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Abstract

The East Scotia Ridge is an active back-arc spreading centre located to the west of the South Sandwich island arc in
the Southern Ocean. Initial exploration of the ridge by deep-tow surveys provided the first evidence for hydrothermal
activity in a back-arc setting outside of the western Pacific, and we returned in 2010 with a remotely operated vehicle
to precisely locate and sample hydrothermal sites along ridge segments E2 and E9. Here we report the chemical and iso-
topic composition of high- and low-temperature vent fluids, and the mineralogy of associated high-temperature chimney
material, for two sites at E2 (Dog’s Head and Sepia), and four sites at E9 (Black & White, Ivory Tower, Pagoda and
Launch Pad). The chemistry of the fluids is highly variable between the ridge segments. Fluid temperatures were ~350 °C
at all vent sites except Black & White, which was significantly hotter (383 °C). End-member chloride concentrations in E2
fluids (532-536 mM) were close to background seawater (540 mM), whereas Cl in E9 fluids was much lower (98-220 mM)
indicating that these fluids are affected by phase separation. Concentrations of the alkali elements (Na, Li, K and Cs) and
the alkaline earth elements (Ca, Sr and Ba) co-vary with Cl, due to charge balance constraints. Similarly, concentrations
of Mn and Zn are highest in the high CI fluids but, by contrast, Fe/Cl ratios are higher in E9 fluids (3.8-8.1 x 107%) than
they are in E2 fluids (1.5-2.4 x 10~%) and fluids with lowest Cl have highest Cu. Although both ridge segments are mag-
matically inflated, there is no compelling evidence for input of magmatic gases to the vent fluids. Fluid 8D values range
from 0.2%, to 1.5%,, pH values (3.02-3.42) are not especially low, and F concentrations (34.6-54.4 uM) are lower than
bottom seawater (62.8 uM). The uppermost sections of conjugate chimney material from E2, and from Ivory Tower and
Pagoda at E9, typically exhibit inner zones of massive chalcopyrite enclosed within an outer zone of disseminated sul-
phide, principally sphalerite and pyrite, in an anhydrite matrix. By contrast, the innermost part of the chimneys that cur-
rently vent fluids with lowest Cl (Black & White and Launch Pad), is dominated by anhydrite. By defining and assessing
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the controls on the chemical composition of these vent fluids, and associated mineralisation, this study provides new
information for evaluating the significance of hydrothermal processes at back-arc basins for ocean chemistry and the

formation of seafloor mineral deposits.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/3.0/).

1. INTRODUCTION

Several decades of exploration have resulted in the
detection of hydrothermal vents at numerous mid-ocean
ridges sites, and in rather fewer back-arc basins (e.g.
Ishibashi and Urabe, 1995; Von Damm, 1995; German
and Von Damm, 2003). For the most part, sampling of
back-arc basin hydrothermal systems has been restricted
to sites in the western Pacific (e.g. Gamo et al., 2000).
The first evidence for hydrothermal activity in a back-arc
setting in the South Atlantic, was reported for the East Sco-
tia Ridge (ESR) by German et al. (2000), who found enrich-
ments in concentrations of particulate material and
dissolved manganese in the water column above the ridge
crest at two locations. Evidence for hydrothermal activity
on the Bransfield Strait back-arc spreading ridge, including
elevated levels of dissolved manganese in the water column
and chimney fragments recovered by dredging, was subse-
quently reported by Klinkhammer et al. (2001). However,
activity in this region may be ephemeral (Aquilina et al.,
2013).

In the austral summer of 2009, tethered camera opera-
tions carried out from RRS James Clark Ross on cruise
JR224 returned images of black smoker chimneys as well
as areas of diffuse venting on two segments of the ESR
(Rogers et al., 2012). As it was not possible to sample these
systems on this cruise, we returned to these sites in early
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2010 with the remotely operated vehicle (ROV) ISIS on
RRS James Cook cruise JC42. ISIS was used to take sam-
ples of both high- and low-temperature vent fluids, the
associated vent fauna, vent chimneys and other mineral
deposits, and for detailed bathymetric, visual and geophys-
ical surveys. Analysis of the faunal assemblage reveals that
the vents are inhabited by new, undescribed species of
anomuran crab, eolepadid barnacle, lepetodrilid and
pellospiroid gastropods, actinostolid anemones, and a sti-
chasterid seastar, which represent a new province of vent
biogeography (Rogers et al., 2012).

Here we report the first results of shipboard and shore-
based analyses of high- and low-temperature fluids at the
ESR. We also provide a description of the mineralogy of
the uppermost section of conjugate high-temperature chim-
ney material. Our data reveal that there are significant dif-
ferences in the chemical composition of the fluids between
the two ridge segments, even though the composition of
the host basalt is similar, so the effects of additional pro-
cesses, such as phase separation, on fluid chemistry, are
interrogated. We also show that patterns of mineral zona-
tion in the vent chimneys are generally similar to those
observed at sediment-starved mid-ocean ridge hydrother-
mal sites, although chimneys that currently vent fluids with
lowest Cl are more anhydrite-rich. Finally, we compare our
results with existing data for other hydrothermal systems in
back-arc basin and mid-ocean ridge (MOR) settings.
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Fig. 1. Location of the E2 and E9 hydrothermal vent fields on the ESR back arc basin, South Atlantic Ocean. After Marsh et al. (2012).
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2. GEOLOGIC SETTING

The ESR is an active back-arc spreading centre located
to the west of the South Sandwich island arc in the South
Atlantic Ocean (Fig. 1). It is currently extending at a full
spreading-rate of 62-70 mm/yr (Livermore et al., 1997,
Larter et al., 2003), separating the Scotia Plate to the west
from the much smaller Sandwich Plate, which extends no
more than ~300 km to the east. Although spreading was
initiated more than 15 Myr ago, spreading in the south of
the ridge commenced much more recently (probably less
than 3 Myr ago) (Bruguier and Livermore, 2001). The
spreading centre consists of ten segments, from El in
the north, to E10 in the south (Livermore et al., 1997).
The ridge is rift-like in the central part of the back-arc, with
faulted median valleys similar to those observed on the
Mid-Atlantic Ridge, and lavas are typically dominated by
mid-ocean ridge basalt (MORB)-like compositions
(Fretzdorff et al., 2002; Leat et al., 2004). In contrast, seg-
ments E2 and E9, near the northern and southern ends of
the back-arc, respectively, both display axial volcanic ridges
(AVRs), thought to be in response to inflow of mantle into
the back-arc around the north and south edges of the slab
(Livermore et al., 1997; Leat et al., 2000; Bruguier and
Livermore, 2001). Lavas mainly range from basalt to basal-
tic andesite and are primarily low-K tholeiites, although
some samples show medium-K compositions (Fig. 2;
Fretzdorff et al., 2002; Leat et al., 2000, 2004). The mantle
sampled in segments E2 and E9 differs from the mantle
sampled in central ridge segments by having higher ratios
of Nb, Ba and Th relative to Yb, and generally lower '**
Nd/'**Nd and higher ¥'Sr/%¢Sr ratios, which are indicative
of E-type, rather than N-type MORB (Leat et al., 2004).

These segments also carry a subduction component, indi-
cated most obviously by their enrichment in lead relative
to MORB (Fretzdorff et al., 2002; Leat et al., 2004). The
tectonic setting of segments E2 and E9, close to the edge
of the subducting slab, is a probable setting for the Troodos
Massif in Cyprus (Pearce and Robinson, 2010). This is
arguably the world’s most complete and best-studied ophi-
olite complex, and it is also host to economically valuable
sulphide ore deposits (Bear, 1963).

The presence of an axial magma chamber reflector
underlying the AVR on segment E2 (Livermore et al.,
1997), and evidence for the presence of small pockets of
magma remaining from a recent (<0.1 Myr ago) eruption
event beneath the AVR on segment E9 (Bruguier and
Livermore, 2001), have made these segments the target of
investigations for hydrothermal activity (German et al.,
2000).

2.1. The E2 hydrothermal vent field

The E2 vent field is located just south of the AVR,
between 56°5.2' and 56°5.4'S and between 30°19 and
30°19.35W at ~2600 m water depth (Fig. 3a and b).
Steep-sided fissures run north—south through the centre of
the site, between 30°19.10" and 30°19.15'W, which is filled
with pillow basalts. Extinct and actively venting chimneys
are clustered along the fissures. ‘Dog’s Head’ consists of a
complex of four chimneys, up to ~12 m high, that actively
vent black smoker fluids at temperatures of up to 351 °C
(Fig. 4a). The ‘Sepia’ vent site lies 75 m to the south east
of Dog’s Head. Fluids issue from the top and the underside
(flange) of a bulbous ‘mushroom’-shape structure that is
~11 m high (Fig. 4b). The fluids sampled from the flange

1.2
Basalt Basaltic Andesite
andesite
1 .
o o
0.8 o o
_ oo %o
o .
s Medium-K 5
206
o, o
o ©
oE2
Low-K ®E9
0 ; : : : :
48 50 52 54 56 58 60 62
Si0, (Wt%)

Fig. 2. K,O0 vs. SiO; for volcanic glasses from segments E2 and E9 of the East Scotia Ridge. Data are from Leat et al. (2000), Fretzdorff et al.
(2002) and Leat et al. (2004). Series boundaries and nomenclature from Peccerillo and Taylor (1976).
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Fig. 3. (a) Ship-based swath bathymetry of the E2 segment of the ESR. Area outlined in white shows the area of the high-resolution map (b).
(b) Ship- and ROV-based bathymetry showing the location of high-temperature vents in the E2 hydrothermal field. (c) Ship-based swath
bathymetry of the E9 segment of the ESR. Area outlined in white shows the area of the high-resolution map (d). The major collapse caldera,
Devil’s Punchbowl, is clearly visible. (d) Ship- and ROV-based swath bathymetry showing the position of active vents in the E9 hydrothermal

field. High resolution bathymetric contours are at 1 m intervals.
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Fig. 4. Images showing: (A) Dog’s Head chimney; (B) Sepia flange
Pagoda chimney.

are slightly cooler (313 °C) than the fluids sampled from the
top of the structure (up to 353 °C). Numerous areas of dif-
fuse flow were also observed around the vent field, with
temperatures varying from 3.5 to 20 °C, compared with a
background temperature of ~0.005 °C.

2.2. The E9 hydrothermal vent field

The E9 vent field is located north of a major collapse
caldera (‘Devil’s Punchbowl!’) on the axial volcanic ridge
of the E9 ridge segment, at ~2400 m water depth (Fig. 3c
and d). Two areas of high temperature hydrothermal activ-
ity were discovered, between 60°02.57" and 60°02.84’S and
between 29°58.71 and 29°58.90'W. The distribution of these
active fields, as well as inactive chimneys, appears to be
associated with fissures parallel to the ridge axis, aligned
NNW from the edge of the caldera across an otherwise rel-
atively flat and unvaried terrain of sheet lavas (Fig. 3c;
Rogers et al., 2012).

Two chimney structures occur in close proximity in the
northern part of the E9 vent field. ‘Black & White’ is
~10 m high with multiple vents issuing high temperature
fluids (up to 383 °C) at its summit (Fig. 4c). Lower down
the chimney, wispy smoke can be seen issuing from beneath
flange-type structures. The base of the chimney is sur-
rounded by sulphide rubble that is probably indicative of
chimney collapse in the past. A second chimney, ‘Carwash’,
is located <5 m south of Black & White. This chimney is
~10 m high and is currently venting only low temperature
fluids. Between the two chimneys, lower temperature diffuse
flow (5-19 °C) issues from small sulphide structures and
cracks in the sheet lavas (Marsh et al.,, 2012). The
background temperature at E9 ranged from —1.3 to
—0.11 °C (Rogers et al., 2012).

structure; (C) Black & White chimney; (D) Ivory Tower chimney and (E)

The southern area of the vent field is characterised by
active and extinct chimneys and diffuse flow fields distrib-
uted parallel to the ridge axis. High temperature fluids
(348-351 °C) issue from three chimney structures. ‘Ivory
Towers’ is located to the north of the vent field, ~30 m
south of an area of low temperature diffuse flow, and is
formed of two chimneys complexes on a sulphide platform.
One of these chimney complexes is ~7 m in height and
issues high temperature (348 °C) fluids through a number
of exits, including clusters of ‘beehive’ diffusers (Fig. 4d).
The other complex consists of 5 individual chimneys with
bulbous tops that do not visibly emit high-temperature
fluid. Extensive wispy smoke is nevertheless observed from
flange structures located close to the base of the chimney.

Approximately 50 m to the south of Ivory Towers two
further structures occur in close proximity. At ‘Pagoda’,
buoyant high-temperature fluid pools beneath a series of
flanges (Fig. 4e). Similar flange-trapped fluid pools occur
at ‘Launch Pad’ ~10 m to the west, where there is also a
single black smoker chimney (Marsh et al., 2012). The
southernmost limit of the vent field is marked by several
inactive chimney structures, which lie ~100 m south of
Pagoda.

3. METHODS

3.1. Collection of high- and low-temperature vent fluids, and
chimney material

High temperature vent fluids were collected in 750-mL
titanium (Ti) syringe samplers (Edmond et al., 1992),
equipped with an Inductively Coupled Link (ICL) high-
temperature sensor. For optimal sampling of focused flow,
the chimney orifice was usually widened by breaking off the
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tip with the arm of the ROV. The nozzle of the sampler was
then inserted into the orifice, and the fluid was allowed to
enter the bottle once a steady temperature reading was
obtained. In the case of diffuse flow, the Ti samplers were
used in conjunction with a specially-constructed Ti diffuse
sampler, which was used to prevent entrainment of sur-
rounding seawater into the path of the fluid during sam-
pling. Where possible, fluid samples were taken towards
the end of the ROV dive, to minimize the loss of gases
and precipitation of minerals.

After sampling of high-temperature vent fluids, the
uppermost section of the chimney structure (usually
~20 cm in length) through which the fluid was flowing
was removed using the ROV manipulator arm and trans-
ferred to the ROV basket. Back on board the ship, the
chimney samples were photographed and their dimensions
noted. After drying in air, the sample was wrapped in bub-
ble wrap and stored at ambient temperature.

3.2. Chemical analysis of vent fluids

As soon as the Ti-samplers returned to the surface, they
were rinsed in Milli-Q water and the fluid was withdrawn.
Separate sub-samples were collected for (i) refractive index,
(i1) alkalinity, (iii) pH, (iv) gases, including H,S, (v) anions
and silica and (vi) O and H isotopes, in that order. The
remainder of the sample (the ‘bulk’) was emptied into an
acid-cleaned 1-L HDPE bottle for analysis of all other con-
stituents, including cations and the transition metals. This
sample was acidified (1%) with thermally distilled (TD)
HNO;. Any solid material (‘dregs’) that had presumably
precipitated as the sample cooled was washed into an
acid-cleaned 30 mL HDPE bottle with Milli-Q water and
acidified (1%) with TD HNOs.

Onboard the ship, alkalinity was determined by potenti-
ometric Gran titration with 0.05 M HCI, using IAPSO sea-
water as a standard. The estimated 1o precision of this
technique is +1.3%. pH was determined by ion specific elec-
trode (£0.05 units), and H,S was determined by iodimetric
titration with 0.1 M Na,S,05 (£2%). Anions (Cl™, Br™ and
SO37) were measured by ion chromatography (IC; Dionex
ICS2500). Repeat analysis of IAPSO seawater as well as
single anion standards indicates that the precision of ClI™
and SO3~ analyses is <4-1%; for Br™ it is better than 4+2%.

Back onshore, the bulk sample was filtered through a
0.2 um polycarbonate filter. Particulate material retained
on the filters was dissolved in 10 mL of 50% TD HNO;
at 60 °C for several days, and then transferred to a Teflon
microwave digestion vessel and microwaved at 400 W for
3 min. This step was repeated as necessary until the filter
had completely dissolved. The digested sample was then
transferred to a 15mL Savillex vial with Milli-Q water
and evaporated to dryness. 10 mL of 1.6 M TD HNO;
was added to the vial, the sample was evaporated to
dryness, and this step was repeated. Finally, the sample
was dissolved in 10 mL of 1.6 M HNO; and its mass was
determined. The ‘dregs’ sample was filtered, dissolved,
dried down and re-dissolved in the same way. The concen-
tration of cations was determined in each fraction (see

below), and the overall composition of the vent fluids was
reconstructed.

All onshore analyses (except 8'%0 and 8D) were con-
ducted at the National Oceanography Centre in Southamp-
ton. Concentrations of Li, Na, K, Ca, Mn and Sr in each
fraction were determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES; Perkin Elmer
Optima 4300DV). Concentrations of B, Fe, Cu, Zn, Cs
and Ba were determined by ICP mass spectrometry (ICP-
MS; Perkin Elmer DRC II). The accuracy and precision
of both ICP-OES and ICP-MS measurements was deter-
mined by repeat analysis of a seawater standard (CRM sea-
water from High Purity Standards™). Precision was better
than 2% for all elements, and the measured concentrations
of all elements except the transition metals (which have very
low concentrations in CRM seawater relative to the vent
fluids) were within 2% of the certified values. Silica was
determined by colourimetry using the silicomolybdate
method (Strickland and Parsons, 1968), and fluoride was
determined by IC equipped with a sample loop of 250 puL
(vs. 10 pL for the other anions). The precision of these anal-
yses was better than +5%. The Sr isotopic composition of
the bulk fluid sample was determined by thermal ionisation
mass spectrometry (VG Sector 54). Briefly, Sr was
separated from the sample matrix by cation exchange
chromatography on Sr-spec resin (Eichrom). The purified
sample was loaded using a Ta activator solution onto
single Ta filaments, and the ¥’Sr/%¢Sr ratio of the sample
was determined. Analyses of the NIST987 Sr isotope
standard, made during the course of this work, give
87Sr/36Sr = 0.710245 + 0.000020 (20, n=3), which is
within error of the certified value (0.710250).

Oxygen and hydrogen isotope analysis of vent fluid sam-
ples was carried out by cavity ring-down spectroscopy
(CDRS) at Picarro Inc. (Sunnyvale, California). Briefly,
2 uL of sample was vaporized in a Picarro A0211 high pre-
cision vaporizer, and allowed to equilibrate with ultra-high
purity dry nitrogen gas before introduction into a Picarro
L115-i water vapour analyser for isotope analysis (Powell
et al., 2011). Each sample was analysed by 10 sequential
injections, and results are based on the last 8 injections to
minimize potential memory effects. All data were run
through the ChemCorrect™ software developed by Picarro
Inc. to remove any contamination from organic compo-
nents. Isotope ratios were normalised to the VSMOW sea-
water reference material. Replicate analyses of individual
samples indicate that the reproducibility of the analyses is
~0.1%, for 8'80 and ~0.3%, for 8D.

3.3. Petrologic analysis of chimney material

Back in the laboratory, the chimney samples were
described, re-photographed and then cut for thin section-
ing. Sections were designed to investigate mineral zonation
and textures observed within the chimney walls. The cut
surfaces were also described and photographed. Polished
blocks were made to investigate sulphide mineralisation
and polished thin sections were made to investigate the gan-
gue mineralogy. Thin sections were analysed under both
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transmitted and reflected light, and recorded by photomi-
crograph. Polished blocks were analysed by reflected light
microscopy only. Finally, any loose material from the inner
and outer chimney wall was scraped off, ground and ana-
lysed by X-ray diffraction (XRD) spectroscopy to charac-
terise sulphate and sulphide phases.

4. RESULTS
4.1. Composition of vent fluids

We collected 11 high-temperature and 6 low-tempera-
ture water samples from two different vent sites on the E2
segment, and 12 high-temperature and 8 low-temperature
water samples from 4 different vent sites on the E9 segment
(Table 1). Of the high-temperature samples, all but 4 con-
tained <5 mmol/kg Mg and thus consist of <10% bottom
seawater. The zero-Mg end-member concentrations for
each vent are calculated, as is the usual practise, by extrap-
olating from the composition of bottom seawater collected
at each vent field, through the Mg concentration measured
in the samples from a given vent (Fig. 5). End-member con-
centrations are given in Table 2.

4.1.1. Temperature

The low-Mg vent fluids sampled at both sites on E2
have temperatures of 351 and 353 °C, although the tem-
perature of the fluid seeping through the flange around
the hydrothermal chimney at Sepia was slightly lower
(313 °C). Diffuse fluids when extrapolated to zero Mg yield
temperatures slightly lower (311 °C) than the high-temper-
ature fluids, suggesting that they have cooled during
mixing with bottom seawater in the sub-surface prior to
emission at the seafloor. Vent fluids sampled from chim-
neys to the south of the E9 vent field also have tempera-
tures close to ~350 °C, but the Black & White vent to
the north of the vent field is significantly hotter, at
383 °C. Diffuse fluids at this site extrapolate to slightly
lower temperatures (333 °C), whereas diffuse fluids from
the southern vent sites extrapolate to temperatures some-
what higher (363-382°C) than those measured in the
high-temperature fluids.

4.1.2. Mg and SO,

With the exception of Black & White, Mg and SO,
decrease linearly from their concentrations in seawater to
nearly zero. Low Mg fluids from Black & White tend to
have higher SO4, and the end-member (zero Mg) fluid is
predicted to contain 3.6 mM of SO,. This could be due
either to dissolution of anhydrite by circulation of cooler
fluids in the subsurface prior to venting, or to dissolution
within the samplers of chimney particles that may have
been entrained during sampling.

4.1.3. pH, alkalinity, H,S and Si

Lowest recorded pH values for high-temperature vent
fluids are ~3.0 at segment E2 but, with the exception of
Ivory Tower (3.08), they are slightly higher at E9 (~3.3).
The alkalinity of the vent fluids is negative at all of the vent
sites, due to mineral acidity. The H,S content of the vent

fluids at E2 is ~7 mM, whereas concentrations at E9 are
slightly higher, reaching ~9.5 mM at Black & White, and
up to ~14 mM at the southern vent sites (Fig. 5a). Si con-
centrations range from 17.7 to 22.6 mM at E2, and are
slightly lower at the southern vents sites at E9 (12.7—
14 mM). The Si concentration of end-member fluids from
Black & White is lower again, at 8.2 mM.

4.1.4. Cl, Br and F

While end-member Cl concentrations (532-536 mM) are
close to local bottom seawater (540 mM) at E2, all of the E9
fluids have much lower levels of Cl than seawater (Fig. 5b).
The Black & White vents have concentrations as low as
98 mM, whereas concentrations at the southern E9 sites
are slightly higher (179-220 mM). End-member Br concen-
trations show similar patterns, although ratios of Br/Cl are
slightly higher than bottom seawater (1.54 x 1073), ranging
from 1.57 x 107% at Dog’s Head to 1.75 x 1072 at Black &
White. All of the vent fluids have lower F concentrations
([F)) than seawater (62.8 uM). Fluids from E2 and Black
& White and Ivory Tower have similar [F], between 34.6
and 40.1 uM, whereas the F content of end-member fluids
from Pagoda and Launch Pad are slightly higher (respec-
tively, 54.4 and 53.7 uM).

4.1.5. Alkali and alkaline earth elements, and B

Concentrations of the alkali elements (Na (Fig. 5¢), Li
(Fig. 5d), K and Cs) co-vary with Cl, because of charge bal-
ance constraints. To eliminate this effect, alkali element
concentrations can be normalised to Cl (Table 3). Vent flu-
ids from E2 have lower molar Na/Cl ratios than seawater
(0.86), ranging from 0.79 to 0.80, whereas fluids from the
southern E9 vent field have Na/Cl ratios slightly higher
than seawater, 0.87-0.91. The Na/Cl ratio of Black &
White end-member fluids (0.98) is distinctly higher than
seawater. To our knowledge, this is the highest Na/Cl ratio
ever measured in a seafloor hot spring. Both absolute and
Cl-normalized end-member Li and Cs concentrations are
much higher than seawater at all vent sites. End-member
K/Cl ratios are also higher than seawater, but the concen-
tration of K in Black & White fluids is lower than it is in
bottom seawater.

Concentrations of the alkaline earth elements (Ca
(Fig. 5e), Sr and Ba) also co-vary with Cl, but less closely
compared to the alkalis. The relationship between these
elements and Cl at Black & White is especially scattered,
presumably because of dissolution/precipitation of anhy-
drite and barite. On average ~50% of vent fluid Ba was
recovered from solid material that had precipitated in the
Ti samplers during retrieval. End-member Ba is higher than
seawater, as are end-member Sr and Ca concentrations at
E2 sites, whereas end-member Sr and Ca concentrations
are lower than seawater at E9. End-member Ca/Cl ratios
are all greater than seawater, whereas Sr/Cl is lower than
seawater at the southern E9 sites and higher than seawater
at E2 (Table 3). End-member Sr/Cl is much higher than
seawater at Black & White, presumably because of dissolu-
tion of anhydrite.

All of the vent fluids are slightly enriched in boron
relative to seawater. End-member molar B/CI ratios are



Table 1

Measured concentrations of chemical species in high- and low-temperature hydrothermal fluids from the East Scotia Ridge.

Location/Type Sample T Mg pH Alk Na K Li Cs Ca Sr Ba SO, CI Br F Si H,S Mn Fe Cu Zn B 31%0 8D %7Sr/%sr

# °C mmol/ mEq/ mmol/ mmol/ umol/ nmol/ mmol/ umol/ pmol/ mM mM pM uM mM mM pmol/ pmol/ umol/ pmol/ pmol/
kg L kg kg kg kg kg kg kg kg kg kg kg kg

E2

Dog’s Head JC42-130- 323 2.11 3.02 -0.86 429 38.0 579 579 299 102 183 23 542 84437.717.1 62 1960 1170 11.2 274 531 1.0 1.3 0.704352

Chimney B2-05

Dog’s Head JC42-130- 323228 3.03 —0.83 431 38.0 571 574  30.1 99.7 6.00 2.5 540 843 39.1 13.8 6.2 1960 1180 19.0 151 520 0.9 1.1 0.704355

Chimney B2-08

Dog’s Head JC42-132- 351 1.02 3.05-0.74 427 38.8 598 594 30.0 103 23.0 3.7 528 83742817269 2020 1350 1.56 11.8 533 1.2 1.8 0.704241

Chimney Y1-07

Sepia Chimney JC42-130- 351 12.1  3.66 —0.10 429  31.8 469 458 26.7 98.0 11.9 7.4 534 800 39.013.9 53 1600 815 148 150 520 0.8 1.5 nd
Y2-01

Sepia Chimney JC42-130- 351 2.34  3.14 —0.66 420  37.1 571 567 30.6 101 17.0 22 535 83441.7nd 6.7 1990 993 183 160 528 0.9 1.3 nd
Y2-04

Sepia Chimney JC42-135- 353 1.94  3.10 —0.62 421 37.1 591 578 309 101 138 2.1 531 848 39.621.36.8 1980 959 1.81 243 540 09 14 nd
Y2-01

Sepia Chimney JC42-135- 353 1.99 3.11 —0.69 423  37.1 587 576 31.0 102 14.8 1.9 528 848 38.821.26.8 1980 976 18.6 134 523 0.9 —-0.2nd
Y2-04

Sepia Chimney JC42-135- 347 1.60 3.05 —0.72 418  37.0 591 586 31.1 101 228 1.9 535 85243.121.57.0 1970 971 13.8 133 559 14 14 0.704167
B2-05

Sepia Chimney JC42-135- 347 1.61  3.07 —0.74 419  37.3 591 580 309 102 18.6 1.8 532 833 36.721.47.0 1990 960 546 26.7 535 1.0 —0.50.704171
B2-08

Sepia Flange JC42-132- 3134.04 293 099 413 349 542 548 282 934 194 3.6 521 83740.24.066.5 2040 728 0.61 130 540 0.9 —0.6nd
B1-02

Sepia Flange JC42-132- 313421 29 —-1.07 414 350 547 550 281 929 154 26 516 803 42916.764 2050 737 1.87 150 552 0.9 —0.8nd
B1-03

Diffuse Flow JC42-133- 20 499 6.392.38 458 11.0 521 265 11.0 874 212 265 541 830 58.1 1.240.1 929 413 0.03 0.12 441 0.0 0.0 nd
B2-05

Diffuse Flow JC42-133- 20 50.1 6.39223 459 109 525 263 11.0 878 215 265 540 83559.51.260.1 942 395 0.09 039 432 0.0 0.5 nd
B2-08

Diffuse Flow JC42-133- 3.5 52.6  7.562.60 464 100 289 399 102 881 046 27.8 542 831 63.60.23 bdl 9.94 255 0.13 022 421 —-0.2 —-0.5nd
Y2-01

Diffuse Flow JC42-133- 3.5 527 759246 464 995 287 351 102 881 0.41 272 531 817 63.60.23 bdl 9.76 2.17 0.10 0.54 424 0.0 —0.1 nd
Y2-04

Diffuse Flow JC42-134- 8.1 51.7 6.84234 463 104 374 11.8 104 88.0 2.07 27.2 535 821 59.6 0.51 bdl 40.1 6.63 0.07 0.87 420 0.0 0.2 nd
B1-02

Diffuse Flow JC42-134- 8.1 51.8 6.852.31 464 104 369 121 10.5 883 236 27.3 540 819 654 0.51 bdl 403 6.75 0.10 129 418 0.0 0.7 nd
B1-03

E9

Black & White JC42-140- 3808.02 342 —0.31 152 4.69 109 54.7 4.69 219 322 50 163 26240.21.097.8 169 428 10.5 587 450 0.7 1.3 0.707598

Chimney Y2-01

Black & White JC42-140- 380 0.58  3.52 —0.19 99.1 553 114 63.6 553 164 414 22 106 199nd 79882 197 803 26.1 203 446 0.6 04 0.706029

Chimney Y2-04

Black & White JC42-142- 383 8.35 3.81 0.03 156 11.6 113 542 11.6 504 4.14 11.2 166 271 39.87.058.1 169 644 27.0 5.07 447 03 0.5 nd

Chimney Y2-01
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Black & White JC42-142-
Chimney Y2-04
Black & White JC42-145-
Chimney Y1-06
Black & White JC42-145-
Chimney Y1-07
Carwash Diffuse JC42-140-
Flow B2-05
Carwash Diffuse JC42-140-
Flow B2-08
N Field Diffuse JC42-145-
Flow Y2-01
N Field Diffuse JC42-145-
Flow Y2-04
Ivory Tower JC42-142-
Chimney B2-05
Ivory Tower JC42-142-
Chimney B2-08
Pagoda JC42-144-
Chimney Y1-06
Pagoda JC42-144-
Chimney Y1-07
Launch Pad JC42-144-
Chimney B1-02
Launch Pad JC42-144-
Chimney B1-03
S Field Diffuse JC42-141-
Flow B1-02
S Field Diffuse JC42-141-
Flow B1-03
S Field Diffuse JC42-141-
Flow Y1-06
S Field Diffuse JC42-141-
Flow Y1-07

383 2.37

357 15.8

357 144

11 52.0

11 515

nd 48.0

nd 48.0

348 1.96

348 3.22

351 0.84

351 2.34

351 4.45

351 12.9

5 528

5 527

20 50.2

20 50.5

3.44 —0.33 111

3.73 —0.08 205

3.77 —0.09 195

5.96 2.21

458

595222 452

522224 427

522224 428

3.08 —0.83 201

3.17 —0.68 207

3.44 —0.20 196

3.40 —0.29 202

3.21 —0.56 188

3.57 —0.13 237

7.30 247 461

7.37 2.45

462

591 2.07 451

5.972.03 455

6.10

7.83

7.77

9.83

9.70

9.28

9.32

14.7

14.6

14.8

14.5

12.2

11.8

9.85

9.79

9.91

9.87

113

102

102

32.0

40.5

210

207

215

208

156

138

36.5

36.2

36.7

44.1

61.5

45.0

47.6

2.11

2.14

3.45

3.76

160

157

158

155

112

94.0

0.52

0.37

6.33

5.69

6.10

7.77

9.94

9.83

9.28

9.32

5.79

6.05

6.42

6.40

6.08

6.72

10.0

10.0

9.99

10.1

22.7

44.5

43.1

79.6

26.7

28.7

27.6

28.4

26.6

36.8

86.1

3.21

1.74

1.71

0.33

0.33

0.97

1.06

6.14

7.87

9.47

4.94

4.13

1.84

0.16

0.23

0.55

0.50

4.6

10.7

27.6

27.2

24.8

25.7

0.8

2.4

22

2.1

6.1

27.5

27.2

26.1

26.4

124

227

214

539

530

486

505

227

240

227

234

211

264

535

529

520

527

212 40.9 7.90 8.9

352 39.4 582 8.2

338 36.25.99 7.9

844 64.0 0.32 0.1

814 63.6 0.31 0.2

726 57.3 1.46 1.7

752 571142 1.2

375423124 10.8

382 40.2 11.8 10.9

379 54.7 13.9 10.5

382 54.7 13.3 10.2

340 56.3 12.6 12.0

420 53.8 10.5 10.8

827 63.1 0.16 bdl

820 63.3 0.16 bdl

799 61.8 1.08 0.1

801 nd 1.00 0.1

189

139

144

4.18

4.04

2.99

3.07

590

575

461

444

466

384

0.98

0.82

18.9

16.8

649

803

592

8.47

11.2

1070

1250

831

528

1110

nd

0.0

5.4

5.2

0.07

0.12

0.10

0.14

13.9

32.4

2.8

557

nd

0.9

0.1

0.1

8.56

25.0

20.8

0.48

0.16

0.31

0.86

239

40.0

20.0

14.9

40.6

nd

1.2

1.1

0.2

0.3

463

458

458

418

423

435

440

458

455

461

465

467

467

435

417

430

428

0.4

0.3

0.3

0.3

0.0

—0.

—_

0.0

0.7

nd

0.6

0.7

0.5

0.8

nd

nd

nd

nd

0.6 nd

0.4 nd

0.4 nd

—0.1 nd

—0.6 nd

-0.3 nd

—0.5 nd

1.3 0.705152

nd 0.705471

0.1 0.705121

0.3 0.705456

0.2 0.706177

—0.2 0.707408

nd nd

nd nd

nd nd

nd nd

nd: not determined.

bdl: below detection limit.
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slightly higher than seawater (0.8 x 107%) at E2 (1.0 x 103
— 1.1 x107%, but much higher than seawater at E9
(2.1 x 1073 - 4.7 x 1073).

4.1.6. Transition metals

The concentration of Mn in the end-member fluids
co-varies with Cl, so levels are highest in E2 fluids (2050-
2220 pmol/kg) and much lower in E9 fluids (199
612 pmol/kg) (Fig. 5f). Fluids with highest CI also have
higher Zn (~160 pmol/kg at E2 vs. 2041 pmol/kg at E9);
~50% of Zn in E9 fluids was recovered from solid material
that had precipitated in the Ti samplers, mainly sulphides.
(There is a positive relationship between Zn and S concen-
trations in solid phases.)

Concentrations of Fe in end-member fluids (Fig. 5g)
show no variation with Cl. Fe/Cl ratios are higher in E9
fluids (3.8 x 107> — 8.1x107% than in E2 fluids
(1.5x 1072 — 2.4 x 1073), as is the molar Fe/Mn ratio
(1.8-4.0 at E9 vs. 0.4-0.6 at E2). Very little Fe (<3%) was
recovered from solid material in E2 samples, whereas 30—
50% was present in solid phases in E9 samples. Copper also
shows no variation with Cl, and in fact fluids with highest
Cu are those with lowest Cl. Up to 20% of Cu was recov-
ered from the solid phase in E2 samples, whereas most
(~90%) of the Cu in E9 samples was recovered from solids,
primarily as sulphides.

4.1.7. Sr, O and H isotopes

End-member ¥Sr/®¢Sr ratios for E2 fluids range from
0.704035 to 0.704168 and are lower than the E9 end-mem-
bers (0.70489-0.70514). The calculated end-member for
Black & White is slightly higher, at 0.705762, but this is
partly an artefact of the low Mg/Sr ratio due to dissolution
of anhydrite. Anhydrite dissolution does not fractionate Sr
isotopes (Mills and Elderfield, 1995), and would decrease
the fluid Mg/Sr ratio without changing the Sr/%¢Sr ratio.
The 37Sr/%6Sr ratio of all of the fluids is slightly higher than
the values reported for East Scotia Ridge lavas: lavas from
E2 have ¥'Sr/%¢Sr ratios between 0.702897 and 0.703444
(n=10; Leat et al., 2000), and lavas from E9 have 3’Sr/%°Sr
ratios between 0.702940 and 0.703102 (n=7; Fretzdorff
et al., 2002; Leat et al., 2004).

The oxygen isotope ratio of the end-member fluids is
slightly lower in the E9 vents (3'%0 = 0.5%, to 0.8%,), than
in the E2 vents (8'%0 = 1.0%, to 1.1%,). All vent fluids are
slightly enriched in '®0 relative to bottom seawater (0%,)
(Fig. 5h). The end-member hydrogen isotope ratios show
a similar pattern: 8D values are slightly lower at E9 (0.2—
0.5%,) than they are at E2 (~1.1%,), and all vent fluids
(except those emanating from the flange) are slightly
enriched in D relative to bottom seawater (—0.1%,). The
8D composition of the Sepia flange fluids is slightly
depleted in D (8D = —0.8%,) relative to seawater.

4.2. Mineralogy of the uppermost section of the hydrothermal
chimneys

Photographs showing representative cut sections
through the chimney structures are shown in Fig. 6.
Fig. 7 shows a series of photomicrographs that provide

evidence for the patterns of mineral zonation that are
described below, in turn, for each chimney sample.

The uppermost section of the chimney from Dog’s Head
on the E2 segment is characterised by an inner surface con-
sisting predominantly of coarse-grained, granular chalcopy-
rite, with minor pyrite, that grades into a more massive
texture away from the chimney orifice. The chalcopyrite
becomes intergrown with bornite in the outer part of this
layer and, locally, bornite appears to replace the chalcopy-
rite (Fig. 7a). Covellite sometimes replaces both primary
and secondary (chalcopyrite-replacement) bornite, and is
most commonly found within cracks and along grain
boundaries (Fig. 7a). The massive chalcopyrite-rich layer
then grades into a zone that is mainly composed of fine
grained anhydrite, with minor pyrite, chalcopyrite and occa-
sional fibrous goethite. This zone becomes abruptly coarser
grained and porous (~10% porosity) towards the outside of
the chimney, grading into a barite-dominated layer which
extends to the outer chimney wall (Fig. 7b). The anhy-
drite—barite transition is associated with an increase in
porosity (up to 20-30%). Sphalerite and chalcopyrite occur
as monomineralic or polymineralic-intergrown crystalline
aggregates, occasionally with rare pyrite, within both anhy-
drite- and barite-rich layers. However, sphalerite rarely
makes up more than 2% of the mineral phases. The outer
surface of the chimney consists mainly of sulphides (mainly
sphalerite and pyrite), with some Fe-, Mn- and Cu-oxides,
and patches of barite and anhydrite. Alpha radiation counts
(determined using a Geiger counter) were up to 6 times
higher than background values on the outer surface of the
chimney, due to substitution of *°Ra for Ba (determined
by gamma spectrometry) within the barite lattice.

The tip of the chimney sampled at Ivory Towers on E9 is
also zoned. The inner part of the chimney consists of
coarse-grained chalcopyrite aggregates, with relatively high
porosity. This layer grades into a zone composed of fine- to
medium-grained chalcopyrite, commonly intergrown with
sphalerite (~40%) and pyrite (~15%) (Fig. 7c). The pyrite
concentration increases outwards, away from the chimney
orifice. Barite is present as crystalline aggregates within this
layer, most commonly in pyrite-rich areas, and is occasion-
ally mixed with minor anhydrite. The outer surface of the
chimney consists of sulphide minerals (marcasite, sphaler-
ite, and pyrite), anhydrite and barite.

Like Ivory Towers, the inner part of the tip of the chim-
ney taken from Pagoda on E9 consists of coarse-grained
chalcopyrite. The chalcopyrite becomes more fine-grained
towards the outer part of this layer and is intergrown with
pyrite and sphalerite, mixed with anhydrite. In contrast to
Ivory Towers, sphalerite is relatively rare (<2%) and minor
quantities of bornite are present locally. The bornite is
extensively replaced by covellite, which occurs in high con-
centrations within localised masses, particularly towards
the outside of the chimney structure (Fig. 7d). The outer
surface of the chimney is covered with soft, fine-grained
grey-black oxides, together with various sulphide minerals
(marcasite, chalcopyrite, sphalerite, pyrite and covellite).

By contrast to the other sites in the southern part of E9,
the proportion of anhydrite in the uppermost section of the
Launch Pad chimney is far higher (~45%). The innermost
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Fig. 5. Measured (a) HS, (b) Cl, (c) Na, (d) Li, (¢) Ca, (f) Mn, (g) Fe and (h) !0 vs. Mg in high- and low-temperature vent fluids recovered
from segments E2 (green; Dog’s Head and Sepia) and E9 (blue; Black & White, Ivory Tower, Pagoda and Launch Pad) on the ESR. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Table 2
End-member composition of vent fluids from the East Scotia Ridge.
Vent Max T°C Min Mg pH  Alk Na K Li Cs Ca Sr Ba' CI Br F Si H,S Mn Fef Cu* zn* B 31%0 8D %Sr/Psr

mmol/kg mEq/ mmol/ mmol/ umol/ nmol/ mmol/ pumol/ umol/ mM yM pM mM mM pmol/ pmol/ pmol/ pmol/ pmol/

L kg kg kg kg kg kg kg kg kg kg kg kg

E2
Dog’s 351 1.02 3.02 —0.92 428 39.3 602 603  30.7 102 23 536 842 39.1 17.7 6.7 2050 1280 19 150 532 1.1 1.5 0.704168
Head
Sepia 353 1.60 3.05 —0.80 419 38.1 606 598  31.7 102 18 532 838 384 226 7.1 2060 1010 19 160 542 1.1 1.4 0.704035
Sepia 313 4.04 290 —1.31 409 37.0 588 595 297 935 18 517 838 39.8 22.6 7.1 2220 794 1.9 160 556 1.0 0-0.8 nd
Flange
E9
Black & 383 0.58 342 —0.58 96 6.53 122 645 6.68 227 4.1 98.2 172 34.6 8.19 9.5 199 800 160 29 458 0.5 0.5 0.705762
White
Ivory 348 1.96 3.08 —0.92 191 148 217 164 6.01 254 95 220 361 40.1 12.7 11 612 1210 85 40 461 0.7 nd 0.704610
Tower
Pagoda 351 0.84 3.40 —0.33 191 148 217 164  6.01 254 9.5 220 361 544 140 11 466 830 32 20 461 0.7 0.2  0.704890
Launch 351 4.45 321 —0.88 163 12.4 170 123 568 208 4.1 179 293 53.7 13.8 14 508 1110 560 41 475 0.8 0.2 0.705014
Pad
Bottom —1to 0 53.5 nd 24 465 997 250 23 100 834 0.08 540 831 62.8 nd bdl bdl bdl bdl bdl 420 0.0 —0.1 0.709182
seawater

nd: Not determined.

bdl: Below detection limit.
* Lowest measured value.

T Highest measured concentration in low-Mg fluids from E9.

¥ Highest measured concentration in low-Mg fluids from E2 and E9.
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Table 3

Molar element/Cl ratios for end-member fluids from the East Scotia Ridge.

Vent Na/Cl K/Cl Li/Cl Cs/Cl Ca/Cl Sr/Cl Br/Cl F/Cl Mn/Cl Fe/Cl B/Cl1
x 107> x107° x107  x107°  x107°  x107°  x10* x107?

E2

Dog’s Head 0.80 0.07 1.12 1.13 0.06 0.19 1.57 0.07 3.8 2.4 0.99

Sepia 0.79 0.07 1.14 1.12 0.06 0.19 1.58 0.07 3.9 1.9 1.0

Sepia Flange 0.79 0.07 1.14 1.15 0.06 0.18 1.62 0.08 4.3 L.5 1.1

E9

Black & White 0.98 0.07 1.24 0.66 0.07 0.23 1.75 0.35 2.0 8.1 4.7

Ivory Tower 0.87 0.07 0.99 0.75 0.03 0.12 1.64 0.18 2.8 5.5 2.1

Pagoda 0.87 0.07 0.99 0.75 0.03 0.12 1.64 0.25 2.1 3.8 2.1

Launch Pad 091 0.07 0.95 0.69 0.03 0.12 1.64 0.30 2.8 6.2 2.6

Bottom seawater 0.86 0.02 0.05 0.00 0.02 0.16 1.54 0.12 nd nd 0.78

part of the chimney is dominated by medium- to coarse-
grained anhydrite with only minor sulphide mineralisation.
The sulphide phases are dominated by fine-grained pyrite,
intergrown with minor chalcopyrite and associated with
rare, fine-grained sphalerite. The sulphide minerals are
present both between and within the larger anhydrite crys-
tals. An abrupt, irregular contact, roughly parallel to the
inner vent wall, marks the boundary with an outer, more
sulphide-dominated mineral zone. This zone contains abun-
dant medium grained chalcopyrite, which forms extensive
granular aggregates. The chalcopyrite is intergrown with
pyrite, and very small amounts of sphalerite. On the inner
margin of this mineral zone, close to the contact with the
gangue-rich mineral zone, pyrite is found in moderate
quantities in between the other sulphide phases. However,
the pyrite concentration decreases significantly towards
the outer chimney wall. The chalcopyrite-rich zone grades
into a layer that contains much finer grained chalcopyrite,
with medium-grained anhydrite. This zone also contains
fine-grained pyrite, and the chalcopyrite is occasionally
intergrown with sphalerite. Sphalerite is only present as a
minor phase (~3%), but it is significantly more abundant
in this outer layer than it is in the inner parts of the
chimney.

The tip of the Black & White chimney in the northern
part of E9 also contains abundant anhydrite (~40% to
80%), and the chimney itself has a very soft texture and is
highly friable. The inner surface of the orifice of the chim-
ney consists of medium-grained anhydrite that is mixed
with minor fine-grained chalcopyrite and rare fine-grained
pyrite. Occasionally, the innermost part of this anhydrite-
rich zone is partially coated by a very thin (typically
~1 mm) layer of fine-grained chalcopyrite. This inner min-
eral zone is highly porous. Outside of this zone is a layer
that mainly consists of fine-grained chalcopyrite, associated
with minor (<20%) pyrite. This zone also contains fine- to
medium-grained anhydrite, which encapsulates sulphide
phases and appears to have grown around pre-existing min-
eral grains (Fig. 7e). This chalcopyrite-dominated layer
grades into an outer, relatively porous mineral zone com-
posed of fine-grained pyrite, which is occasionally mixed
with minor quantities (<1%) of bornite. This zone is also
associated with minor fine-grained sphalerite, which locally
appears intergrown with both pyrite and chalcopyrite. The

pervasive anhydrite, seen within the chalcopyrite-rich layer,
continues through this zone (Fig. 7e). The outermost sur-
face of the chimney is dull grey-black in colour, and mainly
consists of various sulphide minerals (marcasite, pyrite,
chalcopyrite and sphalerite).

5. DISCUSSION

5.1. Controls on the chemistry of vent fluids from the East
Scotia Ridge

Hydrothermal fluids are the product of chemical
exchange between seawater and the ocean lithosphere at
high temperature in the deepest part of the hydrothermal
convection cell. Although segments E2 and E9 of the East
Scotia Ridge have similar magma compositions (Fig. 2),
our data reveal that the chemical composition of the vent
fluids is remarkably variable. Processes in addition to
water-rock reaction must therefore have a major impact
on the chemical composition of the ESR fluids. These could
include phase separation, magmatic degassing, cooling and
mixing with seawater prior to venting, or differences in
hydrologic conditions in the reaction zone (such as temper-
ature and the water/rock ratio).

5.1.1. Phase separation and chloride variability

The CI content of E2 vent fluids is almost identical to
seawater, whereas all of the vent fluids sampled at E9 have
much lower CI (Table 2). Depletion (or enrichment) of Cl
relative to seawater in vent fluids is typically attributed to
phase separation (Butterfield et al., 1994; Von Damm
et al., 1997; Seewald et al., 2003; Seyfried et al., 2003).
The maximum temperature recorded at Black & White
(383 °C) lies on the two-phase boundary for seawater at this
depth (Fig. 8; Bischoff and Rosenbauer, 1985), consistent
with subcritical boiling at this site. Fluids from the other
E9 vents, however, have measured temperatures (348—
351 °C) significantly below the two-phase boundary. As
their CI content is low (179-220 mM), this means that
extensive sub-surface cooling must occur prior to venting
at the seafloor. In support of this, extrapolation of diffuse
fluid temperatures at these sites to zero Mg generates higher
temperatures (363-382 °C), and the upper end of this range
lies on the two-phase boundary (Fig. 8).
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Fig. 6. Photographs of cut sections through chimney structures recovered from the East Scotia Ridge. (A) Dog’s Head. (B) Ivory Tower. (C)
Pagoda. (D) Black & White. Note the absence of chalcopyrite-rich phases on the inner surface of the Black & White chimney.

Low ClI fluids from E9 have higher Br/Cl (and B/Cl)
than the fluids from E2 and seawater (Table 3). Experimen-
tal studies of basalt-seawater reaction at high temperature
and pressure indicate that the vapour phase that forms
under supercritical conditions is enriched in Br relative to
Cl, while under subcritical conditions, fractionation of Br
and Cl is minimal (Berndt and Seyfried, 1990). However,
these experiments were conducted under closed-system con-
ditions, and the results have not been reproduced in some
other studies (e.g. Liebscher et al., 2006). More recent work,
conducted under more realistic open-system conditions,
indicates that Br (and B) is partitioned preferentially into
the low-salinity vapour fluids under both sub- and super-
critical conditions (Foustoukos and Seyfried, 2007a), which
supports the idea that the Br/Cl and B/Cl ratios of E9 fluids
are affected by phase separation.

5.1.2. Conditions in the sub-seafloor reaction zone

Pressure and temperature conditions in the sub-seafloor
reaction zone are generally estimated from the concentra-
tion of dissolved silicon in the hydrothermal vent fluid, by
assuming that dissolved silicon is controlled by quartz sol-
ubility. Although studies of quartz solubility in NaCl sys-
tems have been conducted over a wide range of pressure
and temperature conditions, they are however limited in
the critical region of seawater, and the effects of dissolved

chloride concentration are poorly constrained (e.g.
Fournier, 1983; Von Damm et al., 1991). Experimental
studies reveal that the concentration of dissolved silicon
depends strongly on the density of the fluid phase, so that
dissolved silicon is lower in low-density vapour-rich phases
near the two-phase boundary in temperature—pressure-dis-
solved silicon space (Foustoukos and Seyfried, 2007b). In
support of this, the low-Cl vent fluids from E9 have lower
dissolved silicon than the higher CI vent fluids from E2.

Nevertheless, the dissolved silica content of the E9 vent
fluids is significantly higher than Foustoukos and Seyfried
(2007b) measured in their experiments conducted at close
proximity to the two-phase boundary under subcritical con-
ditions ([Si] = 2.2 to 3.8 mmol/kg, with [Cl] = 15-71 mmol/
kg). Rather, their experiments suggest that the low-Cl fluids
sampled at E9 formed at supercritical conditions, with tem-
peratures equal to or greater than ~430 °C, and pressures
of ~320 to >360 bars (Fig. 9). This would place the reaction
zone at depths of between 800 m (Black & White) and
>1200 m (southern vent sites), below the seafloor.

The predicted equilibrium pressure for Dog’s Head,
based on quartz solubility, is ~350 bars (Von Damm
et al., 1991), whereas the predicted equilibrium pressure
for Sepia is ~800 bars, which implies an unreasonable reac-
tion zone depth. A more plausible explanation is that cool-
ing of the Sepia source fluid has occurred during upflow, as
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evidenced by lower end-member Fe concentrations but
higher end-member Mn concentrations (discussed below;
Table 2). Nevertheless, in summary, it seems likely that
the very high levels of dissolved silicon in E2 fluids corre-
sponds to a higher pressure, higher salinity fluid ascending
from the reaction zone, whereas the relatively low dissolved
silicon content of the E9 fluids corresponds to a relatively
low-pressure, high-temperature reaction zone.

Fluid mobile elements such as Li, Cs and B can be used
to estimate water/rock ratios in hydrothermal systems if
their concentrations in the rock are known (Mottl and
Holland, 1978; Von Damm et al., 1985). However, as
end-member B concentrations are affected by phase separa-
tion, B cannot be considered to behave as a mobile trace
element at the ESR. Using data for Cs for fresh lava glasses
from segments E2 and E9 (~0.15ppm and ~0.08 ppm,
respectively; Leat et al., 2000; Fretzdorff et al., 2002), and
Li data for basaltic andesites (~8 ppm; Ryan and
Langmuir, 1987), and assuming 100% extraction of Cs
and Li from the host rock, maximum water/rock ratios
are ~1.9 for E2 vents, and in the range 3.7-9.4 for E9 vents.
Water-rock ratios estimated for Black & White are ~2
times higher than those estimated for the other E9 vents.

Water—rock ratios can also be estimated using 3Sr/®¢Sr
data. Assuming that fresh lava glasses from E2 have
87S1/36Sr = 0.7030 (Leat et al., 2000) and those from E9 have
87Sr/%6Sr = 0.7031 (Fretzdorffet al., 2002), then according to
the dissolution-precipitation model of Berndt et al. (1988),
water-rock ratios are in the range 6-15 at E2, and 40-69
at E9. These ratios are much higher than those calculated
from Li and Cs systematics, because of incomplete extrac-
tion of Sr and the formation of Sr-bearing secondary phases.

Despite the uncertainties in estimating water-rock
ratios, all of the methods discussed above indicate that
water/rock ratios are higher at E9 than they are at E2.
Lower end-member 8'30 and 8D values at the E9 vent sites
also indicate that the water—rock ratio in its reaction zone is
higher than it is at E2 (Shanks, 2001), and higher concen-
trations of Cu in E9 fluids are consistent with experimental
studies which indicate that dissolved Cu is higher under
more oxidising conditions, and hence higher water/rock
ratios (Foustoukos and Seyfried, 2005). Considered
together, these data suggest that the extent of water-rock
interaction appears to be more limited at E9, which may
be attributed to a shallower reaction zone and/or a shorter
residence time of the fluids within the hydrothermal system
(Von Damm et al., 1997).

5.1.3. Input of magmatic gases?

Segments E2 and E9 of the ESR are magmatically
inflated, and it is proposed that this is the result of inflow
of enriched mantle charged with volatiles from the nearby
subducting slab (Livermore et al., 1997; Bruguier and
Livermore, 2001). At E2, seismic reflection data indicate
the existence of a magma chamber ~3 km beneath the sea-
floor (Livermore et al., 1997). At E9, the situation is more
complex. Seismic reflection data obtained from the Devil’s
Punchbowl caldera indicate that a magma body existed
~2.6 km below the seafloor, which subsequently collapsed
with injection of the melt into a much shallower reservoir,

<0.1 Myr ago (Bruguier and Livermore, 2001). Given that
the apparent depth of quartz-fluid equilibrium for some
ESR vent fluids is >1.2 km, it is possible that the circulating
hydrothermal fluids may reach sufficient depths to entrain
volatiles exsolved from the degassing melt lens, as observed
at other vent fields on back-arc spreading ridges (e.g. the
Mariner field on the Valu Fa Ridge in the Eastern Lau
Spreading Centre (Mottl et al., 2011), and vent fields in
the Manus Basin (Reeves et al., 2011)).

Without gas-tight samplers for this first study of hydro-
thermal fluids from the ESR, it is not possible to present
direct evidence for magmatic degassing from helium and
CO, data (e.g. Craig and Lupton, 1981; Marty and
Jambon, 1987; Sedwick et al., 1994; Lupton et al., 2006).
However, we can investigate these processes indirectly using
trace elements and isotopes that are recovered faithfully
from fluids collected using the Ti-syringe samplers. Mag-
matic fluids have extremely low 6D values (—409, to
—80%,), and 5130 values of 6-8%, (Taylor, 1979; Ohmoto,
1986). Some of the fluids recovered from the Manus Basin
have unusually low 8D (as low as —8.19,), as well as rela-
tively high 8'%0 (up to 1.8%,) (Gamo et al., 1997; Reeves
et al., 2011), and are thought to reflect mixing between
hydrothermal fluids that have experienced high temperature
fluid-rock interactions (which increase 8D and &'%0:
Bowers and Taylor, 1985; Bowers, 1989; Shanks et al.,
1995; Shanks, 2001) and magmatic H,O (Gamo et al.,
1997; Reeves et al., 2011). By contrast, the end-member
vent fluids from both ESR segments have slightly positive
3D (0.2-1.1%,), and 8'%0 values (0.5-1.1%,) are not sub-
stantially different from seawater (0.0%,). However, fluids
venting at the Mariner field on the Valu Fa Ridge (Eastern
Lau Spreading Center), which are also thought to be
affected by input of magmatic gases, do not exhibit low
D (—1.3%, to 1.99%,, relative to —3.29,, in bottom seawater;
Mottl et al., 2011). In addition to high temperature fluid—
rock interactions, D may be enriched in vapour-rich fluids
affected by phase separation (Berndt et al, 1996;
Foustoukos and Seyfried, 2007c). Thus, although it seems
that significant input of magmatic gases to ESR vent fluids
is unlikely, we cannot preclude the possibility that a mag-
matic 3D signal has been overprinted by hydration reac-
tions between fluids and crust at low water-rock ratios
(E2 and E9), and/or phase separation processes (E9).

Vent fluids affected by input of magmatic volatiles also
tend to have low pH, and high concentrations of F, relative
to fluids venting from mid-ocean ridges (e.g. Gamo et al.,
2006; Reeves et al., 2011). The pH of the ESR fluids (3.0—
3.4) is at the lower end of the range for high temperature
vent fluids from MOR hydrothermal systems (2.6-4.4;
Butterfield et al., 2003), but is generally higher than the
pH of >250 °C vent fluids thought to be affected by input
of magmatic fluids in other back-arc basin settings (2-3:
Gamo et al., 1997; Mottl et al., 2011; Reeves et al., 2011).
Similarly, F concentrations in ESR end-member fluids are
within the range measured in MOR hydrothermal systems,
where F is depleted relative to seawater (Edmond et al.,
1979; Maris et al., 1984; Von Damm et al., 1985; Seyfried
and Ding, 1995; German and Von Damm, 2003). Fluids
affected by magmatic inputs tend to be enriched in F
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Towers (E9) showing the innermost massive chalcopyrite-rich layer. Note that the outer part of this zone becomes more fine-grained, and the
chalcopyrite becomes intergrown with sphalerite. Reflected light. (d) Section through a chimney from Pagoda (E9), showing the inner
chalcopyrite-rich layer, and the presence of covellite in the outer part of the layer. Reflected light. (e) Section through the chalcopyrite-rich
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relative to seawater (Mottl et al., 2011; Reeves et al., 2011).
Interestingly, the F/Cl ratio of fluids from E9 (0.18 x 1073
—0.35 x 107?) is higher than that of seawater (0.12 x 107%)
(Table 3), and within the range reported for the Manus
Basin and Mariner vent fields (respectively, 0.19 x 107> —
093 x107* and 0.12x 1073 — 0.21 x 1073) that are
thought to be affected by magmatic inputs (Mottl et al.,
2011; Reeves et al., 2011). This may be due to enrichment
of F in the vapour phase during phase separation, although
there is only a weak correlation (+* = 0.3) between Cl and
F/CI based on the data reported in Reeves et al. (2011)
and Mottl et al. (2011), and the behaviour of F in submar-
ine hydrothermal systems is poorly understood (Seyfried
and Ding, 1995). Rock leaching has also been proposed
as a source of F to some felsic-hosted terrestrial geothermal
systems (Arnorsson et al., 1978), although, as Reeves et al.
(2011) point out, the F contents of unaltered dacites from
the Paul Ridge in the Manus Basin are not substantially dif-
ferent from typical MORB.

On balance, there is no compelling evidence for mag-
matic degassing into the hydrothermal systems at E2 and
E9, despite seismic evidence for the existence, or recent exis-
tence, of a magma chamber underneath both segments. If
the magma chamber is degassing, then the volatiles must
be prevented from interacting with the hydrothermal fluids,
perhaps due to the presence, or absence, of extensive

faulting. Alternatively, the abundance of magmatic vola-
tiles may be low. In support of this, the water content of
volcanic glasses recovered from segments E2 and E9
(0.30-1.02 wt%; Fretzdorff et al., 2002) is slightly lower
than it is in glasses recovered from the Manus Basin (1.2
to 1.8 wt%; Sinton et al., 2003) and the Valu Fa Ridge on
the Eastern Lau Spreading Center (1.3 wt%; Fouquet
et al., 1993), on segments that host vent fluids thought to
be affected by input of magmatic volatiles.

5.1.4. Influence of sub-surface processes

Concentrations of Mg in the high-temperature samples
are very low, suggesting that they have not mixed substan-
tially with seawater prior to venting. Unusually, the Fe con-
centration in E2 end-member fluids is much lower than the
end-member Mn concentration (Table 2). As Fe preferen-
tially precipitates relative to Mn on cooling (Seyfried and
Ding, 1993), this suggests that the E2 fluids have cooled
during upflow; the Sepia flange fluids appear to have under-
gone additional cooling as they have even higher Mn/Fe
ratios.

Cooling reduces both the stability of iron chloride com-
plexes and the solubility of iron and iron-copper sulphides,
resulting in removal of Fe and Cu from solution. Precipita-
tion of iron and iron-copper sulphides generates acidity (see
Reeves et al., 2011), which may explain why the pH of high
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Fig. 9. Dissolved silicon and Cl concentrations measured in
vapour-rich fluids at E9, in comparison with quartz solubility data
modelled by Foustoukos and Seyfried (2007b), based on their
experimental data. Dissolved silicon concentrations suggest that
the low-Cl vent fluids formed at higher temperature and pressure
than the critical point of seawater (see Fig. 8).

temperature fluids from E2 is slightly lower than the pH of
E9 end-member fluids (Table 2). Edmond et al., 1995 sug-
gest lowering of pH promotes the remobilization of Zn
from sphalerite; this is consistent with higher Zn in E2
end-member fluids, although Cl concentration appears to
be the principal control on Zn in ESR vent fluids.

5.2. Controls on hydrothermal mineralisation

The morphology and mineralogy of the uppermost part
of active black smoker chimneys collected at the ESR are
summarised in Fig. 10. Chimney material from E2 (Dog’s
Head), Ivory Tower and Pagoda, typically exhibits inner
zones of massive chalcopyrite enclosed within an outer zone
of disseminated sulphide, principally sphalerite and pyrite,
in an anhydrite matrix. At E2, barite becomes the dominant
sulphate mineral towards the outermost part of the chim-
ney wall. Bornite may be present in the outermost part of
the outer zone, where it appears to replace chalcopyrite.
In turn, bornite may be replaced by covellite. Sphalerite
tends to be less abundant in the E2 chimneys, whereas
bornite and covellite are more common. By contrast, the
innermost part of the chimneys recovered from the north-
ern vent site at E9 (Black & White), and Launch Pad on
the southern section of E9, are dominated by anhydrite.

The pattern of mineral zonation that we observe is sim-
ilar to other high-temperature black smoker chimneys
recovered from sediment-starved MOR vent sites (e.g.
Haymon, 1983; Graham et al., 1988; Fouquet et al., 1988;
Koski et al., 1994; Tivey, 1995). Chimney walls are initially
constructed upwards from the seafloor by anhydrite precip-
itation from seawater which is heated to supersaturation
with respect to CaSO,4 around the margins of the discharg-
ing jet of hydrothermal fluid. Hydrothermal fluid is trapped
within the anhydrite or leaks into the exterior by
dissolution of anhydrite along cleavage planes. Sulphides
precipitate from the hydrothermal fluids, with higher tem-
perature mineral phases (e.g. chalcopyrite) precipitating
closer to the orifice, and lower temperature mineral phases
(sphalerite, pyrite) precipitating closer to the exterior
(Haymon, 1983; Koski et al., 1994). The anhydrite-rich
interior of the Black & White and Launch Pad chimneys
is thus consistent with new chimney growth.

Once the anhydrite walls are in place, hydrothermal
fluid is protected from extensive mixing with seawater and
chalcopyrite begins to grow in the centre of the chimney
where the temperature is highest. The hydrothermal fluids
migrate outwards, progressively dissolving the anhydrite
and replacing it with sulphides (mainly sphalerite, pyrite
and chalcopyrite). As the fluid moves towards the exterior
of the chimney, conditions become more oxidising,
resulting in replacement of bornite with covellite and the
precipitation of more sulphur-rich phases such as pyrite
(Haymon, 1983; Graham et al., 1988). The mineral zona-
tion that we observe in the E2, Ivory Tower and Pagoda
chimneys is thus consistent with a more mature stage of
chimney growth.

As we have only sampled the uppermost section of the
ESR hydrothermal chimneys, which is unlikely to be repre-
sentative of the overall character of hydrothermal deposits
(which also include the lower parts of the chimneys, flange
structures, and sulphide platforms), we can make only gen-
eral inferences about the relationships between vent fluid
chemistry and mineralisation. Most notably, the overall
higher abundance of barite in the outermost parts of the
chimney material sampled at E2 is consistent with higher
levels of Ba in the E2 vent fluids (~20 pmol/kg vs.
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~7 umol/kg in E9 fluids). In this connection, the average Ba
content of volcanic glasses sampled from E2 (120 +
52 ppm; Leat et al., 2000; Fretzdorff et al., 2002) is higher
than it is in glasses from E9 (65 + 22 ppm; Fretzdorff
et al., 2002; Leat et al., 2004).

Sphalerite is distinctly less abundant in chimney material
recovered from Dog’s Head relative to that recovered from
the E9 sites, which may contribute to higher levels of Zn in
the Dog’s Head vent fluids. Similarly, limited deposition of
chalcopyrite in the Black & White and Launch Pad chim-
neys may be at least partly responsible for high concentra-
tions of Cu in their conjugate vent fluids. Thermodynamic
considerations indicate that the high temperature (383 °C)
of Black & White fluids minimizes precipitation of copper
minerals (e.g. Seewald and Seyfried, 1990), but we note that
the temperature of fluids from Launch Pad (351 °C) is not
significantly higher than the other vent sites (348-353 °C)
that have lower Cu.

5.3. Comparison with other hydrothermal systems

The East Scotia Ridge is the first back-arc basin hydro-
thermal system to have been sampled outside of the western
Pacific. Compared to high-temperature hydrothermal fluids
from other locations, the chemistry of ESR fluids is gener-
ally similar to fluids from other back-arc basin and MOR
settings sampled at similar temperatures, and with compa-
rable Cl concentrations (Table 4). However, fluids from
back-arc basin settings that are thought to be affected by
input of magmatic volatiles (Fenway, Roman Ruins and
DESMOS in the Manus Basin, and Mariner and Vai Lili
on the Eastern Lau Spreading Centre) have notably higher
F, and lower pH, as discussed in Section 5.1. Fluids col-
lected from <1 m above degassing magma from an erupting
submarine volcano (NW Rota-1) have similarly low pH
(~1.1; Butterfield et al., 2011).

There are a number of other features in the data in Table 4
that also call for discussion. Firstly, levels of H,S in ESR flu-
ids follow the overall trend with Cl for back-arc basin fluids
(Fig. 11a), although E9 fluids have high H,S relative to low-
Cl fluids from the North Fiji Basin. Nevertheless, the E9 flu-
ids do not have especially high H,S compared to MOR fluids
with similar levels of Cl. Some of the back-arc basin sites that
are thought to be affected by inputs of magmatic volatiles
have high H,S relative to CI (e.g. Fenway and DESMOS),
whereas others do not (e.g. Roman Ruins and Mariner).
Fluids recovered from NW Rota-1 have extremely low
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H,S (0.001 mM; Butterfield et al., 2011). High-temperature
magmatic gases contain high levels of SO,, which is highly
soluble in water. Aqueous SO, is unstable under hydrother-
mal conditions, and either rapidly hydrates to form sulphu-
rous acid, or disproportionates to yield H,SO, and either S°
(zero-valent sulphur) or H,S. As formation of H,S is
favoured at higher temperatures, slightly higher pH, and
lower SO, (Butterfield et al., 2011; Reeves et al., 2011), this
provides a possible explanation for variable H,S levels in
back-arc basin fluids.

Concentrations of Li are closely correlated with Cl in
back-arc basin vent fluids (Fig. 11b), although fluids from
the Okinawa Trough have rather higher Li due to second-
ary interaction with overlying sediments prior to venting
at the seafloor (Gamo, 1995). Fluids from the Mariner
and Vai Lili vent sites on the Eastern Lau Spreading Centre
have slightly lower levels of Li relative to Cl. As discussed
in Section 5.1, this may indicate that the extent of water—
rock interaction is more limited in the reaction zone at these
sites. By contrast, the overall correlation between K (and B)
and Cl in vent fluids from back-arc basin settings is rather
poor (Fig. 11c¢). This is partly because concentrations of K
and B in fluids from the Okinawa Trough are unusually
high, because of interactions with the overlying sediments
(You et al., 1994; Gamo, 1995), but also because on closer
inspection of the data, it is apparent that basalt-hosted vent
sites (Vienna Woods and Kilo Moana, and MORB-hosted
MOR vent sites) tend to have fluids with relatively low K,
whereas vent sites hosted in dacite (Fenway, Roman Ruins)
and (probably, because of difficulties in isolating the input
from overlying sediments) rhyolite (Yonaguni Knoll) have
relatively high K. Similarly, these dacite- and rhyolite-
hosted vent sites tend to have fluids with relatively high
B. This is consistent with higher K and B in more silicic
rocks (e.g. Peccerillo and Taylor, 1976), and the increased
influence of recycled slab material (Spivack and Edmond,
1987; Ryan and Langmuir, 1993). Thus, in the case of K,
and probably B, it is clear that the chemical composition
of the host substrate can play an important control on
the composition of the vent fluids in back-arc basin settings.

Ba and Sr are expected to be enriched in back-arc basin
lavas because of input of recycled slab material (e.g. Pearce
and Peate, 1995). There is no obvious evidence for relatively
higher Sr or Ba in back-arc basin fluids (e.g. Fig. 11d),
although as discussed in Section 4.1, this may be because
concentrations of Ba and Sr are affected by precipitation
or dissolution of, respectively, barite and anhydrite. In
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Fig. 10. Generalized pattern of mineral zonation for hydrothermal chimneys from: (A) Dog’s Head, Ivory Tower and Pagoda. (B) Black &
White and Launch Pad. The thickness of each bar represents the relative abundances of the mineral phases, from the inner to the outer part of
the chimney orifice. Dashed lines indicate phases that are not always present; the grey shading indicates varying abundance between different

chimneys.



Table 4

End-member composition of vent fluids from other back-arc basins, and MOR sites in the Atlantic, Pacific and Indian Oceans located closest to the ESR. Data are from: North Fiji Basin:
Grimaud et al. (1991), Eissen et al. (1994), Ishibashi et al. (1994). Manus Basin: Gamo et al. (1997), Sinton et al. (2003), Reeves et al. (2011). Eastern Lau Spreading Centre: Fouquet et al. (1993),
Pearce et al. (1995), Mottl et al. (2011). Mariana Trough: Tian et al. (2005), Gamo et al. (2006), Kakegawa et al. (2008), Kato et al. (2012), Nakamura et al. (2013). Okinawa Trough: Shinjo et al.
(1999), Nakagawa et al. (2005), Suzuki et al. (2008), Kawagucci et al. (2011, 2013). Southern Mariana Arc: Embley et al. (2006), Butterfield et al. (2011). Southern Mid-Atlantic Ridge: Koschinsky
et al. (2008), Schmidt et al. (2011). Central Indian Ridge: Gallant and Von Damm (2006), Kumagai et al. (2008), Nakamura et al. (2009). Southern East Pacific Rise: Von Damm et al. (2003). Data

have been converted from mol/kg to mol/L (M) or vice versa where necessary.

Site Vent Substrate Max pH Alk Na K Li C Ca Sr Ba Cl Br F Si HS Mn Fe B 31%0 8D  ¥Sr/%¢sr
T °C mEq/ mmol/ mmol/ umol/ nmol/ mmol/ pmol/ pmol/ mM pM uM mM mM pmol/ pmol/ umol/
L kg kg kg kg kg kg kg kg kg kg
Back-arc basin
North Fiji White Lady Low to med K 285 4.7 0.12 210 10.5 200 nd 6.5 30 59 259 311 nd 142 2.1 12 15 465 nd nd 0.7046
Basin basalt
Kaiyo Low to med K 291 4.7 -0.87 239 145 282 nd 9 43 53 272 414 nd 135 42 26 88 475 nd nd nd
basalt
Manus Basin ~ Vienna Woods Low K basalt 282 44 nd 513 21.2 1080 291 80.1 242 nd 721 111020 16 1.4 351 150 236 0.56 2.4 0.70435
Fenway 3 Med K dacite 358 2.7 nd 397  76.1 917 2650 223 959 nd 582 914 178 12.6 18.8 3800 1180 1610 1.4 —1 0.70394
Roman Ruins 4 Med K dacite 341 2.6 nd 497  82.1 1090 2440 23.1 86.9 nd 685 1080 131 19.8 6.8 3020 6860 1700 1.1 —2.70.70425
DESMOS" Med K basaltic 88 2 —18 351 10.2 nd nd 375 nd nd 453 nd nd 10.2 15.6 nd nd nd nd —8.1 nd
andesite
Eastern Lau Kilo Moana 1 Low K basalt 333 3.6 —0.37 486 169 875 106 349 118 nd 602 916 10.819.7 6.2 512 2490 535 0.82 2.2 0.70446
Spreading ABE 1 Low K basaltic 309 43 —-034430 246 646 390 39.1 115 nd 553 880 13.517.7 3.7 468 268 698 0.86 —1 0.70422
Centre andesite
Mariner 3 Low K basaltic 363 2.7 —225439 369 385 735 438 162 nd 629 1010 74.2 15.7 9.7 5720 13000 1110 0.35 0.2 0.70419
andesite/andesite
Vai Lili 3 Low K basaltic 334 2 nd 561 75 593 1480 39.3 19 nd 790 1140 nd 14.5 nd 6800 2400 790 nd nd 0.7044
andesite/andesite
Mariana Alice Spring Low K basalt/ 287 39 0.1 423 464 nd nd 21.3 nd nd 544 nd nd 14 25 285 62 nd nd nd nd
Trough basaltic andesite
Archaean Low K andesite 343 3 —1.68 330 304 504 nd 17.8  nd 524 432 738 nd 17 58 1180 2710 1170 nd nd nd
Urashima Low K andesite 326 3.01 —1.42 456 37 764 nd 319 nd nd 648 nd nd 162 2.5 2220 554 nd nd nd nd
Okinawa Yonaguni Knoll Med K dacite/ 328 6.7 nd 433 901 =nd nd 261 nd nd 661 nd nd 137 nd 1250 200 4310 nd nd nd
Trough (Tiger top) rhyolite
Yonaguni Knoll Med K dacite/ 310 6.8 nd 254 553 nd nd 143 nd nd 385 nd nd 128 nd 700 100 2930 nd nd nd
(Tiger base) rhyolite
Iheya North Low to med K 310 4.8 122 406 72,5 1220 nd 20 69.5 nd 552 nd nd 12.7 46 645 nd 1780 nd nd nd
Knoll (1) basalt/basaltic
andesite
Theya North Low to med K 309 4.7 151 444 66 1150 nd 23.1 82 34 638 nd 189 13.2 3.7 702 116 1990 1.12 —0.4 nd
Knoll (2) basalt/basaltic
andesite

(continued on next page)
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7.4
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kg
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480

Na

L
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1.1

Max pH Alk

T °C
400 nd nd

349 nd nd

201
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MORB

MORB

Sisters Peak
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NW Rota-1

Southern Mid-
Atlantic Ridge Red Lion

Site
Southern
Mariana Arc
MOR

Table 4 (continued)
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support of this, fluids from back-arc basin settings tend to
have higher ¥’Sr/3®Sr ratios (Table 4) relative to fluids from
TEETETE mid-ocean ridges (0.7028-0.7041; Von Damm, 1990), which
© g g reflects the generally higher 8’Sr/%°Sr ratio of back-arc lavas
=g g - (e.g. 0.70250-0.70348 on the East Scotia Ridge; Fretzdorff
PRI N et al, 2002) by comparison with normal MORB
aEEee (0.70264 + 0.00022; Ito et al., 1987).
Vg o Q& As discussed in Section 5.2, the mineralogy of the upper-
- = ; ~ ;’ most sections of the chimneys recovered from the ESR is
SSERI similar to chimneys on sediment-starved MOR hydrother-
RECECE mal sites. Chimney material from the White Lady hydro-
== thermal site in the North Fiji Basin is similarly dominated
EII= by Cu-, Fe-, and Zn-rich sulphides, and anhydrite, and, like
E2, the deposits are slightly enriched in Ba (Bendel et al.,
-a z U 1993). However, chimney material recovered from Vai Lili,
ooy — on the Eastern Lau Spreading Centre, and from the Mari-
TER« ana Trough, is substantially different from that recovered
2TTYE from the ESR and the Nor_th Fiji Basin, in that it is domi-
voSoo nated by barite and anhydrite is sparse (Moore and Stakes,
S5 R 1990; Fouquet et al., 1993). The Vai Lili mineralisation also
TSNS % has distinctly higher Zn and lower Fe, as well as higher As,
N o oy A Pb, Ag, Au and Hg concentrations, and lower amounts of
0 Mo, Se, and Co, relative to mid-ocean ridge deposits
SREEEE (Fouquet et al., 1993).
® O 4 NQ Chimneys venting high temperature (325-328 °C), high
SREARCREN Cl (614-635 mmol/kg) fluids at the Yonaguni Knoll IV
hydrothermal field in the Okinawa Trough back-arc basin
% : %’ 020 ; are either anhydrite-rich, with sulphide disseminations in
. the anhydrite, like Black & White and Launch Pad, or they
Rosooo = are mainly composed of barite with sulphide disseminations
a=s=s z (Suzuki et al., 2008), like Vai Lili and the Mariana Trough.
=9 § =X Z By contrast, chimney material recovered from the Crystal
@ A 8 site at Yonaguni Knoll IV, which vent lower temperature
©aAan " (220 °C) fluids that are thought to be vapour-rich, are char-
SEIEC % acterised by carbonates including calcite and magnesite, and
E Mn-bearing sulphides including alabandite, sphalerite and
§ adZ 2 g fahlore (Suzuki et al., 2008). Although the presence of cal-
Qo= E cite has been reported for a number of sediment-hosted
scS oSS — hydrothermal systems (e.g. Koski et al., 1985), these authors
= E; suggest that the Mn-rich signature of the sulphides may be
ot — — A 3 .. . R R
aed s en e = characteristic of chimneys forming from vapour-rich hydro-
oo — oo 2 thermal fluids, due to enrichment of Mn relative to Fe and
CERER g Zn. However, Mn-sulphide phases are not observed in the
o o o chimney samples from Black & White and Launch Pad,
5 <7 nor are they observed in chimneys venting low-Cl fluids at
§ g [é the Virgin hydrothermal site on Axial Seamount, Juan de
q(::‘: E § fé' Fuca Ridge (which consist of anhydrite with highly variable
= § 2 § 2 T\r E levels of impregnation by pyrite and sphalerite; Harvey-
50000 5 Kelly et al., 1988). Moreover, low-Cl vent fluids from E9
D =222 Z = have lower Mn/Cl, and higher Fe/Cl, relative to the
_ g i % '—q;) higher-Cl fluids from E2. Although our data, together with
g _<Aanx *; S those from Axial Seamount, suggest that venting of low-Cl
°§° 1’3 2§ § hat § fluids may promote precipitation of sulphates (anhydrite) in
e _% g 'c% g . E = preference to sulphides, the role of phase separation on the
ZI9R A& F“é o % § mineralogy of hydrothermal chimneys is, as yet, unclear.
s - EZ .0
S f£.|2229 6. SUMMARY AND CONCLUSIONS
= em|[TEZS?
Eg = 2 2 ‘2 '!é i Analyses of the chemical and isotopic compositions of
é ;3 § 5 g *D :” :v high temperature hydrothermal vent fluids and associated
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Fig. 11. Concentration of Cl vs. (a) H,S, (b) Li, (c) K and (d) Sr, in end-member fluids from various back-arc basin settings, as well as from a
selection of MOR hydrothermal sites. Nearest MOR sites are given in Table 4. Other MOR sites are: 21°N East Pacific Rise (Von Damm,
1990); 9—10°N East Pacific Rise (Von Damm, 2000), 17-19°S East Pacific Rise (Charlou et al., 1996); Axial Seamount, Juan de Fuca Ridge
(Butterfield et al., 1990); North Cleft, Juan de Fuca Ridge (Butterfield and Massoth, 1994); Southern Juan de Fuca Ridge (Von Damm and
Bischoff, 1987); Lucky Strike, Mid-Atlantic Ridge (Charlou et al., 2000); Menez Gwen, Mid-Atlantic Ridge (Charlou et al., 2000); Broken
Spur, Mid-Atlantic Ridge (James et al., 1995); and TAG, Mid-Atlantic Ridge (Edmonds et al., 1996).

mineralisation from the ESR, reveal significant variations
both between and within ridge segments. Vent fluids recov-
ered from the E9 segment have very low levels of Cl, the
lowest measured in any fluids recovered from a back-arc
spreading centre to date, and must result from phase sepa-
ration within the sub-seafloor hydrothermal convection
cell. Differences in the concentrations of most cations in
the vent fluids can largely be explained by differences in
vent fluid Cl, due to charge balance constraints. Important
exceptions are copper and iron, which have significantly
lower metal/Cl ratios in the higher CI vent fluids sampled
from segment E2. The concentration of these elements
appears to reflect either cooling of the fluids in the hydro-
thermal upflow zone, or less oxidising conditions (lower
water/rock ratios) in the reaction zone. Concentrations of
fluid mobile elements indicate that water/rock ratios are
~2-4 times greater in the reaction zone at E9, compared
to E2.

Although seismic work indicates that both segments E2
and E9 are magmatically inflated, we find no compelling
evidence for input of magmatic volatiles in the vent fluids.
This suggests that either the volatiles are prevented from
interacting with the hydrothermal fluids, or their abun-
dance is low. In support of the latter, the water content

of volcanic glasses from the ESR is generally lower than
it is in lavas from back-arc basin settings that host vent flu-
ids thought to be affected by magmatic input.

The pattern of mineral zonation in the uppermost sec-
tions of chimneys that vent high-temperature fluids at the
ESR is generally similar to that observed at sediment-
starved MOR hydrothermal sites. Nevertheless, the anhy-
drite content of the interior of chimneys that issue fluids
with the lowest Cl (Black & White and Launch Pad) is dis-
tinctly higher than it is in chimney material recovered from
the other sites. This may indicate either that the tips of the
Black & White and Launch Pad chimneys formed very
recently, or that low-Cl fluids promote precipitation of sul-
phate phases in preference to sulphides.

Considered together with existing data, it is clear that
the chemical composition of hydrothermal fluids sampled
from back-arc settings shows many similarities, but also
important differences, to fluids issuing from mid-ocean
ridges. Back-arc basin fluids can be affected by inputs of
magmatic volatiles, but this seems to be the exception
rather than the rule, even where there is seismic evidence
for the existence, or recent existence, of a magma chamber
underneath the vent fields, as there is at E2 and E9. Rather
more commonly, back-arc basin fluids have relatively high
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levels of K and B, and higher 879r/%°Sr, which reflects the
input of recycled slab material. For the same reason, the
abundance of barite in chimney material is also generally
higher in back-arc basin settings. Nevertheless, whatever
the tectonic setting, the concentration of Cl is the dominant
control on the concentration of most chemical species in
hydrothermal fluids.
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