyses. Bulk mineralogy and major element compo-
sitions in the powdered samples were determined with an
XRD (Rigaku PW-1710) and an XRF (Axios PANalytical),
respectively, at CSIR-National Institute of Oceanography,
Goa.

Prior to isotopic analysis, barite and silica of chimney
samples were separated from sulfides following the method

modified after Noguchi et al. (2011). Finely powdered sam-
ples were heated with 50 % ultra-pure nitric acid (at 200 °C
for 12 h) to dissolve the traces of metal sulfides. After acid
digestion, the white residues were filtered out on 0.45-um
Millipore filters; washed with deionized water and dried
at 110 °C. About 0.5 gm of fine barite—silica powder from
each layer was thoroughly treated with 15 ml 0.1 (N) ultra-
pure HCI followed by deionized water four times to remove
all surface contamination. At each step, samples were soni-
cated and then supernatants were discarded. All subsamples
were analyzed for Sr-isotopic ratio (i.e., 87Sr/30Sr) follow-
ing the modified leaching method described by McCulloch
(1994). Cleaned samples were soaked in distilled water and
sonicated at regular intervals for a week. Over this period,
a significant amount of Sr (0.9-1.2 ppm) was leached out
from all samples into the aqueous medium. Sr in aqueous
supernatants was purified from other major ions by pass-
ing through a cation exchange column filled with Bio-Rad
AG50-WX8 resin and then eluted with 2 (N) HCL. There-
after, solutions were loaded onto single tungsten filaments
with a TaF mixture and precisely analyzed in triplicate
by using a thermal ionization mass spectrometer (TIMS,
model: Triton Thermo Finnigan) at the Department of Earth
Sciences, Pondicherry University. Sr-isotopic compositions
are reported in terms of isotopic ratio, 87Sr/30Sr. To assess
the repeatability of the whole extraction process, samples
from each layer were extracted in duplicate and analyzed
separately (corresponding results are presented as A and B
in Table 1). The accuracy and precision of TIMS measure-
ments were evaluated against reference standard SrCO;,
SRM-987 from NIST, USA. After every sample, SRM-987
was analyzed and this yielded an average ¥’Sr/*Sr ratio of
0.710244 (£0.000008; 20) against the certified value of
0.71034 £ 0.00026. The measured isotopic composition in
SRM-987 is in good agreement with “accepted value” of
0.710263 £ 0.000016 reported in several literatures (Stein
et al. 1997; Ehrlich et al. 2001).

Stable S-isotopic ratios were measured with a Europa
Scientific 20-20 IRMS interfaced to a Roboprep elemen-
tal analyzer (Europa Scientific). Thoroughly cleaned
sulfide-free dry finely powdered sample along with V,05
in tin capsules was combusted at 1700 °C in a furnace.
The combusted gases were then swept in a helium stream
over combustion catalysts (tungstic oxide/zirconium
oxide) and through a reduction stage of high-purity cop-
per wire to produce SO,, N,, CO, and water. Moisture in
the gas mixture was removed using a Nafion™ membrane.
Then sulfur dioxide was resolved from N, and CO, on a
packed GC column at a temperature of 45 °C. The result-
ant SO, gas was analyzed for isotopic composition with
the IRMS at stable isotope laboratory of Iso-Analytical,
UK. Isotopic abundances of sulfur are presented as 8*S
relative to Vienna Canyon Diablo Troilite (V-CDT), where
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Table 1 Preliminary description and isotopic compositions of six layers in horizontal section of barite hydrothermal chimney from the Franklin
Seamount, Woodlark Basin

Chimney layers

Thicker wall of the chimney section

Outer rim of the
wall

Intermediate part of the wall between outermost rim and

inner conduit

Conduit

Layer around the
conduit (L5)

Thin wall

Layer at another
side of the conduit
(L6)

(L1) (L2) (L3) (L4)
Major minerals col-si, br br br br col-si, br br, col-si
Minor or trace - col-si, ga, py col-si, ga, asp, py  py, cp, mr, st, anh, msn, py, anh msn
minerals col-si
Na,O (%) 0.6 0.7 0.7 0.6 0.6 0.7
CaO (%) 0.2 0.2 0.2 0.1 0.1 0.2
BaO (%) 40 40 42 38 39 44
Sr0 (%) 1.0 0.7 0.7 0.6 0.9 1.0
Si0, (%) 23 14 18 20 24 12
AlLO; (%) 0.3 0.2 0.2 0.3 0.2 0.3
Fe,0; (%) 18 18 19 18 18 19
MnO (%) ND 0.8 0.7 ND 0.7 0.7
Cr,05 (%) 7.0 7.0 7.0 7.0 7.0 8.0
NiO (%) 0.7 0.8 0.8 0.8 0.8 0.8
SO; (%) 8.0 17 11 13 9.0 11
As,0; (%) ND 0.02 0.01 0.01 ND 0.01
PbO (%) ND 0.2 0.1 0.1 ND 0.1
Total 98.9 99.4 100.3 98.4 100.3 97.7
834SVCDT (%o)
A 20.45 20.41 19.96 19.36 20.30 19.64
B 20.70 20.42 19.98 19.60 20.28 19.61
Average 8*S 20.58 (0.12) 20.42 (0.01) 19.97 (0.01) 19.48 (0.11) 20.29 (0.01) 19.63 (0.02)
(£2SE)
87S1/8Sr (20)
A 0.705000 0.704899 0.704888 0.704878 0.704892 0.704804
(1.1 x 107 (1.5 x 1075) (1.4 x 1075) (8.0 x 1079 (9.0 x 1079) (9.0 x 1079)
B 0.704896 0.704918 0.704889 0.704879 0.704907 0.704769
(5.0 x 107 (5.0 x 107 (6.0 x 107%) (1.0 x 1079) (5.0 x 1079) (6.0 x 1079)
Average ¥'Sr/%Sr  0.704948 0.704909 0.704888 0.704878 0.704900 0.704787
(£2SE) (6.2 x 1075) (9.5 x 1079) (5.0 x 1077 (5.0 x 1077 (74 x 1079 (1.7 x 1073)

The mineralogy and major elements data are obtained from Ray et al. (2014)

col-si, colloform silica; br, barite; ga, galena; py, pyrite; anh, anhydrite; cp, chalcopyrite; msn, metasideronatrite; mr, marcasite; asp, arsenopy-

rite; st, strontianite

8345V—CDT = [{(34S/SZS)Sample or Standard/(34S/32S)V—CDT} -
1110* (Coplen and Krouse 1998). A duplicate set of extrac-
tion and analyses of 8°*Sy, py (A and B in Table 1) restrict
maximum standard error within a limit of £0.12 %.. The
accuracy of instrumental measurement was evaluated
against international reference standards IA-R061 and
TAEA-SOS. Estimated 8**Sy, ¢y values of 20.23 & 0.26 %o
(1o, n =03) and 0.51 £ 0.06 %0 (10, n = 03) were obtained
for certified reference materials IA-R061 (83*S = 20.33 %o)
and TAEA-SO5 (8%*S = 0.5 %o), respectively.

@ Springer

Results and discussion

The mineralogy, major element composition and isotopic
ratios of S and Sr of six subsamples of the barite—silica
chimney section (M-2202-1A2) are summarized in Table 1.
The results showed that similar to the elemental composi-
tion, the isotopic data of S and Sr have a considerable and
systematic variation across the chimney section. The geo-
chemical variations from the external rim to the inner fluid
channel of the chimney indicate that there was a change in
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the nature of parent fluid and/or formation mechanism with
time during different phases of the chimney development.

Sulfur- and Strontium-isotope systematics: relative
contributions of magma versus percolated seawater
toward the generation of hydrothermal fluid

The measured sulfur isotopic ratios (8°*Sy.cpr) in bar-
ite from different parts of this chimney section have a
range between 19.48 and 20.58 %o (Table 1). These val-
ues are lighter than typical diagenetic or cold-seep bar-
ites (33*S > 21-70 %¢) which commonly precipitate from
Ba-rich pore fluids within sedimentary column, but lies
within the limit reported for typical hydrothermal bar-
ites (8**Sy.cpr ~ 16-23 %¢) (Urabe and Kusakabe 1990;
Herzig et al. 1998; Paytan et al. 2002; Eickmann et al.
2014). Baritic chimneys from other parts of the Frank-
lin Seamount also had a similar range of S-isotopic ratio
(8**Sy.cpr = 19.2-20.9 %o; Binns et al. 1997).

Usually, S-isotopic composition of any barite deposit
barely differs from that found with dissolved sulfate-S in
the source fluid from which it precipitated (Kusakabe and
Robinson 1977). Thus, hydrothermal barite precipitated
due to direct influence of seawater should have S-isotopic
composition comparable with that reported for mod-
ern seawater (8%*S = 21 %o; Rees et al. 1978) or slightly
more. Subsurface microbial activities can lead to the for-
mation of heavier sulfate-S-rich hydrothermal barite from
entrained seawater (Eickmann et al. 2014). However, our
present study shows the estimated S-isotopic ratios in bar-
ite (19.4-20.5 %o) of all subsamples are marginally lighter
than contemporary seawater (8°*S = 21 %), suggesting
that the sulfate-S in this barite—silica chimney was not fully
contributed by dissolved sulfate in seawater. Such lighter
isotopic composition can be explained by either subsurface
mixing of seawater with **S-rich H,S (8**S < 1.0-2.0 %o)
in high-temperature fluid prior to barite formation (Han-
nington and Scott 1988; Shanks 2001); alternatively, dis-
proportionation of magmatic volatiles, SO,, or leaching of
rock can also yield lighter S-isotope-rich sulfate minerals
in hydrothermal deposit (Ohmoto and Lasaga 1982; Herzig
et al. 1998).

In previous studies, it has already been established that
subsurface magmatic process plays a significant role in
hydrothermal activities in the western Woodlark Basin (Lau-
rila et al. 2012). Another model-based study by Martinez
et al. (1999) also concluded that there is rift-induced shal-
low mantle convection beneath the crust of western Wood-
lark Basin. The Franklin Seamount, over the active spread-
ing axis of that basin, would likely have a shallow magma
chamber, which could supply magmatic fluid rich in vola-
tiles. The relative abundance of major sulfur species in mag-
matic volatiles is a function of temperature, pressure and

oxidation state of magma (Rye 2005). Commonly, under
low-pressure condition, SO, gas is the dominating S-species
in a shallow magma source (Gerlach and Casadevall 1983;
Rye 2005). As the less dense volatile rich magmatic source
ascends upward, at temperature <400 °C, dissolved SO,
starts to condense at higher fO, and slowly disproportion-
ate into sulfate and sulfides (Ohmoto and Lasaga 1982; Rye
2005; Seal 2006) through hydrolysis as follows:

4SO, + 4H»,O = 3H,SO4 + H»S

Fractionation of the S-isotope associated with this equi-
librium reaction between different S-species favors enrich-
ment of heavier S-isotope in sulfate phase, leaving the
lighter fraction in sulfides (Ohmoto and Rye 1979). The
kinetic isotope effect of this equilibrium generates ample
oxidized sulfate-S, which is characterized by §**S > 0 %o
but is substantially lighter than dissolved sulfate in seawa-
ter (Herzig et al. 1998). This sulfate of magmatic origin can
quantitatively react with available Ba in magma (and/or
rocks) and precipitate as barite, which is isotopically lighter
than seawater at relatively low temperature. Similar mag-
matic SO, oxidation has also been described for the evo-
lution of sulfate minerals at different active hydrothermal
fields in the adjacent basins (e.g., Snowcap site in Manus
Basin, Roberts et al. 2003 and Hine Hina field on Lau back-
arc spreading center, Herzig et al. 1998). Disproportionation
of magmatic SO, as well as sulfides present in the magma,
would generate H,S in the upwelling fluid. A trace quantity
of disseminated sulfide particles (mostly pyrite, Table 1;
Figs. 3c, 4e, f) in intermediate layers of barite chimney
also supports disproportionation reaction which simultane-
ously generates both sulfide and sulfate ions. However, this
anticipated result can argue with previous water column
observations which showed fluid expelled through Frank-
lin Seamount contains no measurable dissolved H,S (Binns
et al. 1993; Lisitzin et al. 1997). Therefore, it can be argued
that dissolved H,S in the ascending fluid was completely
consumed either through precipitation of metal sulfides on
the deeper wall rock of fluid channel or through oxidation
in shallow depths or through combination of these meth-
ods and thus made the expelled fluid free of traceable H,S.
Therefore, it is quite reasonable to assume that the mecha-
nism involving sub-seafloor hydrolysis of magmatic SO,
in shallow stock-work zone could be the main source for
lighter S-isotope in this barite—silica chimney.

Besides sulfur isotopes, hydrothermal barite can also
record Sr-isotopic composition of the parent fluids, and
thus, the nature of fluid responsible for barite formation can
be constrained from such isotopic investigations (Paytan
et al. 2002; Noguchi et al. 2011; Griffith and Paytan 2012).
Our results show 3'St/%6Sr ratio in this barite chimney has
a range between 0.704787 and 0.704948 (Table 1). This
estimated range is consistent with that found in barite from

@ Springer
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Fig. 3 SEM images of barite and silica deposit in different layers of isolated framboidal pyrite (Py) crystal in layer, L3; d large prismatic
chimney section, M2202-1A2. a Colloform silica with less barite in and rectangular platy barite crystals in layer, L4; e radiated dendritic
outermost layer, L1; b smaller bladed barite crystals with globular barite; f globular colloform silica in layer, L5; g, h platy barite crys-
silica cover in layer, L2; ¢ BSE image of rosette-shaped barite with an tals in layer, L6

@ Springer



Int J Earth Sci (Geol Rundsch) (2017) 106:1723-1733

Fig. 4 Microscopic view of
polished sections from different
layers of barite-silica chimney
section. a Filaments of col-
loform silica (Col-Si) in layer
L1, b massive barite of layer
L2, ¢ larger platy barites from
intermediate layer L3,

d thin crosscutting needle-
shaped barite from near orifice,
L5, e framboidal pyrite and

f spherical pyrites in intermedi-
ate layers L3 and L4, respec-
tively

other parts of the Franklin Seamount (¥’Sr/**Sr = 0.70481—
0.70484; Binns et al. 1997) as well as hydrothermal bar-
ites (¥’St/*°Sr < 0.706; Fig. 5b) deposited in sediment-
starved back-arcs and mid-oceanic ridges (Paytan et al.
2002; Noguchi et al. 2011). However, the observed isotopic
ratios are lower than sediment-hosted hydrothermal bar-
ites (¥’Sr/%Sr > 0.706) precipitated with isotopic signature

closer to modern seawater (Noguchi et al. 2011). Isotopic
ratios in the barite—silica chimney of the present investiga-
tion have significantly less radiogenic 'S relative to modern
seawater (¥’Sr/%°Sr = 0.70917, Fu and Aharon 1998); but the
values were slightly more than those found in volcanic lava
in western Woodlark spreading zone (¥’Sr/*°Sr = 0.7028—
0.7039; Binns et al. 1997) or basaltic andesites from Franklin

@ Springer
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Fig. 5 Plots of S-isotopic composition vs. Sr-isotopic ratios. a Corre-
lation between S- and Sr-isotopes in six layers of barite—silica chim-
ney section, M2202-1A2. b The isotopic values of barite—silica chim-
ney, M2202-1A2, from Franklin Seamount are compared with other

Seamount (¥Sr/*0Sr = 0.7029-0.7032; Binns et al. 1993).
Therefore, the estimated ®’Sr/*Sr ratio (0.70478-0.7049)
of this chimney samples suggests that the Sr in the hydro-
thermal fluid, involved in the formation of this chimney,
was acquired from both magmatic fluid and percolated sea-
water. However, without the knowledge of isotopic compo-
sition of the fluid, it is difficult to estimate the actual con-
tribution of each component. An earlier study showed that
87Sr/%°Sr ratio decreases linearly in any hydrothermal fluid
and related deposits as the contribution of Sr from pristine
magmatic melt relative to seawater increases in hydrother-
mal fluid (Kusakabe et al. 1990). According to Kusakabe
et al. (1990), hydrothermal barite with 8’Sr/*Sr ratios rang-
ing from 0.704787 to 0.704948 is estimated to have only
~20 % contribution of Sr from seawater; while the rest is of
magmatic origin. Comparing the bulk Sr concentration in
rocks with that in the end-member hydrothermal fluid, Binns
et al. (1997) also concluded that there was about 25 % con-
tribution of seawater in the hydrothermal fluid of Franklin
Seamount. Therefore, based on observed isotopic composi-
tion of both S and Sr, it can be concluded that these elements
in barite—silica chimney are mostly contributed by magmatic
components as compared to seawater. The positive correla-
tion (R*> = 0.6) between average S- and Sr-isotopic ratios
(Fig. 5a) in this chimney section also supports the findings.

Alterations of isotopic composition across the
chimney section: effect of temporal changes in nature

of hydrothermal fluid

In the present investigation, like bulk concentrations, the
isotopic composition of both S and Sr systematically varies

@ Springer

known hydrothermal barites (Paytan et al. 2002). The asterisk (*) in
this figure indicates average S- and Sr-isotopic composition of typical
deep seawater

in six subsamples from the outer rim to the inner core of
the barite chimney (Table 1). Commonly, such changes in
average isotopic composition across the individual chimney
wall can be explained by temporal variations in the compo-
sition of the hydrothermal fluid (Herzig et al. 1998). There-
fore, the variation of 3’Sr/*®Sr ratio and sulfur isotope sys-
tematic among six subsamples (L1-L6 in Fig. 2) indicates
that there were changes in mechanisms involved in fluid
evolution and/or mode of hydrothermal precipitation at dif-
ferent growth phases of this barite—silica chimney.

The outermost layer of the chimney, L1, contained
abundant colloform silica (Figs. 3a, 4a) with relatively
less barite and was devoid of any sulfide minerals. This
external silica-dominated layer (SiO, = 23 %, Table 1)
indicates the growth of this chimney was initiated through
precipitation of colloform silica (Ray et al. 2014) from a
hydrothermal fluid which was reported to have very high
concentration of dissolved silica (10-15 pg-atom/L, Lisit-
zin et al. 1997). A similar development of low-tempera-
ture hydrothermal silica structure is reported at “Topless
Tower” in Mariana back-arc spreading center (Stiiben
et al. 1994). The average isotopic composition of layer L1,
which is considered to have formed at the early stage of
chimney development, has maximum enrichment of heavy
sulfur (83*Sy.cpr = 20.58 %0) and radiogenic strontium
¥7Sr/%Sr = 0.704948) (Table 1) compared to the other
inner layers. The presence of colloform silica and lack of
large well crystalline barite in L1 suggest that incipient
chimney growth started through rapid hydrothermal precip-
itation due to mixing of emerging fluid with ambient seawa-
ter. Such non-equilibrium rapid mineralization is expected
to incorporate more seawater components, which perhaps
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have resulted in the S- and Sr-isotopic ratios of barite in out-
ermost layer, L1 (8°*S = 20.58 %q; 3'Sr/30Sr = 0.704948)
more close to the average seawater values (8348 = 21 %o;
87S1/8Sr = 0.70917).

The intermediate layers (i.e., L2, L3 and L4) between
external rim, L1, and inner orifice, L5, mostly contain
well-developed barites which include massive forma-
tion (Fig. 4b) as well as cluster of large (70 to >200 pm)
platy (Figs. 3b, 4c), rectangular (Fig. 3d) or rosette-shaped
(Fig. 3c) crystals. Abundance of colloform silica was rela-
tively less; instead, several isolated crystals or patches of
metal sulfides were found in all the three intermediate lay-
ers (Figs. 3c, 4e, f). Considering analytical uncertainty, the
average isotopic composition of barite in these layers was
found to have lighter S (8**Sy cpr = 19.4-20.4 %0) and less
radiogenic Sr (¥’Sr/%Sr = 0.704787-0.704909) isotopic
composition (Table 1) as compared to that found in very
initial growth layer, L1. Like intermediate layers, the layer
L6, the possible concentric part of L4 (Fig. 2), at another
side of the fluid orifice also had well-developed platy bar-
ite (Fig. 3g, h) and was characterized by low 8**Sy cpr
(19.6 %) and *’Sr/*Sr ratio (0.704787). Therefore, all the
intermediate layers which were formed during the main
active phase of chimney development contained more sul-
fur (SO; > 11-17 %, Table 1); however, barites of these
layers were relatively enriched with lighter S-isotopes. This
clearly indicates there was sufficient supply of lighter sul-
fur in fluid during the main growth phase of the chimney.
Increasing contribution of magmatic volatile SO, (rela-
tive to sulfate from seawater) toward barite mineralization
would be accountable for such drop in §*4S values in those
intermediate layers of the chimney wall. Large euhedral
barite crystals (40-80 um) of the intermediate layers also
suggest that mineralization took place at the higher tem-
perature with limited influence of seawater. Furthermore,
a comparison among these layers showed that the average
S-isotopic ratio gradually drops toward orifice of the chim-
ney section in the order of L2 > L3 > L4 ~ L6 (Table 1).
This decreasing trend in S-isotopic ratio might be due to
increased magmatic inputs relative to percolated seawater
in hydrothermal circulation, as the chimney grew. During
active phase, due to fast discharge, the ascending buoyant
fluid would likely have a limited chance to mix with per-
colated water in the sub-seafloor environment. At the same
time, thickening of the chimney wall along with its growth
also reduces the wall porosity and thus restricts infiltration
of seawater through the wall. Thus, lower mixing ratios of
seawater to magmatic components in parent hydrothermal
fluid perhaps develop barite with marginally lighter Sr-iso-
topic composition in the intermediate layers as compared to
the outermost layer (L1). However, changes of Sr-isotopic

composition among the intermediate layers were not very
significant, but a marginal decreasing trend in average
87S1/8Sr ratio (Table 1) toward the orifice was observed.
This may be due to gradual reduction in seawater influence,
as also evident from S-isotopic distribution.

Isotopic compositions of S and Sr of the innermost
layer (L5) are characteristically different from other lay-
ers, L1-L.4 and L6 as discussed above. This perhaps indi-
cates major change in the nature of the parental fluid during
formation of L5. This innermost layer (L5) encircled the
partially clogged chimney orifice, might have developed
at the waning phase of the chimney growth, and miner-
alized under cooler condition. At the end of the chimney
development, as the hydrothermal activity reduced, more
seawater would entrain, causing higher water—rock ratio in
the resultant upwelling fluid. This was responsible for fast
precipitation of dendritic barites (Figs. 3e, 4d) and collo-
form silica (Fig. 3f) in this layer (Ray et al. 2014). Similar
fast mineralization process involving more seawater com-
ponents might be responsible for the substantial increase
in heavier S-isotopic composition (8**Sy.cpr = 20.3 %o) in
L5. Dilution of hydrothermal fluid with radiogenic Sr-rich
seawater also would likely increase the Sr-isotopic ratio to
a higher value (®7Sr/3%Sr = 0.7049), as found in this layer.
Thus, S- and Sr-isotopic distributions helped to identify
three-growth-phase history for barite—silica chimney which
further corroborates with the earlier findings on growth
mechanisms (Ray et al. 2014) of this chimney sample.

The plot of average Sr-isotopic ratios of six lay-
ers against their Si contents revealed a positive slope
(R*> = 0.47; Fig. 6a), while an inverse relation (R* = 0.4)
was found with corresponding Ba concentrations (Fig. 6b).
These relations suggest the variation of relative abundance
barite and silica at different layers of the chimney altered
with Sr-isotopic composition and therefore was probably
influenced by fluid—seawater mixing ratios. More mixing
of seawater would likely restrict barite precipitation, possi-
bly through dilution of Ba in ascending fluid. However, the
positive relation of Sr with SiO, suggests silica precipita-
tion continued in spite of dilution with seawater, this could
be due to two reasons: First, sufficient concentration of dis-
solved silica in both fluid and seawater is expected to limit
the dilution effect for silica as compared to Ba. Second,
the depletion of temperature during mixing with seawater
helped the fluid to attain saturation with respect to silica
and that favored precipitation of more colloform silica
(Ray et al. 2014). Therefore, the small-scale isotopic vari-
ation across the chimney wall distinctly reveals three major
growth phases of this chimney which include: (1) initial
development of silica-rich outskirts of chimney wall (L1);
(2) gradual thickening of wall on either side of the conduit
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and (3) last phase of silica mineralization inside the conduit
(LS) at the cooling stage of the chimney.

Conclusions

Integrated results of S- and Sr-isotopic compositions in the
barite—silica chimney from the Franklin Seamount indicate
subsurface magmatic components had dominant contribu-
tion as compared to percolated seawater toward the genesis
of hydrothermal fluid. Oxidation of sulfur dioxide in shal-
low magma was the principal source for sulfate-S in that
source fluid. Nevertheless, the observed fine-scale isotopic
changes were found to be associated with separate mineral
zonings across the chimney wall, which confirm that there
were changes in fluid composition during the course of
chimney growth. Such temporal variations in fluid occurred
mostly due to change in contribution of seawater relative to
the magmatic component in the source fluid. Thus, based on
the distribution of minerals, element and isotopic composi-
tions, the paragenesis in the chimney growth can be classi-
fied into three phases which include initiation of chimney
development with silica deposition followed by its further
growth through precipitation of sulfate and sulfide minerals
and finally again silicification as the chimney lost its activity.
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