) Article

2 : _ > GEOChemiStry I \) Volume 10, Number 2
GeothSiCS - 12 February 2009

& Geosystems \/f Q02009, doi:10.1029/2008GC002141

> AN ELECTRONIC JOURNAL OF THE EARTH SCIENCES ISSN: 1525-2027

Published by AGU and the Geochemical Society

Click
Here
for
Full
Article

Chemistry of hydrothermal plumes above submarine
volcanoes of the Mariana Arc

Joseph A. Resing

Joint Institute for the Study of Atmosphere and Ocean, University of Washington, Pacific Marine Environmental
Laboratory, NOAA, Seattle, Washington 98115-6349, USA (resing@u.washington.edu)

Edward T. Baker
Pacific Marine Environmental Laboratory, NOAA, Seattle, Washington 98115, USA

John E. Lupton
Pacific Marine Environmental Laboratory, NOAA, Newport, Oregon 97365, USA

Sharon L. Walker
Pacific Marine Environmental Laboratory, NOAA, Seattle, Washington 98115, USA

David A. Butterfield

Joint Institute for the Study of Atmosphere and Ocean, University of Washington, Pacific Marine Environmental
Laboratory, NOAA, Seattle, Washington 98115-6349, USA

Gary J. Massoth
Institute of Geological and Nuclear Sciences, Ltd., P. O. Box 30368, Lower Hutt 5040, New Zealand

Now at Mass-Ex3 Consulting, LLC, 2100 Lake Washington Boulevard North, Renton, Washington 98056, USA

Ko-ichi Nakamura
Advanced Industrial Science and Technology, Tsukuba Central 1, Tsukuba, Ibaraki 305-8561, Japan

[1] Fifty submarine volcanoes of the Mariana Arc, covering 1200 km from 13.5°N to 23.2°N, were
surveyed for hydrothermal activity. Of these 50 volcanoes, eight showed limited evidence of hydrothermal
activity, while another 10 volcanoes displayed intense, chemically rich, hydrothermal plumes that allow
detailed chemical characterization and insight into the hydrothermal activity forming the fluids that
generate the plumes. The most active volcanoes exhibit a wide range of CO, to pH relationships, from the
venting of acid-rich fluids, to CO,-rich fluids, to fluids rich in alkalinity and CO,. These pH-CO,-
alkalinity relationships are partially responsible for the wide range of Fe:Mn (3 to 32) observed at the
different volcanoes. This chemical heterogeneity is further manifest in a wide range of CO,:*He (3 x 10°
to 55 x 109), indicating that for all but one, >80% of the CO, venting from these volcanoes has a slab
source. The helium, by contrast, has an upper mantle isotopic signature. The range of chemical conditions
suggests that these volcanoes occupy various states of eruptive evolution ranging from ongoing magmatic
activity to highly evolved hydrothermal systems.
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1. Introduction

[2] Recent studies of hydrothermal activity on sub-
marine volcanoes along volcanic arcs reveal a great
diversity of hydrothermal activity, resulting in a
wide range of hydrothermal plume chemistry [e.g.,
de Ronde et al., 2001; Massoth et al., 2004; de
Ronde et al., 2007]. Volcanic arcs contain both
subaerial and submarine volcanoes with 80% of
the arc submarine volcanoes found along intra-
oceanic arcs [de Ronde et al., 2003]. Subaerial arc
volcanoes are well studied and characterized, while
those in the submarine setting have only recently
begun to receive attention. This recent attention
reveals exciting new types of hydrothermal activity
at sites like NW Eifuku [Lupton et al., 2006], NW
Rota-1 [Embley et al., 2006; Resing et al., 2007],
and Suiyo Seamount [Zsunogai et al., 1994]. In
1995 hydrothermal activity along arcs had been
identified at only seven different sites [Ishibashi
and Urabe, 1995]; however, since that time more
than 30 active sites have been identified and sam-
pled [de Ronde et al., 2001; de Ronde et al., 2007,
Massoth et al., 2007; Embley et al., 2004]. Studies
of the submarine hydrothermal systems along con-
vergent margins offer insights on the effects of
subducted crust on the products of arc volcanism
and the flux of these products to the oceans. The
shallow depths of many of these volcanoes result in
the emplacement of their volcanic and hydrothermal
products into the surface oceans where they influ-
ence surface ocean chemistry and productivity.
While the length of the submarine intraoceanic arcs
is only 10% of the global mid-ocean ridge system,
the chemical observations made along the arcs to
date [e.g., Massoth et al., 2004; Resing et al., 2007
show that the chemical enrichments in the arc
hydrothermal plumes appear to be much greater
than those in plumes found above mid-ocean ridges
(MOR), suggesting that the flux of chemicals from
submarine arcs may be significant on a global scale.

[3] We report here an almost comprehensive survey
conducted in February 2003 of the submarine volca-
noes located along more than 1200 km of the Mariana
Arc from 13.5°N to 23.2°N. Prior to this survey,
active hydrothermal discharge had been documented
on six submarine volcanoes: Forecast Seamount
[Gamo et al., 1993], Kasuga-2 and Kasuga-3
[McMurtry et al., 1993], Esmeralda Bank [Stiben
et al., 1992], Seamount X [Masuda et al., 1994], and
Toto [Gamo et al., 2004] and was suspected on at
least four more (Ruby, Ahyi, Fukujin, and Nikko)
based on sightings of “discolored surface water” and
seismic records. Those studies were conducted indi-
vidually and not as part of a broad survey. During
this survey we mapped and determined the status of
hydrothermal activity at 50 submarine volcanoes
using multibeam mapping and hydrothermal survey-
ing techniques using 33 towed and 35 vertical
conductivity-temperature-depth-optical (CTDO)
hydrocasts. In addition, discrete samples were col-
lected to chemically characterize the venting found
(see auxiliary material for data from all CTD casts)."
Repeat water column sampling and seafloor explo-
ration of active volcanoes was carried out in both
2004 and 2006 [Embley et al., 2007]. Between 2003
and 2006, 18 volcanoes exhibited some evidence of
hydrothermal activity. Of the 18, 10 had easily
identified, intense activity, another 6 had activity that
had to be confirmed by chemical analyses, and 2 had
very limited chemical evidence of hydrothermal
activity. In this paper we describe the chemistry of
the plumes found above these hydrothermally active
volcanoes.

2. Regional Setting

[4] The Mariana Arc (Figure 1) is part of the Izu-
Bonin-Mariana (IBM) arc system, which is an

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GC002141.
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intraoceanic convergent margin that extends south-
ward more than 2500 km from Japan to south of
Guam. Along the IBM system, the Pacific Plate
subducts beneath the Philippine plate and is the
oldest subducting oceanic lithosphere on Earth.
This results in a uniquely cold subduction zone
with an extraordinarily deep penetration of the
subducting slab into the mantle [van der Hilst et
al., 1991]. These factors suggest that the transport
of elements from the slab into the overlying mantle
is likely to be dominated by fluids [Peacock,
1990]. The volcanic activity along the arc results
from the increased fertility of mantle materials due
to the release of water from the subducting slab
[Peate and Pearce, 1998]. The arc most closely
approaches the back arc at the southern and north-
ern ends of the arc, approaching to within 10 km of
the back arc ridge at the southern end of the arc
[Martinez and Taylor, 2003].

3. Methods

[s] Mariana Arc submarine volcanoes were sur-
veyed using a Sea Bird 911 plus CTD (Conduc-
tivity, Temperature, Depth) augmented with a light
scattering sensor (LSS, Seapoint Inc.) and an
Oxidation Reduction Potential (ORP) sensor. Dis-
crete water samples were collected using a rosette
package with 21 Niskin-type bottles (18.5 L) with
standard sampling spigots for gas collection and
Teflon stopcocks for trace metal and trace partic-
ulate sample collection. The bottles were closed
using Silastic springs and the endcaps were fitted
with Viton O-rings. The CTD cable was a standard
steel cable. No special effort was made to clean the
Niskin bottles. Hydrocasts were conducted as ver-
tical casts with a single round trip between the ship
and the depth of interest and as towed hydrocasts in
which the CTD-rosette package was raised and
lowered as the ship moved along a set course.
Light scattering anomalies (ANTU) are the differ-
ence between the light scatter value measured in a
plume and that of the local background in nephe-
lometric turbidity units (NTU). The ORP sensor
measures the potential between a platinum elec-
trode and a silver-silver chloride reference elec-
trode. Laboratory experiments demonstrate that
this sensor responds to Fe?* and sulfide at nano-
molar levels. Oxygen levels in seawater (80—
200 M) compared to the relatively small amounts
of H,S and Fe*" (0.1-10 xM) in the plumes
indicate that this sensor does not measure the actual
“oxidation reduction potential” of the seawater but
instead must respond to reduced species oxidizing

at the surface of the Pt electrode, thereby producing
a potential relative to the reference electrode. Here
we call the change in this potential versus that of
background seawater AE.

[6] Samples for total dissolvable Mn and Fe
(TDMn and TDFe) were collected directly from
the Teflon stopcocks into 125 mL [-Chem poly-
ethylene bottles, while dissolved Mn and Fe (DMn
and DFe) samples were collected as the filtrate
from 0.4 puM acid-washed polycarbonate filters
into 125 mL [-Chem polyethylene bottles after
the passage of 2 L of water through the filters.
The metals samples were then acidified with
0.5 mL of subboiling quartz distilled 6N HCI.
Mn was determined with a precision of 1 nM by
modifying the direct injection method of Resing
and Mottl [1992] by adding 4 g of nitrilo-triacetic
acid to each liter of buffer. Fe was determined with
a precision of £2 nM by modifying the method of
Measures et al. [1995] for direct injection analysis.
Total CO, (3XCO,) was sampled and determined by
standard methods [U. S. Department of Energy,
1994]. The pH samples were collected and ana-
lyzed as discussed previously [Resing et al., 2004].
Changes in pH (ApH) and XCO, (ACO,) were
calculated by subtracting the regional background
value of each. Hydrogen sulfide (H,S) was deter-
mined on samples following the procedure of
Sakamoto-Arnold et al. [1986].

[7] Elemental composition of particulate matter
was determined by X-ray primary- and secondary-
emission spectrometry with a Pd source and Mo, Ti,
Ge, and Co secondary targets using a nondestruc-
tive thin-film technique [Feely et al., 1991]. Preci-
sion averaged 2% for major elements, 7% for trace
elements, and 11% for sulfur. Particulate composi-
tions are designated by a “p”” in front of the element
of interest (e.g., particulate Al = pAl). Total partic-
ulate Sulfur (pS) is a combination of elemental
sulfur (pSg;) and nonvolatile sulfides + sulfates
(Snv)- It is analyzed under an atmosphere of nitro-
gen. Elemental sulfur sublimes under a vacuum
leaving pSnyvs thus pSg is the difference between
total pS and the sulfur concentration determined
under a vacuum. He concentrations and isotopic
ratios were determined on samples sealed into
copper tubing [Young and Lupton, 1983] followed
by analysis on a 21-cm radius, dual-collector mass
spectrometer with a precision of £2 x 10~'7 mol
kg~' in *He and +0.2% in $He. Samples for
methane concentration were drawn into 140 ml
syringes and analyzed on board via a helium head
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space technique by gas chromatography within
hours of sampling [e.g., Kelley et al., 1998].

[8] The parameters of the carbonate system (pCO,,
pH, alkalinity, and XCO,) are thermodynamically
related and only two of the parameters are required
to fully describe the carbonate system [Millero,
1979]. These relationships have been incorporated
into a computer program [Lewis and Wallace,
1998] that requires the input of salinity, tempera-
ture, depth, silica, phosphate, and two of the carbon
system parameters to yield the remaining system
parameters. The starting conditions (depth, silica,
phosphate, >CO,, and alkalinity) for each volcano
were determined from the data collected on WOCE
section P-10 at equivalent latitudes and depths
[Sabine et al., 1999]. This program was used to
model the additions of different hydrothermal flu-
ids to ambient seawater.

4. Results

[s] Ofthe 50 submarine volcanoes surveyed on the
Mariana Arc during this study (Figure 1, auxiliary
material), we found clear evidence for hydrothermal
activity on 16 of them (Figure 2 and Tables 1, 2, 3,
and 4; auxiliary material), while another two
exhibited very limited evidence of activity (Table 4).
We failed to find hydrothermal activity at several
other volcanoes that had historical records of erup-
tive activity. In examining the volcanoes, we divide
them into those with strong, weak, and no hydro-
thermal activity. We define strong activity as hydro-
thermal plumes with chemical anomalies that are
large enough to enable us to make an evaluation of
the source fluids and the hydrothermal setting from
which they arose. Weak activity is defined by
volcanoes having much smaller chemical anomalies
(Figure 3; Table 4) which do not allow for source
fluid characterization. In general, A*He = 0.5 fM is
the threshold separating strong and weak activity.
The exception to this is E. Diamante, which had an
intense particle plume [Baker et al., 2008] but a
A*He 0.2 M.

4.1. Strong Hydrothermal Activity

[10] Seamount X exhibited moderate ANTU and
weak AE signals over the depth range of 1200 to
1350 m during a towed hydrocast (T03A03) offset

150 m SE from the summit (Figure 2). Samples
collected showed significant increases in TDFe,
TDMn, and *He with a smaller increase in pS
(nonvolatile plus volatile sulfur) (Tables 2 and 3
and auxiliary material). Both Fe (73—-93%) and Mn
(100%) were mostly in the dissolved phase, indi-
cating that the samples collected were of freshly
vented fluids. On the whole, the correlation be-
tween TDFe and TDMn was poor. When the data
were subdivided into shallower and deeper sam-
ples, however, the correlation improved with the
shallower samples having an Fe:Mn = 1.2:1 and
the deeper ones a ratio of 4:1. The highest concen-
trations of pS were also in the shallow samples,
while the deeper ones had very little sulfur. Ele-
mental sulfur most likely arises from the oxidation
of H,S [Resing et al., 2004] and its presence
indicates a hydrothermal source where H,S > Fe.
This would produce low Fe:Mn in the shallower
samples due to the formation of Fe sulfides.
Samples were not collected for »CO,; however,
an upper limit for the amount of excess CO, added
to the plumes can be made by assuming that the pH
anomaly was caused solely by CO, [see Resing et
al., 2004]. The pH decrease of 0.1 pH unit
suggests, therefore, that the largest possible
ACO, 34 uM and an upper limit for ACO,:*He
is 28 x 10°.

4.1.1. NW Rota-1

[11] Hydrothermal activity was identified during a
towed hydrocast (TO3A06) northwest of the sum-
mit by large ANTU signals 460-m depth, 60 m
above the summit of the volcano, with a secondary
plume at 520-m depth. The plume samples showed
extremely elevated TDFe, TDMn, pAl, pS, CO,,
*He, and ApH (Figure 2; Tables 2 and 3; auxiliary
material). These plumes, described previously
[Resing et al., 2007], have an abundance of alunite
crystals, weathered and reprecipitated silicas, and
clays. In repeat visits to this volcano in 2004, 2005,
and 2006, it was found to be in a continuous state
of eruption [Chadwick et al., 2008; Embley et al.,
2006] producing large clouds of volcanic ash and
glass [Walker et al., 2008]. Over this time period,
the volcano was found to be venting highly acidic
fluids rich in sulfurous acid (D. A. Butterfield,
personal communication, 2008), greatly increasing
ApH observed in the plume (Figure 4).

Figure 1.

Regional map of the Mariana Arc. Circles denote volcanoes that were surveyed during this study. Red

circles and red labels indicate submarine volcanoes with moderate to intense activity. Blue circles and labels indicate
volcanoes with low-level activity. Black circles indicate that no activity was identified during this survey. South

Daikoku and Supply Reef were not surveyed.
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Figure 2. Bathymetric maps of hydrothermally active volcanoes and vertical profiles of chemical anomalies above
them. Tows are indicated by black lines on the maps with green and red circles indicating the starting and ending
points of the tows, respectively. Locations of vertical casts are indicated by yellow filled symbols. Note that scales are
different for each volcano. Particulate aluminum and sulfur are designated by pAl and pS, respectively. Here pS
equals elemental sulfur (pSg;) plus nonvolatile sulfur (pSyv). Total dissolvable Fe and Mn (TDFe and TDMn) are the
total amount of Fe and Mn in unfiltered acidified samples, while dissolved Fe and Mn (DFe and DMn) are the amount
of Fe and Mn in filtered acidified samples. Here ApH and ACO, are the changes in pH and CO, from the regional

background, respectively.

4.1.2. Esmeralda Bank

[12] Esmeralda Bank was surveyed using vertical
hydrocasts (Figure 2) into the caldera (V03-07)
and on a cone on the northern caldera wall (V03—
08) where hydrothermal activity had been previ-
ously identified [Stiiben et al., 1992]. Hydrother-
mal activity was identified within the caldera from
a large ANTU signal below the 225-m sill depth
and by elevated levels of TDFe, TDMn, CO,, 3He,

CHy4, and ApH (Figure 2; Tables 2, 3; auxiliary
material). Fe was found entirely in the particulate
phase while Mn was 100% dissolved. The lack of
dissolved Fe suggests that the fluids that we
sampled in the caldera were hours to several days
old [e.g., Massoth et al., 1998], but the fact that the
Mn was 100% in the dissolved phase suggests that
the fluids that we sampled were younger than a few
weeks [Cowen et al., 1990; Kadko et al., 1990].
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Figure 2. (continued)

TDFe and TDMn were well correlated (R* = 1.00)
with a slope of 17:1, Fe:Mn. The increases in CO,
correlated well with increases in *He (R? = 0.97)
and decreases in ApH (R = 0.98). No H,S was
detected in samples from Esmeralda. The trend in
ApH versus ACO, indicates the venting of CO»-
and alkalinity-rich fluids.

4.1.3. Ruby

[13] A towed hydrocast (TO3A-08) to the east of
the summit in 2003 revealed no hydrothermal
activity. Because eruptive activity had been reported
as recently as 1995 [Venzke et al., 2002], a second
towed hydrocast (TO6A-07) was made to the S-SE
of the summit in 2006. Hydrothermal activity was

indicated by moderate ANTU and AE signals.
Follow-up chemical analyses revealed significant
increases in TDFe, TDMn, pFe, CO,, He, and
ApH (Tables 2 and 3; Figure 2; auxiliary material).
The trend in ApH versus ACO, indicate venting of
CO,- and alkalinity- rich fluids.

4.1.4. East Diamante

[14] Hydrothermal activity was identified during a
towed hydrocast (T03A-09) by a large ANTU
signal in the caldera. Analysis of the particulate
matter reveals that the ANTU signal was caused by
pSg (up to 700 nM) with little to no pFe. TDFe and
TDMn were also low, reaching only ~12 nM and
3.4 nM, respectively (Figure 2). A moderate ApH
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Figure 2. (continued)

of —0.035 pH units and a very weak “He = 0.2 fM
was also present. Although ApH and ACO, were
relatively small, their relationship indicates the
venting of CO,- and alkalinity-rich fluids.

[15] The chemistry of the observed plume is in-
consistent with the black smokers found at this site
when visited by a ROV in 2004 [Embley et al.,
2007]. High- -temperature ventlng should produce
plumes richer in Mn and *He than the values
observed here. Clearly, the black smokers contrib-
ute little to the hydrothermal plumes observed here
and the plume was formed from some other source
very rich in sulfur. This will be discussed further
below.

4.1.5. Maug

[16] Maug was surveyed using a single vertical cast
(VO3A-23) into a basin formed by a central cone
and the western walls of the caldera. ANTU
signals normally associated with the shallow
ocean, combined with the enclosed caldera, made
evaluation of the hydrothermal plume from ANTU
problematic. As a result, samples were collected at
fixed depths and evaluations of activity relied on
postcruise chemical ana1y51s These analyses
revealed a large enrichment in *He in the caldera
with relatively elevated *He reaching the shallow-
est sample at 44-m depth (Figure 2). Unlike other
samples collected in the near surface ocean, the
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Figure 2. (continued)

8°He in the sample at 44 m does not drop below
0% but is enriched, indicating that the waters in the
caldera are actively degassing to the atmosphere.
Other strong chemical enrichments were observed
in X CO,, TDMn, TDFe, pFe, pMn, and ApH. In
this instance, both Fe and Mn were completely in
the particulate phase. In fact, the concentration of
pMn (determined on the filters) exceeded that of
total acid soluble Mn (TDMn), indicating that the
acid added to the whole water sample was unable
to dissolve all of the pMn. The relationship be-
tween ApH and ACO, indicate the venting of
CO»- and alkalinity-rich fluids.

4.1.6. Daikoku

[17] Daikoku was surveyed using a towed hydro-
cast (TO3A-32) to the SSE of the summit. A
hydrothermal plume detected from both ANTU
and AE was found below the summit at 375 m
depth, suggesting that the source of the fluids must
lie along the flanks of the volcano. This is consis-
tent with ROV visits to the area that discovered a
50-m-wide crater on the north flank of the volcano,
75 m below the summit, that was actively venting
cloudy white hydrothermal effluent. The plume
coming from Daikoku was moderately enriched
in TDFe, TDMn, CO,, *He, and ApH (Figure 2). A
much larger anomaly for H,S and pS was observed
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and this pS was predominantly pSg;, which is
consistent with the cloudy white fluids being
emitted from the flank crater. The presence of
H,S and 70% of the Fe in the dissolved phase
suggest a low oxygen setting and/or that the fluids
were collected very near the source. ApH and
ACO, were very small and their relationship
exhibited scatter; however, the data suggest that
the plume was influenced by both CO, and H".

4.1.7. NW Eifuku

[18] Hydrothermal activity was identified during a
towed hydrocast (TO3A30) over the volcano sum-
mit by a large AE signal. The plume was enriched

in TDFe, TDMn, “He, H,S, CO,, and ApH
(Tables 2, 3; Figure 2; auxiliary material). The very
small ANTU in the plume is inconsistent with the
elevated levels of pFe found. The relationship
between ApH and ACO, indicates that pH
changes were brought about solely by ACO,.

4.1.8. Kasuga-2

[19] Kasuga-2 was surveyed using a towed hydro-
cast (T03-A27) that started within the caldera,
proceeding northwest of the summit and down
the flank. Two separate hydrothermal sources were
identified during the hydrocast: a deep plume at
550-m to 650-m depth and a shallow plume at 355-
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Table 1. Hydrothermally Active Submarine Volcanoes of Mariana Arc Sampled During This Study

Caldera Chemical
Summit Floor Plume Characteristics of
Depth (m)  Depth (m)  Depth (m) Morphology Rock Type Venting
Seamount X 1230 - 1250,1290  Cone B/BA? Moderate Fe, Mn and *He
NW Rota-1 520 - 450 Cone B-BA-A® Acid Rich, Fe, Al S,
West Rota 400 1400 1160 Caldera B-A-D¢ Small Fe, Mn, and ‘He
Esmeralda Bank <100 300 >220 Caldera B/BAY CO; and Alkalinity, Fe
Ruby 175 - 200 Cone Basalt® CO, and Alkalinity, Fe
E Diamante 125 500 300 Caldera Dacite' Sulfur and Gas, no Metals
W Diamante® 400 - 550 Eroded Cone B/BAh Very Small *He anomaly
Zealandia 500 ? 600 Caldera? B/A' Small Fe, Mn, and *He
Maug Surface 250 >150 Cone in Caldera  Basalt CO, and Alkalinity, Fe
Ahyi <100 - 90 Cone Basalt® Small *He anomaly
NW Uracas® 750 >900 922 Caldera Basalt" Very Small *He anomaly
Chamorro 825 - 875 Eroded Cone Dacite" Small *He anomaly
Daikoku 325 - 375 Cone Andesite® CO, Rich, Low T, S-oxidation
Kasuga 2 400 650 380,650 Caldera B/BA! CO, Rich, High T
SW Soyo 1450 - 1675 Caldera - Small Mn and *He
W Soyo 1750 2150 2050 Caldera - Small Mn and *He
NW Eifuku 1600 - 1600 Cone Basalt™ CO, Rich, Low T
Nikko 400 - 400,450 Caldera B/D" CO,, High T, S-oxid. Sulfide

Basalt and basaltic andesite [Fryer et al., 1998].

Basalt, basaltic andesite and andesite [Stern et al., 2008].
Basalt, andesite, and dacite [Stern et al., 2008].

Basaltic and basaltic andesite [Stern and Bibee, 1984].
CStern et al. [1989].

Composition of resurgent dacite dome [Stern et al., 2004].
€Evidence of activity at W Diamante and NW Uracas is not definitive and these volcanoes should not be considered active without more

corlllclusive evidence.

_ Basaltic and basaltic andesite [Dixon et al., 1984].
'Basalt and andesite [Dixon et al., 1984].
I Woodhead [1989].
X Bloomer et al. [1989].
'Basalt and andesite [Fryer et al., 1997].
™ Stern et al. [2004].
"Basalt and dacite [Bloomer et al., 1989].

Table 2. Maximum Concentrations of Dissolved and Particulate Components in Hydrothermal Plumes Above
Hydrothermally Active Submarine Volcanoes®

AE TDFe TDMn PSEL  PSnv pAl pSi
ANTU (mV) pFe @mM) %DFe (M) %DMn FeMn @mM) M) mM) (M)

Seamount X

Shallow 0.018 =78 6 99 93% 84 100% 1 41 17 7 2

Deep 0.022 87 48 230 72% 34 100% 7 0 11 6 30
NW Rota ~49 =490 2052 2300 <10% 150 >95% 14 3594 1560 1100 650
Esmeralda Bank 0.4 nd 1048 1270 <1% 78 >95% 17 0 100 112 270
Ruby 0.044 =23 1568 1333 85% 47 >98% 26 0 30 8 44
E Diamante 0.62 —38 2.2 11.5 50% 32 95% 1.5 700 50 4 18
Maug 0.26 nd 1238 700 <1% 98 0-75 7 0 50 95 330
Daikoku 0.095 —104 22 91 70% 11 >98% 5 200 53 5 32
NW Eifuku 0.012 —-119 4 400 100% 27 100% 15 17 19 4 22
Kasuga —2

Shallow 0.485 =290 24 180 86% 58 >98% 2.8 16 74 20 50

Deep 0.06 ~=70 263° 810 35% 26 >98% 30 0 9 11 50
Nikko 0222 —155 502 711 4% 214 100% 3.1 251 223 10 42
Background 1-4 2 ~0.2 2-4  2-4 1-10 10-30

Ratios are derived from regressions of all samples collected. TDMn is total dissolvable Mn; DMn is dissolved Mn; TDFe is total dissolvable Fe;
DFe is dissolved Fe; pAl is particulate aluminum; pSi is particulate silica; pS is particulate elemental sulfur; pSyy is the sum of sulfate and sulfide
sulfur which are nonvolatile (NV); na is not analyzed; ns is not sampled; and nd is not detected.

Particulate Fe is from a different sample than all other chemical data listed for deep plume; see auxiliary material.
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Table 3. Geochemistry of Dissolved Gasses in Hydrothermal Plumes Above Hydrothermally Active Submarine

Volcanoes®
% C
CH, H,S &He® A’He® CO,*He from *He:Mn  ACO,:  CO,/H' %
M) @M) (%) M ApH ACO, R/R4 X10°  slab X107°  ApH % alkalinity
Seamount X
Shallow 4.9 ns 51 1 —0.093 ns 73+04 32+1%9 94% 12+02 - - -
Deep 16 ns 38 05 —0.035 ns 54+06 24+3% 92% 125 - - -
NW Rota 5 nd 314 153 —0.730 40 84+0.1 32+02 38% 109+5 65+5  20/80 -
Esmeralda 20 nd 120 43  —0.100 64 67+06 151 87% 55+2 657 +41 . 20%
Ruby ns ns 39 1.1 —0.067 65 7.6+06 54+6 96% 26+3 856 + 223 - 40%
E. Diamante 2.5 nd 8 0.2 —-0.035 19 nr nr nr 561 =50 30%
Maug 90 nd 249 128 —0.170 119 7.0+02°10+1  80% 130 =24 668 + 44 - 25%
Daikoku 25 1.1 23 0.7 —0.050 16 nr nr 58+7 326+54  nrf -
NW Eifuku 47 1.0 170 73 —0305 110 72+01 15+1 87% 270+6 368=17 100/0 -
Kasuga 2
Shallow 94  13.9 306 155 —0.813 265 80+05 18+1 89% 259 +43 333 +12 87/13
Deep 22 nd 108 38  —0313 248 75+02 14+4 8% 155+ 14 333 +31 100/0
Nikko 45 19 84 28 —0.160 43 6.6+03 17+2 88% 12+1 65/35

Background 0.5-2 0 - -

261 + 34

#Ratios are derived from regressions of all samples collected; ns is not sampled; nd is not detected; BD is below limit of determination; and nr is
not resolvable. The relative CO,/H" and % alkalinity were calculated by modeling relationship between CO, and pH upon addition of different

fluids to ambient seawater (see Figure 4).
® Above background.
“3He above background.
4 Calculated by assuming all pH change from CO,.
°Eliminated data point V23—4, with all data R/R, = 6.6 + 0.3.
Data fit suggest 75/25 with considerable scatter.

€Total CO, is from a different sample than all other data, see auxiliary material.

to 390-m depth (Figure 2). The shallow plume
exhibited the greater ANTU and AE signals. The
shallower plume was located near but below the
summit, 20—35 m above the local bottom, suggest-
ing a shoulder on the western peak as the source of
the fluids. Each of the two sources has a distinct
chemistry. ACO, and §’He were the first and

Table 4. Low Levels of Activity®

second largest observed during this survey, respec-
tively. The shallow plume was also enriched in
TDFe and TDMn, with an Fe:Mn of 2.8. The Fe
was mostly (86%) in the dissolved phase. This
elevated DFe and the presence of H,S in the plume
suggest that we sampled recently vented fluids.
The ANTU is very high in the summit plume

TDFe  TDMn 5°He *He SHe (M)
PFe (nM) (nM) 5°He Background® (ftM) Background® A*He (fM) ApH
Clear Evidence of Hydrothermal Activity
Zealandia ns 16 10 20.8 11 3.09 2.89 0.3 nr
West Rota ns 12 12 22.7 18 3.21 3.09 0.12 0.006
Chamorro ns na na 19.8 15.5 3.1 2.94 0.16 nr
SW Syoyo ns na 5 28.5 19 3.41 3.14 0.27 0.004
W Syoyo 3.6 na 0.9 244 20 3.29 3.15 0.14 nr
Ahyi na na na 2.5 —1.2 243 2.36 0.07 nr
Some Evidence for Hydrothermal Activity
W Diamante ns na 0.7 14.9 14.1 2.9 2.85 0.05 nr
NW Uracas 10 5 na 15.6 14.9 2.93 291 0.02
Background 1-4 2 0.2

4 Maximum concentrations of dissolved and particulate components in hydrothermal plumes above active submarine volcanoes; pFe is particulate
Fe; ns is not sampled; TDMn is total dissolvable Mn; na is not analyzed; TDFe is total dissolvable Fe; nr is not resolvable; A’He =13 Hegample —

3
Hebackground-
Local background.
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Figure 3. Low-level venting as identified by helium isotopic data. The solid line represents the background of the
5°He along the arc; however, it is based on a single location at ~18°N in the study area (see Figure 1). Although this
background is not fully representative of the background at different particular sites within the study area, its overall
shape is. During individual casts, the 6°He levels above and below the plumes are more representative of local
background. Of the four casts taken around the summit of Ahyi volcano, a single sample showed elevated §°He. The
pH data indicate that this single sample was from this depth and not inadvertently collected at a deeper depth.

(0.5 NTUs) and is poorly explained by the levels of
pFe and pS. We suggested previously [Resing et
al., 2004] that H,S is likely oxidized to form
elemental sulfur when hydrothermal fluids entrain
cool oxygen-rich ambient seawater. However, it is
possible that the ANTU might arise from polymeric
sulfur species that can form prior to the large pS
particles [Luther et al., 2001]. These small particles
may not be collected on our filters. The ratio of the
change in pH to CO, suggests that pH changes
come from both CO, (87%) and from H" (13%).
However, the source of H' is likely from the
oxidation of the H,S in our sample bottles while
the samples sat in the lab awaiting analysis

HyS + 0, = 2H" +S0; . (1)

The oxidation of this H,S to form H® would
account for 11% of the pH change.

[20] The deeper plume was most intense near the
caldera floor at 650 m, extending upward ~100 m.
There is no sill that would retain the plume,
suggesting that the hydrothermal effluent is actively

rising. The deeper plume was greatly enriched in
TDFe and TDMn, with TDFe being 4X higher in
the deep versus the shallow plume, with 35% of the
Fe in the dissolved phase. The deep plume had a
much higher Fe:Mn of 30 with little pS and no
H,S. ACO, and ApH were smaller than in the
upper plume but ACO,:ApH fell close to the same
trend line (Figure 4). The CO, to *He ratio was
similar for both plumes, suggesting a common
source for the magmatic gasses. The data suggest
that the deeper source is low temperature and
dominated by carbonic-acid weathering of the
rocks, resulting in elevated Fe and high Fe:Mn,
while the shallower source is a high-temperature
gas-rich (H,S) system resulting in lower Fe:Mn.

4.1.9. Nikko

[21] Hydrothermal activity was identified by large
ANTU and AE observed during a towed hydrocast
(TO3A-19) over the summit. A plume depth of
465 m suggests fluids venting from the crater floor.
The large ANTU arose from a plume rich in both
pFe and pS (Figure 2). The system is metal rich,
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Figure 4. The values of ApH and ACO, are the changes in pH and XCO,, respectively, from their regional
backgrounds. The inset at the top shows that decreases in the pH of seawater result from the addition of CO, and/or
mineral acidity (H"). The addition of CO, decreases pH and increases ¥CO,, while the addition of H" decreases pH
without increasing >CO,. When only CO, is added, the slope of ACO, versus ApH is approximately 360 M/pH
unit. When H" is added along with CO, the change in pH per CO, increases (slope decreases). When carbonate
alkalinity is added pH increases; however, when both carbonate alkalinity and CO, are added, pH decreases, but the
decrease is less than that when only CO, is added. The lines were generated using a seawater carbonate modeling
program [Lewis and Wallace, 1998].
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with highly elevated TDFe, and the most elevated
TDMn concentrations found during this survey.
Fe:Mn is 3.1:1, suggesting that these plumes may
arise from high-temperature vents. The Nikko
plume was also highly enriched in CO,, *He, and
H,S. The particles are rich in pSyy (Table 2), which
likely reflects particles rich in metal-sulfides. Fe can
be removed as Fe sulfides and the elevated H,S
could be responsible for the moderate to low Fe:Mn.
The relatively low value of ACO,: ApH indicates
that some of the pH change arises from the addition
of H' ions. These H' have several possible sources,
including magmatic SO,, H,S oxidation, and metal
sulfide formation.

4.2. Low-Level Activity

[22] The most active volcanoes were easily identi-
fied during surveys by the light scatter and ORP
sensors on the CTD rosette package. However, the
volcanoes with reduced activity were not easily
identified by these sensors. In order to determine if
these volcanoes were active, chemical analyses of
Mn and *He were conducted on the discrete water
samples collected above the volcanoes. *He is an
unambiguous tracer of magmatic volatiles that is
completely conservative, while Mn is a tracer of
hydrothermal reactions that is conservative on time
scales of weeks to months [Cowen et al., 1990].
Examination of *He and available Mn data show
clear evidence that six additional volcanoes were
hydrothermally active: Zealandia Bank, West Rota,
Chamorro, S.W. Syoyo, W. Syoyo, and Ahyi
(Figure 3; Table 4; auxiliary material). Two other
volcanoes, W. Diamante and NW Uracas, had
barely discernable enrichments in *He.

4.3. No Activity

[23] We detected no activity at two volcanoes where
activity was suspected based on past eruptions,
Fukujin and Kasuga 3. Fukujin is one of the larger
of the submarine volcanoes on the Mariana Arc
whose summit is near the sea surface. Three vertical
hydrocasts made near the summit showed no evi-
dence for hydrothermal activity. The last known
eruption was in 1974 and since the mid-20th
century, intermittent reports of water discoloration
and floating pumice have been made [Venzke et al.,
2002]. These results suggest that intrusive volca-
nism in the near surface ocean is cooled quickly,
perhaps due to a more porous volcanic structure.
Kasuga-3 was found to be hydrothermally active by
McMurtry et al. [1993]. The hydrothermal activity,
however, was weak and of low temperature, making

it difficult to detect without a more detailed survey.
There are no recorded eruptions of Kasuga-3.

5. Discussion

[24] The combination of magmatic volatiles, water-
to-rock ratio, and magmatic state of the volcano
contribute to the chemistry of the fluids venting
from them. In particular, the amount and types of
metals present (Fe, Mn, and Al) in the fluids allow
us to assess the reactivity of the fluids. This reac-
tivity is, in turn, related to the abundance of mag-
matic gasses (CO, and sulfur gasses) in these fluids,
which are directly influenced by the magmatic state
of the volcano. The following section characterizes
the volcanoes based on these factors and places
them within their magmatic-hydrothermal state.

5.1. CO,, pH, and the Carbonate System

[2s] The carbonate system within the hydrothermal
plumes reflects the venting of CO,-, acid-, and
alkalinity-rich fluids from submarine volcanoes.
Plume measurements show a wide array of CO»/
pH trends for the different volcanoes (Figure 4).
The inset in Figure 4 demonstrates the critical
relationships between pH and CO,. Decreases in
pH are brought about by the addition of CO, and/
or mineral acidity (H'), while the addition of
alkalinity increases pH. These relationships can
be modeled, allowing the assessment of where
each of these volcanoes resides within the carbon-
ate system (Tables 1 and 3) and what this reflects
about an individual volcano.

[26] The simplest case is a system venting fluids
that are CO,-rich without large additions of H" or
alkalinity. Figure 4 shows that the pH changes at
NW Eifuku are caused exclusively from the addi-
tion of CO, (Table 3). When NW Eifuku volcano
was visited using an ROV, it was found to be
venting liquid CO, from the vent field in the
presence of CO,-clathrate [Lupton et al., 2006].
The temperatures of the fluids themselves were
100°C. The presence of CO, without alkalinity
suggests that the CO, did not react extensively
with the host volcanic rocks to form alkalinity,
because, if it had, then the change in pH with
respect to CO, added would be less, as we will see
below for other volcanoes. This finding is consis-
tent with the presence of pure CO, as liquid and
clathrate. In this form the CO, is not dissolved in
water and does not react with the volcanic rocks
(see discussion below).
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[27] The second case is the addition of both CO,
and H', which produce greater decreases in pH
than just the addition of CO, alone. In Figure 4
we can identify four volcanoes that had pH and
CO, changes associated with the addition of both
CO, and H": NW Rota-1, Daikoku, the shallow
plume at Kasuga-2, and Nikko. The amounts of
H" and CO, required to produce the trends in
Figure 4 can be evaluated (see methods; Table 3).
These results show that the change in pH at NW-
Rota-1 is dominated by the addition of acid (H").
This results in the unique chemistry found in the
plumes above the volcano [Resing et al., 2007].
This volcano was found to be actively erupting
when visited in 2004 and 2006 using remotely
operated vehicles [Chadwick et al., 2008] and the
pH of the fluid exiting the volcano was <2 (D. A.
Butterfield et al., manuscript in preparation,
2008). Vent and plume fluids collected in 2006 were
found to be rich in sulfurous acid (B. Takano,
personal communication, 2006). It is this acid that
accounts for most of the change in pH observed
here. Nikko and Daikoku volcanoes have plumes
that are rich in elemental sulfur. ROV visits to these
volcanoes identified extensive sulfur deposits and
pools of liquid sulfur [Embley et al., 2007]. The
origin of these large S deposits is likely from
magmatic SO,:

3 S0, + 2 H,0 = S(0) + 2H,S0,. (2)

This reaction produces both sulfur and sulfuric
acid. That acid generates part of the pH change
found in the plume waters. The pH changes in the
shallow Kasuga-2 plume were caused mostly by
CO, with the balance coming from the oxidation
H,S to form "H in the pH sampling bottles.

[28] The final case to examine is the addition of
fluids rich in both CO, and carbonate alkalinity
(HCO3;, CO3 ) where the change in pH in the
plumes is less than that expected solely from the
addition of CO,. In gas-rich hydrothermal systems,
"H reacts first with the host rock followed by CO,-
weathering reactions:

2NaAlSi;Og + 2 CO, + 3 H,0 = ALSi,Os(OH)* + 2Na*
+2HCO; + 48050 (3)

which produce alkalinity as HCO3'. The addition of
COyg) lowers the pH of seawater while the addition
of HCO;3 increases the pH of seawater; both
contribute to XCO, (XCO; = COyy + HCO5 +
CO3"). The pH changes in the plumes depend on the
relative amounts of COyy and alkalinity in the

vented fluids. We observed CO, and HCOj3 rich
fluids at Ruby, E. Diamante, Maug, and Esmeralda
where 20 to 40% of the >CO, was present as HCO3
(Table 3), which is much higher than the levels at
Loihi Seamount where only 2—4% was present as
alkalinity [Sedwick et al., 1992]. The presence of
alkalinity at these volcanoes is consistent with long
reaction paths where H' is completely consumed
and CO, reacts with the host rocks. At each of these
volcanoes, except for E. Diamante, the deep-seated
source of magma and CO, results in diffuse low
temperature venting [Embley et al., 2007]. E.
Diamante, by contrast, had higher temperature
venting and presents a unique situation that will be
discussed further below.

5.2. Fe and Mn

[20] The amounts of Fe and Mn in hydrothermal
plumes provide insight into the origin of the
fluids being emitted from the seafloor. Although
the Fe:Mn in both basalts and andesites is
~65:1 [Govindaraju, 1989], Fe:Mn within
high-temperature hydrothermal systems are typi-
cally much lower (~1-5:1) because Fe concen-
trations in hydrothermal solutions are controlled by
equilibrium with pyrite and other minerals, while
Mn is controlled by the extraction rate of Mn from
the rock and water to rock ratios [Bowers et al.,
1988]. The Fe levels are further reduced due to the
formation of Fe sulfides upon mixing of hydro-
thermal fluids with cold ambient seawater. The
ratio of Fe to Mn in the plumes was different from
volcano to volcano (Table 2, Figure 5), ranging from
1.5:1 at E. Diamante to 32:1 in the deep Kasuga-2
plume. Fe:Mn ratios ~32:1 were observed at Loihi
Seamount [Sedwick et al., 1992], presumably due to
CO,-weathering reactions between CO,-rich fluids
and the host basalts. Still higher Fe:Mn (54:1) were
reported from Kilauea volcano, where lava flowing
into the ocean resulted in the formation of acidic
conditions and the complete dissolution of the
basaltic matrix [Resing and Sansone, 2002]. Thus,
depending on the reaction conditions, there are a
wide range of possible relationships between Fe and
Mn.

[30] Of the volcanoes observed here, Seamount X,
Nikko, Daikoku, E. Diamante, and the shallow
Kasuga-2 system all exhibit relatively low Fe:Mn
ratios (Table 2, Figure 5). The shallow Kasuga-2
system was visited by McMurtry et al. [1993],
where a low-temperature system with elevated
alkalinity and CO, yielded a very low Fe:Mn ratio
of 0.1:1, much lower than the 3:1 level observed
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Figure 5. Total dissolvable Fe (TDFe) and total dissolvable Mn (TDMn) at each of the intensely active volcanoes.

here and also quite low compared with Loihi Sea-
mount (32:1), which also had excess alkalinity and
CO,. Here the Kasuga-2 plume was also very rich in
H,S, having the highest values reported at any of the
volcanoes in this study. In fact, the 13.2 uM H,S
reported here is higher than the 1.6 4M H,S found in
vent fluids by McMurtry et al. [1993] at the 39°C
vent they sampled on the summit of Kasuga-2,
suggesting that the venting is more robust now than
when visited by McMurtry et al. [1993] or that they
did not locate the most active sites of venting. The
many-fold excess of H,S relative to Fe suggests that
Fe levels are likely reduced by the formation of Fe
sulfide phases, thus producing the Fe:Mn observed
here. Both Daikoku and Nikko had relatively ele-
vated vent fluid temperatures [Embley et al., 2007],
suggesting that they mimic other high temperature
systems with moderately low Fe:Mn. Seamount X
was not well explored during ROV surveys and only
low-temperature diffuse venting was found.

[31] Venting at Maug, Esmeralda, NW Eifuku,
Kasuga-2 deep, Ruby, and NW Rota-1 had much
higher Fe:Mn. At NW Rota-1 the high acidity of
the fluids venting from the volcano likely dissolve
the host rock, producing fluids with elevated
Fe:Mn which are closer to those in the host rock
[see Resing et al., 2007]. Maug, Ruby, and Esmer-
alda show evidence of being high alkalinity/high
CO, systems like Loihi, suggesting that elevated
Fe levels come from carbonic acid dissolution of
the host rocks. By contrast, the deep Kasuga-2 and
NW Eifuku systems appear to have high CO, and
no alkalinity, suggesting that the reaction path was

either too short or reaction conditions were unfa-
vorable to the formation of alkalinity. Liquid CO,
droplets and CO,-rich hydrothermal fluids were
both venting from NW Eifuku and, as a result,
there is a reasonable chance that the plume sample
with the large CO, signal included either a droplet
of liquid CO, or some of the CO, hydrate [see
Lupton et al., 2006]. This would result in a
decoupling between hydrothermal “fluids” and
CO; levels. In such a case, we may have a plume
sample whose pH and CO, levels are the result of a
droplet of pure CO,, while the rest of the chemistry
is represented by hydrothermal fluids with elevated
Fe:Mn. The Fe:Mn in the deep Kasuga-2 plume is
among the most elevated levels observed coming
from a hydrothermal system and are matched only
by those at Loihi [Sedwick et al., 1992]. The type
of venting might be similar to that at Loihi where
elevated alkalinity was 2—4% of the CO,. Here the
absence of alkalinity in the plumes may be attrib-
uted to poor precision associated with small
changes in pH and XCO, observed here.

5.3. CO, and *He

[32] *He comes almost entirely from mantle sources
[Craig and Lupton, 1981], while CO, can come
from other sources, including oceanic crust, sedi-
mentary carbonates, and organic matter [Poreda
and Craig, 1989; Sano and Marty, 1995]. The
CO, observed at these arc volcanoes is greatly
enriched compared with MORs [see Resing et al.,
2004], which likely reflects the input of this sub-
ducted carbon into arc volcanic systems [Sano and
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Figure 6. ACO, versus *He at the moderate-to-intensely active volcanoes along Mariana Arc. ACO, is the change

in XCO, from that in the regional background.

Marty, 1995]. The CO,:*He observed at the differ-
ent volcanoes here spans a wide range from 3 to
55 x 10 ° (Figure 6, Table 3). The lowest value
observed here is 3.2 x 10 ° at NW Rota-1. This
value is close to the global average for MOR fluids
and basalt glasses of 1.9 = 1.2 and 2.1 £ 0.6,
respectively [Resing et al., 2004, and references
therein| and to the accepted value for the upper
mantle (2 x 10%). The highest value from Ruby
(55 x 10%) is among the highest values reported at
either subaerial or submarine arc volcanoes and
clearly reflects the addition of CO, into the volcanic
hydrothermal system. Sano and Marty [1995] sug-
gest that ratios above 2 x 10° arise from the input of
CO, from the slab and that the relative contribu-
tions of CO, from the mantle and the slab can be
calculated (Table 3). For example, at NW Rota-1
the percent of slab-derived carbon would be esti-
mated to be 38%, while that at Ruby would be
estimated to be >96%. After NW Rota-1, Maug has
the next lowest CO,:*He of 10 x 10°, suggesting
that 80% of the CO, at Maug is from a slab source.
Thus, the major source of CO, for all of the
volcanoes, except for NW Rota-1, is the subducting
slab.

[33] The generally accepted upper mantle helium
isotope ratio R/R, (where R = He/*He in a sample
and R, = *He/*He in air) is 8.0 £ 1 [Poreda and
Craig, 1989]. This is based on the value observed
in MOR basalts and hydrothermal fluids. Arc
helium is thought to be a mixture of helium from

the melting of new mantle material and mobiliza-
tion of He from the downgoing slab. The slab
retains little of its original *He but contains sedi-
ments that are relatively richer in “He producing
R/R, =~ 5 to 7 at arc volcanoes [Sano and Marty,
1995]. Almost all of the volcanoes sampled here
have R/R, values that generally fall within the
upper mantle range (Table 3). Although the low-
est values (Seamount X, Esmeralda, and Nikko)
are lower than 7, potentially placing them within
Sano and Marty’s arc helium range. The standard
deviation of the R/R, at those volcanoes places
them within (or very close to) the accepted upper
mantle value. Although there is clearly real var-
iability in the R/R, values beyond their standard
deviations, it is difficult to assess the meaning of
their distribution. The highest R/R, (8.4 + 1) is at
NW Rota-1 where we suggested that most of the
CO, came from the mantle; thus these two find-
ings are consistent. However, the volcano with the
largest CO,:*He and thus the greatest slab influ-
ence, Ruby, has an intermediate R/R, (7.6 £ 0.6)
that does not fall into the typical range for “arc
helium.” It seems likely that in general, the
source of the He at these volcanoes is mostly
from the mantle, with variable and poorly defined
contributions from the slab. These observations
are generally consistent with the few available
data on the submarine arc with an R/R, = 8.1 at
Suiyo on the Izu-Bonin Arc [7sunogai et al.,
1994], an R/R, = 7.31 at NW Eifuku on the
Mariana Arc [Lupton et al., 2006], and a range of
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R/R, from 5.9 to 7.4 at Brothers Volcano on the
Kermadec Arc (J. Lupton, unpublished data,
2008).

5.4. Hydrothermal Constraints on
Magmatic Activity

[34] The wide range of hydrothermal activity en-
countered along the Mariana Arc is the result of
many factors including source rock composition,
the relative amounts of magmatic gasses, and
ultimately the magmatic state of a given volcano.
In this section, we examine the magmatic state as
the primary factor in the hydrothermal activity and
its variability. The ongoing eruption at NW Rota-1
in 2004 and 2006 [Chadwick et al., 2008] estab-
lishes it as a magmatically robust end-member of
the magmatic cycle. The full magmatic cycle likely
involves the emergence of a magma chamber,
eruption, and magma chamber collapse and/or
cooling through the circulation of water through
the hot rock. An important variable is that a
receding front of magma leaves behind hot rock,
while an emerging magma chamber releases mag-
matic products (CO,, SO,, etc.) into an older,
colder volcanic edifice. Here we present a simple
model of hydrothermal evolution based only on
waning activity. Our limited geochemical and
physical information allows for evaluating the data
within this simple model, but interpreting these
data within the context of an entire magmatic cycle
would be overinterpretation.

[35] We consider NW Rota-1, which is in an
eruptive state, to be at the beginning of the volca-
nic-hydrothermal cycle. It is characterized by the
venting of magmatic volatiles SO, and CO,, result-
ing in highly acidic fluids and bulk dissolution of
the host rocks. The ability of the SO, (a strong
acid) to escape the system and enter the ocean
unreacted is evidence that the magma chamber is
close to the surface of the volcano [Resing et al.,
2007]. In this magmatic state, the hydrothermal
products escape into the ocean and are not depos-
ited within the volcano. In these highly acidic
fluids excess dissolved CO, as H,COj; is favored
over H" and HCO3:

HCO; + H* = H,CO,. (4)
making the CO, unreactive with the surrounding
rocks.

[36] When the eruptive phase ends, the front of
molten material recedes due both to magma cham-
ber collapse and cooling by fluid circulation. As

the reaction path of the hydrothermal fluids length-
ens, contact between water and rock increases
causing fluid temperatures to rise. In addition, SO,
reacts to form sulfur, sulfuric acid (equation (2)),
and H,S:

480, +4H,0 = H,S + 3H,S0, (5)
which can also react to form sulfur:
2H,S + 0, = 28° + 2H,0. (6)

The sulfuric acid (equations (2) and (5)) is
consumed through reaction with the host rocks.
In this setting deposits of sulfates and elemental
sulfur are formed within the volcano [e.g., Binns et
al., 1993]. Large deposits of elemental sulfur in
both solid and liquid form were identified at Nikko
and Daikoku volcanoes [Embley et al., 2007]. The
fluids exiting the volcano remain somewhat acidic
and CO; remains undissociated. These fluids might
be rich in Mg, SO3~, H,S, Fe, Mn, and potentially
Al, as seen in the Manus Basin [Gamo et al., 1997,
Resing et al., 2007]. The acidic conditions would
suggest elevated Fe levels and a high Fe:Mn.
Along the Mariana Arc, Kasuga-2, Nikko, and
Daikoku fluids seem to fit this scenario. At these
volcanoes, the changes in plume pH are mostly
from CO, with some contribution of H". The deep
plumes at Kasuga-2 have elevated Fe:Mn, while
the shallow Kasuga-2, Daikoku, and Nikko fluids
have low Fe:Mn but elevated H,S, suggesting that
Fe is being removed into sulfide phases, thereby
decreasing the Fe:Mn. The extremely high Fe
values at Nikko and in the deep Kasuga-2 plume
are also consistent with acidic fluids, although the
relatively low Fe values at Daikoku and shallow
Kasuga-2 are somewhat inconsistent with this
setting.

[37] As the magma chamber recedes the reaction
path is further lengthened, H" is fully consumed,
and more equilibrium-based high-temperature hy-
drothermal reactions dominate the fluid chemistry
[e.g., Bowers et al., 1988]. Although the pH rises,
this type of hydrothermal fluid is still mildly acidic
[e.g., Butterfield et al., 2003] and CO, remains
unreactive to the host rock. These fluids resemble
high-temperature fluids in other settings, most
notably the MORs, but with some excess sulfur
as H,S and elemental sulfur (equations (5) and (6)),
and low-to-moderate Fe:Mn. Along the Mariana
Arc, the plume chemistry above Seamount X
appears to fit this category with moderate Fe levels
and intermediate Fe:Mn.
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[33] As the source of the magma deepens further,
the reaction path is again lengthened. The high-
temperature fluids mix with interstitial cold seawa-
ter and sulfides are deposited. The remaining
acidity is consumed. The pH is high enough to
allow the H,COs5 to dissociate (the reverse of
equation (4)), and now the H' reacts with the host
rock to produce alkalinity (equation (3)). This final
scenario is similar to that at Loihi [Sedwick et al.,
1992] which has high CO,, excess alkalinity,
moderate pH, and +H,S. Esmeralda Bank, Ruby,
and Maug fit into this category, with each showing
clear evidence of excess alkalinity (Figure 4 and
Table 3) and large enrichments in CO, and Fe. The
Fe:Mn in these fluids are variable, and lower than
those at Loihi. This may be the result of temper-
ature variability in the fluids and/or the removal of
Fe from the fluids as Fe oxides or sulfides.

[39] As a volcano continues to age, less magmatic
gas escapes, the edifice cools, and hydrothermal
activity decreases. Volcanoes with the lowest ac-
tivity, i.e., those in Table 4, fit into this category.

[40] East Diamante and NW Eifuku are more
difficult to place within our model. East Diamante
produced plumes rich in particulate elemental sul-
fur, intermediate levels of CO,, but little Fe, Mn,
and *He. The relationship between pH and CO,
indicates that the source fluids were rich in CO,
and alkalinity, suggesting the magmatic volatiles
have reacted with the host volcanic rocks over a
long path to generate alkalinity and any magmatic
SO, was consumed deep within the volcano. As a
result, the elemental sulfur must not arise from the
disproportionation of SO, (equation (2)) but from
other processes. It is unlikely that the sulfur was
mobilized directly from a native sulfur deposit
because sulfur is insoluble in both hot and cold
water. The oxidation of H,S to form S (equation (6))
is one possibility; however, a large hydrothermal
source of H,S is at odds with a plume without large
concentrations of other hydrothermal species
(*He, Fe, and Mn). We hypothesize that the ele-
mental S arises from the oxidation of metal sulfides
within the volcanic edifice near the volcano-water
interface:

2MeS + O, = 2MeO + 0.25 Sg. (7)

Sulfur is a well known intermediate of metal
sulfide oxidation in inorganic processes [e.g.,
Bouffard et al., 2006; Nowak and Socha, 2006;
Padilla et al., 2008] as well as during microbially
catalyzed oxidation of metal sulfides by acidophilic

bacteria [e.g., Schippers and Sand, 1999]. This
sulfur has been found to coat the surfaces of metal
sulfides and form discrete particles that are ~2-pm
diameter [Bouffard et al., 2006]. Our data are limited
and a more detailed exploration of this volcano
would be required to validate this hypothesis.

[41] NW Eifuku discharged highly CO,-rich fluids,
with abundant Fe and an elevated Fe:Mn. The
extremely high CO, concentrations were reflected
by the presence of CO, clathrates and the venting
of liquid CO, at the summit of the volcano [Lupton
et al., 2006] and suggests an abundant source of
magmatic gasses. The absence of mineral acidity,
and therefore magmatic SO,, suggests that the
source of these gasses resides at a depth that allows
the SO, to react within the volcano. In contrast, the
CO, did not react to form alkalinity over this
longer reaction path, perhaps inhibited by cooler
reaction temperatures. These data suggest that the
magma chamber at NW Eifuku may reside deep
within the volcano and the magmatic gasses rise
into an older, colder substrate. The abundance of
gasses suggests that this magma chamber is emerg-
ing rather than decaying.

6. Conclusions

[42] There is clear and abundant evidence of hy-
drothermal activity at 16 submarine volcanoes
along the Mariana Arc from 13.5°N to 23.2°N.
Two additional volcanoes, NW Uracas and W.
Diamante, had marginal evidence for hydrothermal
activity, but further surveys are required before
positively identifying them as being hydrothermal-
ly active. Six of the volcanoes had very small
hydrothermal signals, suggesting fairly weak or
diffuse activity. However, it should be noted that
three of these volcanoes were surveyed with single
hydrocasts and that additional surveying might find
more intense plumes. The other 10 active volca-
noes had much stronger plume signals. In some
cases this might be due to a fortuitous placement of
the hydrocast, but in most cases the hydrothermal
activity was so pervasive that it would likely have
been observed regardless of the exact placement of
the hydrocast. One example of the importance of
hydrocast location is Ruby, where hydrothermal
activity was not found during the 2003 survey, but
was found on a different tow track in 2006.

[43] The chemistry of the fluids venting from
individual volcanoes could be characterized for
the 10 volcanoes with the largest plume signals.
The compositions of the plumes varied widely
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from volcano to volcano. Particulate matter in the
plumes ranged from mostly pFe at Esmeralda
Bank, Ruby, Maug, and the deep Kasuga-2 plume,
to mostly pS at E. Diamante, Shallow Kasuga-2,
and Daikoku, to a mix of pFe, pAl, and pS at NW
Rota-1. Changes in pH were caused by the addition
of SO,, CO,, and alkalinity, indicating several
different effects: (1) the juvenile hydrothermal
venting rich in magmatic volatiles at NW Rota-1,
(2) deep-seated hydrothermal systems with excess
CO, expressed as both CO, gas and alkalinity, and
(3) systems with changes in pH brought about
mostly by CO,. All of the volcanoes except NW
Rota-1 had elevated CO,:*He with respect to upper
mantle source values, indicating that 80% (Maug)
to 96% (Ruby) of the CO, venting from these
volcanoes has a slab source. By contrast, the He
isotopic composition of the fluids in the plumes
indicates that most of the *He is derived from the
upper mantle. It is possible that the *He and “He in
the crust (if any) might be liberated from the slab at
shallower depths and lower temperatures while the
CO,, present as both organic carbon and carbonate,
is released at greater depths and temperatures and
is thus released from the slab after the He.

[44] The 10 volcanoes can be placed within a
generalized model based on the relative location
of the magma chamber within the volcano. Where
the magmatic source was closest to the surface of
the volcano, acidic fluids (SO,) rich in CO, were
vented, as was observed for NW Rota-1, Kasuga-2,
Nikko, and Daikoku. As the distance between the
magmatic source and the surface of the volcano
increases, most of the acid is consumed and fluids
rich in CO, are emitted from the volcano (Sea-
mount X). Eventually, the distance between the
magmatic source and the volcano’s surface is so
large that all of the magmatic SO, is consumed, the
pH rises, and weathering reactions predominate,
producing fluids with elevated alkalinity and CO,,
which is consistent with the fluids coming from
Esmeralda, Maug, and Ruby.

[45s] The results of the study of the submarine
volcanoes along the Mariana Arc are important
for a variety of reasons related to their impact on
the surrounding ocean and the flux of chemical
components into the oceans. The elevated CO,:*He
suggest that previous calculations [e.g., Resing et
al., 2004] of CO, flux from submarine volcanoes
to the oceans based on MORs and arcs [Marty and
Tolstikhin, 1998], must be revised upward. The
extraordinarily elevated levels of Fe, Mn, and Al

from these volcanoes suggest that the shallow
summits of some of these volcanoes may impact
biological activity by providing micronutrients to
the oceans on a local scale.
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