
fmars-06-00382 July 6, 2019 Time: 12:42 # 1

ORIGINAL RESEARCH
published: 09 July 2019

doi: 10.3389/fmars.2019.00382

Edited by:
Diva Amon,

Natural History Museum,
United Kingdom

Reviewed by:
Jeffrey Seewald,

Woods Hole Oceanographic
Institution, United States
Charles Geoffrey Wheat,

University of Alaska Fairbanks,
United States

*Correspondence:
Edward T. Baker

Edward.baker@noaa.gov

Specialty section:
This article was submitted to

Deep-Sea Environments and Ecology,
a section of the journal

Frontiers in Marine Science

Received: 21 March 2019
Accepted: 19 June 2019
Published: 09 July 2019

Citation:
Baker ET, Walker SL, Massoth GJ
and Resing JA (2019) The NE Lau
Basin: Widespread and Abundant

Hydrothermal Venting in the Back-Arc
Region Behind a Superfast

Subduction Zone.
Front. Mar. Sci. 6:382.

doi: 10.3389/fmars.2019.00382

The NE Lau Basin: Widespread and
Abundant Hydrothermal Venting in
the Back-Arc Region Behind a
Superfast Subduction Zone
Edward T. Baker1,2* , Sharon L. Walker2, Gary J. Massoth3 and Joseph A. Resing1,2

1 Joint Institute for the Study of the Atmosphere and Ocean, University of Washington, Seattle, WA, United States, 2 National
Oceanic and Atmospheric Administration/Pacific Marine Environmental Laboratory, Seattle, WA, United States, 3 Mass-Ex3
Consulting, LLC, Renton, WA, United States

The distribution of hydrothermal venting reveals important clues about the presence of
magma in submarine settings. The NE Lau Basin in the southwest Pacific Ocean is
a complex back-arc region of widespread hydrothermal activity. It includes spreading
ridges, arc volcanoes, and intra-plate volcanoes that provide a perhaps unique
laboratory for studying interactions between hydrothermal activity and magma sources.
Since 2004, multiple cruises have explored the water column of the NE Lau Basin.
Here, we use these data to identify and characterize 43 active hydrothermal sites by
means of optical, temperature, and chemical tracers in plumes discharged by each
site. Seventeen of 20 prominent volcanic edifices dispersed among the Tofua arc,
spreading ridges, and plate interiors host active hydrothermal sites. Fourteen apparently
discharge high-temperature fluids, including a multi-year submarine eruption at the intra-
plate volcano W Mata. The 430 km of spreading ridges host 31 active sites, one an
eruption event in 2008. Our data show that the relationship between site spatial density
(sites/100 km of ridge crest) and ridge spreading rate (8–42 mm/year) in the NE Lau
Basin follows the same linear trend as previously established for the faster-spreading
(40–90 mm/year) ridges in the central Lau Basin. The lower site density in the NE Lau
Basin compared to the southern Lau is consistent with recent plate reconstructions
that more than halved earlier estimates of ∼50–100 mm/year spreading rates in the
NE Lau Basin. Combined data from the spreading ridges throughout the entire Lau
back-arc basin demonstrates that hydrothermal sites, normalized to spreading rate,
are ∼10× more common than expected based on existing mid-ocean ridge data.
This increase documents the ability of meticulous exploration, using both turbidity and
chemical sensors, to more fully describe the true hydrothermal population of a spreading
ridge, compared to conventional techniques. It further reveals that the Lau back-arc
basin, benefiting from both ridge and arc magma sources, supports an exceptionally
high population of ridge and intra-plate hydrothermal sites.
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INTRODUCTION

The distribution of hydrothermal venting sites depends on
the interplay between heat supply by magmatism and crustal
permeability caused by tectonism (e.g., Baker et al., 1995). Few
oceanic areas combine the abundance of hydrothermal sites
and the diversity of geological settings necessary for evaluating
the relative importance of each process. One example is the
NE Lau Basin, a back-arc basin where complex plate processes
have created one of the most densely populated and geologically
diverse group of active vents yet studied. We here define the NE
Lau Basin as that portion of the larger Lau Basin that is bounded
on the east by the Tofua arc, on the north by a subducting plate
tear created by the westward bending of the Tonga-Pacific plate
boundary, on the west by a series of back-arc ridges along the
Niuafo’ou-Tonga plate (and likely an undefined microplate(s) to
their north) boundary, and on the south by the near intersection
of the Niuafo’ou plate and the Tofua arc (Figure 1; Conder and
Wiens, 2011; Sleeper and Martinez, 2016).

Volcanism in the NE Lau Basin occurs on and between these
boundaries. The active Niua volcano marks the northern end of
the Tofua arc. The Northeast Lau Spreading Center (NELSC), the
Mangatolou Triple Junction (MTJ) segments, and the Fonualei
Rift and Spreading Center (FRSC) define the western edge of
the northern Tonga plate, and that of the undefined plate(s) to
the north. Multiple active cone and caldera volcanoes populate
its intra-plate portion. The Zellmer and Taylor (2001) three-
plate kinematic model derived spreading rates increasing from
50 mm/year (full rate here and throughout the text) at the south
end of the FRSC to 100 mm/year along the MTJ. Bird (2003)
extended these predictions to the NELSC, deriving speeds as high
as 126 mm/year. By analogy with world-wide mid-ocean ridges
(e.g., Beaulieu et al., 2015), the hydrothermal site density, Fs
(sites/100 km of ridge), along this boundary should be among the
highest in the entire Lau Basin. A revised plate model (Sleeper
and Martinez, 2016), however, predicts spreading rates of only
8–∼40 mm/year along these ridges. This reduction leads to an
expectation of significantly fewer hydrothermal sites.

This paper uses water-column survey data collected since 2004
to describe the distribution of hydrothermal activity within the
various volcanic/tectonic domains of the NE Lau Basin. Such
surveys began with sparse coverage by Arculus (2004),German
et al. (2006), and Kim et al. (2009). In 2008, the NOAA
Vents (now Earth–Ocean Interaction) program, together with
various collaborating institutions and organizations, began a
series of cruises (2008, 2009, 2010, 2012, and 2017) to investigate
hydrothermal activity in the NE Lau Basin. This work has
produced a list of 25 hydrothermal sites in the authoritative
InterRidge database1, but that list is not comprehensive, contains
no specific water column information about individual sites,
and is based almost exclusively on meeting abstracts and cruise
reports. To describe NE Lau Basin sites more fully, we first
present optical, temperature, and oxidation-reduction potential
(ORP) hydrothermal plume data that identify 43 sites that were
active when discovered, including 11 sites where time series data

1http://vents-data.interridge.org/

spanning 4–12 years are available. These data allow us to infer
discharge as either high- (discrete) or low- (diffuse) temperature.
We then describe how the distribution of active sites on volcanic
edifices and spreading ridges is related to the apparent sources of
magma at the local convergent and divergent plate boundaries.
Finally, we compare Fs at different ridge spreading rates in the
NE Lau Basin to that of faster-spreading ridges in the southern
Lau Basin, and to a global set of mid-ocean ridges available from
the InterRidge database.

GEOLOGIC SETTING

Spreading Ridges
Sleeper and Martinez (2016) derive southern MTJ and FRSC
spreading rates decreasing from 30 mm/year at 15.67◦S to
ultraslow rates (8–14 mm/year) south of∼17.17◦S. Their analysis
further implies that rates on MTJ and NELSC increase steadily
northward from 32 mm/year at 15.7◦S to 42 mm/year at 15.2◦S
(J. D. Sleeper, University of Hawaii, personal communication).
Morphological changes follow this spreading rate trend (Sleeper
et al., 2016). Near 15.2◦S, the NELSC is a high-standing ridge
∼6 km wide with an elevation approaching 600 m (Figure 2).
On the southern segment, the axial profile narrows and elevation
increases to ∼1000 m at the bathymetric high (15.385◦S), which
is bookended by prominent volcanic cones (Maka and Tafu). An
ongoing eruption at the bathymetric high was serendipitously
discovered in November 2008 (Baker et al., 2011; Baumberger
et al., in review). The morphology of the NELSC is similar to
that of the southern Eastern Lau Spreading Center (ELSC; a
section of the ELSC also known as the Valu Fa Ridge (VFR)]
and the southern Mariana back-arc spreading center, both slow-
spreading ridges that are close (<70 km) to an active arc and have
enhanced hydrothermal activity relative to their spreading rates
(30–50 mm/year) (Martinez et al., 2006; Baker et al., 2017).

The MTJ lies only 30 km west of the NELSC but contrasts
sharply in morphology. It includes three spreading centers in
a ridge-ridge-ridge triple junction (Figure 3; Hawkins, 1995).
The northern limb is considerably wider (∼15–18 km) than the
NELSC, with a broad (∼12 km) axial high split by a narrow axial
cleft in the north and a narrow (∼3 km) axial high in the south.
The southern limb includes two off-set segments with deep, flat,
∼5 km-wide floors bounded by faults (Sleeper et al., 2016). The
western limb is similar but narrower.

The FRSC overlaps the MTJ, beginning as a ∼10 km-wide
axial valley with discontinuous axial ridges (Figure 3). As the
spreading rate decreases to <∼14 mm/year near 17.1◦S, the axial
valley widens (∼15–20 km) and large volcanic peaks replace axial
ridges (Sleeper et al., 2016). The extremely rugged bathymetry
of the FRSC complicates the inference of source locations from
plume observations. Large volcanic cones are prominent on the
FRSC south of∼16.6◦S, notably at 16.67◦S, 17.11◦S, 17.54◦S, and
17.78◦S (Figure 3). These volcanoes have reliefs of 1200–2000 m.

Non-ridge Volcanoes
Niua (aka Volcano “P”) is the northern-most volcano of the
Tofua arc and the only submarine arc volcano bordering the NE
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FIGURE 1 | Hydrothermally active areas of the NE Lau Basin. Spreading centers along the Mangatolou Triple Junction (MTJ) and the Fonualei Rift and Spreading
Center (FRSC), separate the Tonga (T) and Niuafo’ou (N) plates. The southern N-T boundary is a diffuse boundary or a deformation zone, (right-tilting gray and black
bars) (Sleeper and Martinez, 2016). The NE Lau Spreading Center (NELSC) is within an area where plate boundaries (north of the left-tilting gray and black bars)
between N&T and more northerly plates (?) are undetermined (Conder and Wiens, 2011). Niua volcano is on the Tofua arc, whereas the nine Mata volcanoes,
Motutahi (M), Niuatahi (N) and MTJ are intra-plate volcanoes. Other known but apparently inactive submarine Tofua arc volcanoes (H–L) are also labeled. The NE Lau
Basin is constrained on the north by the subduction boundary between the T and Pacific (P) plates (solid red line) that becomes a subducting plate tear (dashed red
line) after turning westward. Figure made with GeoMapApp (www.geomapapp.org).

Lau Basin confirmed hydrothermally active (Arculus, 2004). The
Niua edifice is elongated N-S with shallow (700 m) and deep
(1200 m) cones (Figure 4).

Niuatahi (aka “Volcano O”) is a 15-km-diameter caldera just
east of the NELSC (Figure 2; Kim et al., 2009). Ongoing E-W
extension of the caldera is indicated by short gaps in the wall
north and south of the cone, and by ridges that extend outward
from those gaps. The central cone, Motutahi, reaches a depth of
∼1300 m, and a deeper volcanic edifice to the southeast summits
at∼1500 m.

The nine Mata volcanoes form an en echelon crescent path
lying 12–30 km west of the Tofua arc (Figure 4; Resing et al.,
2011b; Rubin and Embley, 2012). The northern seven are smaller
(900–1300 m elevation) and deeper (summit depths of 1900–
2400 m) than the southern W and E Mata (1400–1700 m relief,
summit depths of 1200–1330 m). All nine are elongated in a
roughly WSW-ENE orientation, evidently controlled by smaller
crustal tears linked to the major crustal tear fault where the

N-S Tongan subduction trend changes to E-W strike-slip motion
(Govers and Wortel, 2005; Embley et al., 2009). Resing et al.
(2011a) confirmed a boninite lava eruption on W Mata lasting
at least from 2008 to 2010. They suggested that hydrothermal
activity on the Matas may be stimulated by the upwelling of high-
temperature mantle (Wiens et al., 2006) and/or the hot Samoan
mantle plume passing through a tear in the Pacific plate into
the NE Lau Basin (Falloon et al., 2007). Lupton et al. (2015)
recently offered a different interpretation, using plots of C/3He
versus 3He/4He for NE Lau Basin rock and fluid samples that
clearly define fields of ridge and arc influence. Those data place
all the intra-plate volcanos (including Niuatahi) clearly in the
arc field with Niua (Lupton et al., 2015). This interpretation
supports a powerful magmatic influence from the superfast
[convergence as much as ∼240 mm/year (Bevis et al., 1995)]
Tonga subduction zone.

Surprisingly, in 2012 we found another hydrothermally active,
apparently intra-plate, volcano just 6 km east of the eastern wall
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FIGURE 2 | Survey tow lines (black) and active hydrothermal sites (yellow circles) of the NELSC and the Niuatahi volcano (within which is the Motutahi volcanic
cone). Numbers correspond to sites in Tables 1, 2. Red arrows indicate full rate spreading values (mm/year). Figure made with GeoMapApp (www.geomapapp.org).

of the southern limb of the MTJ spreading ridge but >100 km
distant from any other intra-plate or arc volcano (Figure 1).
Referred to here as “Volcano MTJ,” it features a ∼100-m-deep,
∼500-m-diameter crater at a summit depth of 1200 m. This
volcano is a glaring contrast to the apparently low magma budget
of the southern MTJ. Its location due east of site 17 in the MTJ
may be a coincidence or an indication of a common magma
source. A profile over a deeper volcanic structure east of site 16
showed no indication of hydrothermal activity.

MATERIALS AND METHODS

Instrumentation
Most hydrothermal plumes were mapped by means of vertical
casts and tow-yos using a SeaBird 911plus conductivity-
temperature-depth (CTD) package with light back-scattering
(Seapoint turbidity) and chemical (PMEL ORP) sensors. Eighty
percent of the plume data used here (Tables 1, 2) was collected
using tow-yos, which create two-dimensional plume images
(e.g., Baker et al., 2017). Some data were acquired using
only PMEL Miniature Autonomous Plume Recorders, self-
contained packages with light back-scattering, ORP (in some
cases), and pressure sensors (e.g., German et al., 2006). The
light back-scattering and ORP sensors were identical to those
used on the CTD.

The light back-scattering sensor [measuring non-dimensional
Nephelometric Turbidity Units (NTU; American Public
Health Association [APHA], 1985)] detects particle-rich
discharge, generally at source temperatures >200◦C, containing
precipitated metals or sulfur-rich minerals that create plumes
extending kilometers from their source. The notation 1NTU
indicates the NTU value (0–5 V range on the sensor) above
the local ambient water. Continual plume mixing and
particle sedimentation strongly affects instantaneous 1NTU
values of any plume.

We calculate the hydrothermal temperature anomaly (1θ)
in a neutrally buoyant plume from the expression 1θ = θ–
(m1 + m2σθ + m3σθ

2), where θ is potential temperature, σθ is
potential density, and m1, m2, and m3 are constants in a linear
or polynomial regression between θ and σθ in hydrothermally
unaffected water around the plume (Lupton et al., 1985). We
multiply the calculated 1θ values by 3.4 based on the local
θ-salinity gradient and assuming the vent fluid salinity is close
to the salinity of ambient seawater (McDuff, 1995; Baker et al.,
2011). Vent fluid salinities higher than seawater would lower the
correction factor by about half, but vent salinities lower than∼20
PSU would increase the correction by a factor of 10 or more.

The ORP sensor responds within a 1 s sampling interval to the
presence of nanomolar concentrations of reduced hydrothermal
chemicals (e.g., Fe+2, HS−, H2) from vents of any temperature
(Walker et al., 2007; Resing et al., 2009; Baker et al., 2016).
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FIGURE 3 | Survey tow lines (black) and active hydrothermal sites (yellow circles) of the MTJ and the FRSC. Numbers correspond to sites in Table 1. This figure also
includes all the known active sites in the NE Lau Basin (Tables 1, 2). Red arrows indicate full rate spreading values (mm/year). Tofua arc strike follows the dashed
yellow line. Blue arrows, aligned in the direction of the Pacific slab flow line, indicate correspondence between arc and FRSC volcanoes within 70 km of the Tofua arc
(Sleeper et al., 2016). Figure made with GeoMapApp (www.geomapapp.org).
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FIGURE 4 | Survey tow lines (black) and active hydrothermal sites (yellow circles) of the Matas and Niua. Numbers correspond to sites in Table 2. Figure made with
GeoMapApp (www.geomapapp.org).

Because these chemicals rapidly oxidize, biotically or abiotically,
close (∼1 km) to their seafloor source (Baker et al., 2016), an ORP
response provides a far more precise indication of source location
than does 1NTU or 1θ. The magnitude of an ORP anomaly (1E,
mV) is calculated as the difference between the value prior to
entering a plume and the most negative value reached before the
values begin steadily increasing again (a more intense signal has
a greater negative value), or by a negative time rate of change in
E as the sensor encounters a plume (dE/dt). The absolute value
of E varies among individual ORP sensors, but 1E and dE/dt
values are comparable (Walker et al., 2007; Baker et al., 2016). We
consider values of 1E > 2 mV to be diagnostic of a plume (Baker
et al., 2017), but even values as low as 1 mV, when correlated with
1NTU or 1θ, can be reliably hydrothermal.

Inferring Vent Fluid Temperatures
We use plume data to infer whether sites were high-temperature
(“black smokers” and associated low-temperature discharge) or
low-temperature only (diffuse flow) sites. Of the 43 identified
sites, remotely operated vehicles (ROVs) have visited only 13
(11 on discrete volcanoes). All but two dives measured high-
temperature (>250◦C) fluids or made observations consistent
with such discharge (e.g., “black smoke,” sulfur particles). Of the
remaining 29 sites, we classified some as high-temperature based
on a single measurement type, but most required a combination
of criteria to assign them as high- or low-temperature. We
emphasize that these are inferred classifications that may change
as a site ages or when direct observations are eventually made.

To make this decision, we use three criteria, listed here in
order of importance: (1) Plume rise: high-temperature discharge
typically rises >∼150 m (subject to the local vertical gradient of
σθ) and creates a roughly vertically symmetrical plume profile
with a pronounced maximum in tracer values. Sites with multiple
sources or strong current effects (which bend plumes and
depress rise height) can display multiple maxima at different
depths. Because the precise location and depth of many inferred
sources remains uncertain, especially at low spreading rates
where axial valleys are wide and bathymetry rugged, plume rise
can be difficult to estimate accurately. (2) 1NTU value: high-
temperature discharge produces copious particles and higher
1NTU (very roughly >∼0.02), but values decrease as the plume
dilutes and particles are removed. Conversely, a low 1NTU
coupled with high 1E is characteristic of low-temperature
discharge. (3) 1θ values: The 1θ value of low-temperature
sources dilutes rapidly, so measurable values, especially when
significantly correlated with 1NTU, argue for a high-temperature
source. Values for these criteria for each site (where data permits)
are given in Tables 1, 2.

Data Sources
In addition to the cited papers and abstracts, extensive
background information on work in the NE Lau Basin can be
found in published cruise reports, which are not specifically
referenced in the text. These include the following years: 20082,

2https://www.pmel.noaa.gov/eoi/laubasin/documents/tn227-nelau-report-final.
pdf
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TABLE 1 | Characteristics of plumes from NE Lau Basin spreading ridges.

Site IDa Rate
(mm/year)

Long. Lat. Max
1NTU

Max 1E
(mV)

Max 1θ

(◦C)
Max plume

rise (m)
Vent typeb Plume

depths (m)
Presumed
seafloor

depth (m)

1 T08C12 42 −174.159 −15.180 0.006 1 0.040 130 1 1970–2000 2100

2 T08C12 39 −174.179 −15.218 0.008 25 0.110 120 1 1880–1920 2000

3 T08C11 38 −174.226 −15.308 0.08 10 0.060 200 1 1770–1900 1980

4 Tafu, 2017 37 −174.238 −15.365 2∗ 1423

5 T08C18 36 −174.245 −15.384 0.02 72 0.440 30 1 1630–1650 1670

5 T09C01 36 −174.245 −15.384 0.006 1 0.030 ND 2∗ 1550–1650 1670

6 T08C18 36 −174.263 −15.403 0.064 137 0.120 40 1 1760–1780 1800

6 T08C09 36 −174.263 −15.403 0.07 17 0.140 100 1 1700–1740 1800

7 T08C09 36 −174.300 −15.425 0.13 3 0.020 250 1 1830–1920

8 Maka, 2008 36 −174.285 −15.423 0.13 200 0.130 250 1∗ 1300–1500 1580

8 Maka, 2009 36 −174.285 −15.423 0.086 120 ND 200 1∗ 1370–1560 1580

9 T08C05 37 −174.627 −15.365 0.019 1 ND 150 1 2150 2250

10 T08C05 37 −174.643 −15.385 0.02 48 0.040 130 1 2000–2100 2170

11 T08C05 35 −174.678 −15.431 0.022 5 0.030 300 1 1950–2150 2250

12 T08C05 34 −174.741 −15.513 0.009 2 0.065 200 1 1900–2050 2100

13 T08C04 32 −174.820 −15.610 0.038 0 0.016 200 1 2050–2150 2250

14 T08C04 32 −174.849 −15.619 0.009 0 0.006 70 2 2200–2250 2300

15 T08C03 32 −174.825 −15.657 0.024 0 0.015 200 1 2050–2100 2280

16 T08C03 32 −174.834 −15.719 0.013 0 ND 300 1 2100–2200 2400

17 V08C02 29 −174.796 −15.963 0.008 3 ND 120 2 2300–2400 2400

18 14b, 2008 27 −174.568 −16.115 0.03 12 ND 200 1 2000–2200 2250

19 14b, 2008 27 −174.568 −16.120 0.008 10 ND ND 2 1800–1840 2250

20 14b, 2008 25 −174.555 −16.311 0.015 40 0.025 350 1 2000–2200 2380

21 MAPR, 2004 23 −174.539 −16.491 0.036 0 ND ND 1 1650–1820 2300

22 11-CT2, 2008 21 −174.525 −16.657 0.48 60 0.330 250 1 1550–1700 1800

23 11b, 2008 21 −174.548 −16.670 2 ND ND 2 1080–1100 1800

24 11b, 2008 21 −174.514 −16.689 0.01 3 ND 400 1 1350–1450 1800

25 11a-1, 2008 21 −174.521 −16.697 0.018 6 ND 150 2 1250–1300 1400

26 11a-3, 2008 20 −174.523 −16.795 0.01 0 0.050 250 1 1550–1700 1800–2000

27 11a-2, 2008 18 −174.543 −16.963 0.094 15 0.076 250 1 1450–1650 1750

28 12a, 2008 11 −174.569 −17.530 0.015 7 0.090 80 1∗ 1480–1540 1620

29 12a, 2008 11 −174.571 −17.537 0.004 12 ND ND 2 1150–1300 950

30 ROV, 2012 11 −174.577 −17.543 1∗ 950

31 T12A-01 8 −174.526 −17.785 0.002 18 ND 30 2 480 500

aOperation type: For NELSC and MTJ (sites 1–17), “T08/V08” = year of tow or cast, followed by operation designator “C12.” For FRSC (sites 18–31), different
nomenclature giving operation name and year (except site 31). bType 1 = high temperature, Type 2 = low temperature. ∗Visually confirmed. ND = value not determinable,
empty cell = no data.

20093, 20104, 20125, and 20176. Vertical profiles of the plume
tracers 1NTU, 1θ, and 1E, along with plots of 1NTU/1θ, at
each site location where available, and the corresponding data
sets, are available in the Supplementary Materials.

3https://www.pmel.noaa.gov/eoi/laubasin/documents/tn234-NELRC-
CruiseReport-final.pdf and http://mnf.csiro.au/~{}/media/Files/Voyage-
plans-and-summaries/Southern-Surveyor/Voyage%20plans-summaries/2009/
VOYAGE%20SUMMARY%20SS02-09.ashx
4https://www.pmel.noaa.gov/eoi/laubasin/documents/2010-LauBasin-KM1008-
cruise-report.pdf
5https://www.pmel.noaa.gov/eoi/laubasin/documents/SRoF12-cruisereport-final.
pdf
6https://www.pmel.noaa.gov/eoi/laubasin/documents/FK171110-CruiseReport-
with-logs.pdf

RESULTS

Spreading Ridges
Plumes over the NELSC were first surveyed by German et al.
(2006) and Kim et al. (2009), and those data identified sites
4, 5, 7, and 8 (Figure 2). Comprehensive CTD tows in 2008
(Baker et al., 2011) surveyed 15◦–15.47◦S and identified four
additional high-temperature sites (1–3, 6). Sites 5 and 6 likely
became high-temperature during the eruption that preceded our
2008 survey by only days; by 2009 both sites had degraded to
low-temperature. Tafu (site 4) may be episodically active: a 2004
vertical cast detected no plume (German et al., 2006), a 2006
tow mapped a plume at least 3 km long apparently emanating
from Tafu (Kim et al., 2009), 2008 surveys found no plume
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TABLE 2 | Characteristics of plumes from NE Lau Basin non-ridge volcanoes.

Site Volcanoes Cast/Towa Long. Lat. Max
1NTU

Max 1E
(mV)

Max 1θ

(◦C)
Max plume rise

(m)
Vent typeb Plume

depths (m)
Presumed
seafloor

depth (m)

32 N Niua T08C14 −173.553 −15.083 4.9 151 ND 150 1 600–750 1375

32 N Niua T12A10 −173.556 −15.083 5 233 ND 100 1∗ 600–750 1375

33 S Niua T08C14 −173.574 −15.161 0.32 124 0.18 100 1 1000–1100 1100

33 S Niua V12A06 −173.565 −15.174 0.013 59 ND 100 1∗ 1000–1100 1100

34 Fitu T10B04 −173.782 −14.914 0.31 41 0.15 170 1 2400–2500 2585–2627

34 Fitu T12A09 −173.786 −14.911 0.052 13 0.035 200 1∗ 2350–2550 2585–2627

34 Fitu V17B06 −173.788 −15.017 0.03 120 0.11 220 1∗ 2400–2560 2750

35 Ono T10B03 −173.799 −14.939 0.2 22 0.05 300 1 2300–2500 2400–2600

35 Ono T12A07 −173.795 −14.938 0.065 88 0.05 150 1 2300–2500 2400–2600

36 Fa T10B05 −173.81 −14.986 0.07 52 0.07 150 1 2400–2500 2400–2600

37 Tolu T10B02 −173.793 −15.005 0.029 97 0.06 150 1 1750–1850 1840

37 Tolu T12A02 −173.793 −15.005 0.032 95 0.05 200 1∗ 1750–1900 1840

37 Tolu T17B03 −173.793 −15.005 0.016 10 0.025 120 1∗ 1780–1820 1900

38 Ua T10B13 −173.784 −15.022 0.3 110 0.11 200 1 2100–2300 2200–2400

38 Ua T12A05 −173.787 −15.017 0.114 92 0.06 300 1∗ 2050–2350 2200–2400

38 Ua T17B03 −173.785 −15.025 0.2 85 0.09 300 1∗ 2080–2330 2200–2401

39 W Mata T08C17 −173.748 −15.095 5 300 0.4 150 1 1000–1150 1200

39 W Mata V09C01 −173.748 −15.095 2 150 0.24 70 1∗ 1070–1130 1200

39 W Mata V10B03 −173.748 −15.095 3.5 130 1.5 250 1 900–1180 1200

39 W Mata T12A03 −173.749 −15.094 0.25 3.2 0.17 65 1∗ 1190–1210 1200

39 W Mata T17B01 −173.75 −15.093 0.07 57 0.07 150 1∗ 1050–1150 1200

40 E Mata V08C24 −173.678 −15.101 0.002 122 ND 50 2 1240–1280 1350

40 E Mata V10B05 −173.678 −15.101 0.008 70 ND 30 2 1280–1320 1350

40 E Mata T12A06 −173.676 −15.102 0.014 28 ND 60 2 1250–1350 1350

40 E Mata V17B11 −173.678 −15.102 0.1 76 0.05 110 2 1175–1280 1300

41 Motutahi T08C15 −174.003 −15.376 0.25 180 0.062 100 1 1171 1250

41 Motutahi V10B11 −174.003 −15.376 5 254 0.33 100 1 1140–1220 1250

41 Motutahi V12A02 −174.003 −15.376 0.55 132 0.065 80 1∗ 1200 1250

41 Motutahi V17B02 −174.003 −15.376 1.4 150 0.13 200 1 1050–1150 1250

42 Niuatahi T08C15 −174.017 −15.391 0.17 5 0.02 200 1 1450–1700 1875

43 MTJ V12A04 −174.711 −15.954 0.046 41 0.126 135 1 1200–1330 1330

aOperation type: “T08/V08” = year of tow or cast, followed by operation designator “C14.” bType 1 = high temperature, Type 2 = low temperature. ∗Visually confirmed.
ND = value not determinable.

(Baker et al., 2011), and a 2017 ROV dive found 5◦C fluids.
Plumes above Maka (site 8) indicated high-temperature discharge
in 2004 (German et al., 2006), 2006 (Kim et al., 2009), 2008 (Baker
et al., 2011), and 2009. Nautilus Minerals Inc., made the first
visual confirmation of high-temperature Maka fluids (∼315◦C)
in 2008 (Baker et al., 2011). All NELSC sites were located by 1E
anomalies or ROV observations.

Six of the nine MTJ sites are on its northern limb or near
the triple junction (Figure 3). Sites 9–12 on the northern limb
occur along the strike of the narrow axial cleft of a broad axial
high; sites 10–12 show multiple plume maxima distributed 100–
200 m vertically that imply high-temperature sites at a variety of
buoyancy fluxes. Based on low rise heights and weak 1NTU and
1θ values (Table 1), sites 14 and 17 appear to be low-temperature
discharge. 1E values were measurable at sites 9–12, and 17.

Conductivity-temperature-depth tows along the FRSC first
occurred in 2009 (Crowhurst et al., 2009). Fifteen sites occupy
three morphological regions: near prominent axial ridges (north

of 16.67◦S), near an axial ridge or off-axis discrete volcano
(16.67–17.03◦S), or associated with large arc-like volcanoes where
an axial ridge is negligible (south of 17.03◦S) (Figure 3). This
morphological trend follows the spreading rate decline from
27 to 8 mm/year (Sleeper et al., 2016). Sites in the slowest-
spreading portion of the ridge tend to cluster near volcanoes:
four (22–25) around an axial volcano at 16.67◦S, three (28–
30) around an isolated volcano at 17.54◦S, and one (31) on an
isolated volcano at 17.78◦S. We judge four of these sites as high-
temperature discharge, and at each volcano we observed a plume
(or seafloor venting) at a depth corresponding to the summit
depth. A hydrothermally diagnostic 1E value was observed at 11
of the 14 sites.

Non-ridge Volcanoes
All the active Mata volcanoes except E Mata create plumes with
1NTU, 1θ, and 1E characteristic of high-temperature discharge.
ROV dives subsequently confirmed high-temperature discharge
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at all sites except Fa and E Mata. Plume values at the north Mata
volcanoes, first observed in 2010, have remained relatively stable
at those volcanoes where plume mapping occurred again in 2012
and 2017. W and E Mata have a lengthier time series: 2008, 2009
(W only), 2010, 2012, and 2017. E Mata has been conspicuously
stable, except for higher 1NTU and the first detectable 1θ in
2017. Unlike other Mata volcanoes, plume values at W Mata have
varied substantially over the 9 year observation period. Intense
plumes in 2008 evidenced eruptive activity, which was confirmed
by ROV in 2009 (Resing et al., 2011b; Baumberger et al., 2014).
A sharp reduction in eruption gasses (3He, H2; Baumberger
et al., 2014) in 2010 and 2012, and in plume 1NTU, 1θ, and
1E, signaled reduced volcanic activity. Plume tracers reached
their lowest values in 2017, although the plume rise height was
unusually high (150 m).

Arculus (2004) first reported strong hydrothermal plumes
above Motutahi, and recovered possible eruption residue such
as sulfide-rich material and native S. In 2006, Kim et al. (2009)
also mapped strong particle plumes from Motutahi. Our data
from 2008, 2010, 2012, and 2017 (Table 2) consistently shows
two primary plume levels, with peaks <1200 and >1200 m,
attesting to long-lasting differences in source buoyancy fluxes.
1NTU values have been consistently high, and in 2010 exceeded
the sensor range of 5 NTU. Plumes elsewhere that consistently
reach 5 1NTU have contained exceedingly high concentrations
of particulate S (>18,000 nM) (Resing et al., 2011a). Kim et al.
(2009) also identified a deeper, active volcanic edifice within
Niuatahi, southeast of Motutahi, which we confirmed in 2008.
Unpublished results from a recent R.V. Sonne expedition (K.
Haase, Chief Scientist) indicate other minor venting areas, typical
of a large caldera volcano.

In both 2008 and 2012, 1NTU plume values at N Niua
reached the sensor maximum of 5 V (Table 2), again suggestive of
a vigorous, S-rich hydrothermal system. The S Niua cone was also
active both years, although the single vertical cast in 2012 found
1NTU values an order of magnitude less than in 2008.

The plume within the crater of MTJ displayed high anomalies
in all plume tracers, perhaps because of the constraining
geometry of the∼100-m-deep crater at its summit.

DISCUSSION

Site Distribution and Apparent Magma
Sources
The most intense plume anomalies overwhelmingly occurred
over the summits or flanks of discrete volcanoes, wherever their
location. Volcanoes accounted for 11 of the top 12 1NTU values,
9 of the top 11 1θ values, and the top 10 1E values (Tables 1,
2 and Figures 5–7). These statistics describe an uncommonly
active group of ridge, arc, and intra-plate discrete volcanoes in
the NE Lau Basin. Of the 20 prominent volcanoes, only three
(the FRSC at 17.11◦S and Mata volcanoes Nima and Taha) lacked
evidence of hydrothermal activity. High-temperature discharge,
confirmed by ROV observation (9 sites) or plume characteristics
(5 sites), occurred on all active volcanoes except for E Mata,
Tahu, and the southernmost FRSC cone. Even more remarkable,

plume data indicated an erupting W Mata in 2008, 2009 (when
confirmed by ROV), and 2010, and uncommonly intense venting
(1NTU > 5) at Motutahi in 2010 and N Niua in 2008/2012. And
surprisingly, MTJ is adjacent to an apparently low-magmatic-
budget spreading ridge but >100 km distant from any other
intra-plate or arc volcano.

Although the Mariana, Kermadec, and Izu–Bonin subduction
zones feature cross-arc chains of intra-plate volcanoes (Wright
et al., 1996; Stern et al., 2003, 2006, 2013), those of the NE Lau
Basin may be unique (Rubin and Embley, 2012). They follow
no linear trace, present a diversity ranging from small cones to
a sizeable caldera, and display near unanimous hydrothermal
activity. Possible magma sources supporting this high overall
activity include magma captured from the Tofua arc due to
increased melting driven by slab-derived hydration of mantle
wedge (Martinez and Taylor, 2002; Lupton et al., 2015), and
magma leakage through deep crustal tears of the subducting
Pacific plate (Govers and Wortel, 2005; Falloon et al., 2007).

Compared to the discrete volcanoes, plume anomalies are
more varied on NE Lau ridges, where the site distribution appears
influenced by both ridge and arc magma sources. Globally,
lengthy sections of ridge crest spreading at 20–40 mm/year occur
almost exclusively along the Mid-Atlantic and Central Indian
Ridges, where deep axial valleys dominate. The NELSC and the
FRSC (north of ∼17.17◦S), however, feature prominent axial
ridges, similar to other slow-spreading back-arc ridges close
(<∼70 km) to an active arc. Examples include the southern
Mariana and VFR, where the capture of arc magma facilitates the
creation of axial ridges (Martinez et al., 2006; Stern et al., 2013;
Brounce et al., 2016).

Even though the NELSC lies within ∼70 km of the Tofua arc
(Figure 1), C/3He−3He/4He data indicate that both the ridge
and Maka volcano (site 8) are mid-ocean ridge basalt (Lupton
et al., 2015). However, trace element data from NELSC basalts
also suggest the presence of an enriched mantle source similar to
basalts from the Samoan hotspot (Rubin et al., 2009; Lupton et al.,
2015), testifying to a multiplicity of magma sources in the rapidly
evolving NE Lau Basin.

Axial ridges are also present on the FRSC between 16◦ and
17.17◦S, increasing in sharpness and relief progressing south,
indicative of an increasing contribution of slab-derived melts as
the axis nears the arc (Sleeper et al., 2016). The effect of magma
supply is expressed differently in the southern half of the FRSC,
where ultra-slow spreading focuses magma to point sources
(Sleeper et al., 2016) and creates hydrothermally active discrete
volcanoes. FRSC isotope data [C/3He and 3He/4He (Lupton et al.,
2015)] from five rock samples and one vent fluid fall between
ridge and arc characteristics, suggesting at least a minor arc
influence as interpreted by Sleeper et al. (2016). This influence
is also implied by the observation that the FRSC volcanoes lie
on the slab flow lines corresponding to prominent Tofua arc
volcanoes (Figure 3).

The MTJ is a stark contrast to the NELSC and FRSC.
Pronounced axial ridges are absent, suggesting a present-day
magma budget lower than the NELSC or FRSC, perhaps a
consequence of a location more distant (∼100 km) from the
supply of Tofua arc magma (Baker et al., 2017). The southern and

Frontiers in Marine Science | www.frontiersin.org 9 July 2019 | Volume 6 | Article 382

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00382 July 6, 2019 Time: 12:42 # 10

Baker et al. Back-Arc Hydrothermal Venting

FIGURE 5 | Distribution of maximum 1NTU at each site: ≥90th percentile (red), ≥70th–90th percentile (yellow), ≥50th–70th percentile (lavender), <50th percentile
(black). Values given in Tables 1, 2. Figure made with GeoMapApp (www.geomapapp.org).
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FIGURE 6 | Distribution of maximum 1θ (◦C) at each site: ≥90th percentile (red), ≥70th–90th percentile (yellow), ≥50th–70th percentile (lavender), <50th percentile
(black). Values given in Tables 1, 2. Figure made with GeoMapApp (www.geomapapp.org).
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FIGURE 7 | Distribution of maximum 1E (mV)at each site: ≥90th percentile (red), ≥70th–90th percentile (yellow), ≥50th–70th percentile (lavender), <50th percentile
(black). Values given in Tables 1, 2. Figure made with GeoMapApp (www.geomapapp.org).
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western arms feature deep, flat valleys and no plume anomalies
above the 50th percentile. The most robust plumes were found
along the cleft of the broad, low-relief axial high of the northern
arm. The origin of Volcano MTJ is thus enigmatic.

Site Distribution and Ridge Spreading
Rates
The boundaries of the Tonga plate have been explored extensively
for hydrothermal activity over the last 20 years. At present
counting, the VFR/ELSC ridge segments (19◦–24◦S) host 95
active sites (Baker et al., 2016) and the Kermadec/Tofua arc
(21.1◦–36.45◦S) adds 33 active volcanic centers containing
44 active sites, totaling ∼20% of the 650 globally known
submarine vent sites [http://vents-data.interridge.org/, updated
from Beaulieu et al. (2015)]. Our data add 31 ridge and 12
arc/intra-plate volcano sites, 17 of which are not currently in the
InterRidge database.

The number of known active sites on any spreading ridge
depends not only on the local magmatic budget (proxies include
spreading rate on long time scales (∼100 Kyr) and bathymetric
characteristics (e.g., axial ridges) on shorter time scales) but
also on the effectiveness of exploration techniques. Roughly
80% of global sites have been discovered using water-column
profiles, generally spaced at intervals of ∼10 km or wider
along axis (Baker, 2017). This approach is cost-effective but
inadequate. Most of the remaining sites have been discovered
by two-dimensional surveys using towed instruments, primarily
employing real-time turbidity and temperature sensors. This
approach is far more effective, but can easily overlook low-
temperature sites emitting plumes deficient in turbidity and
temperature but rich in reduced chemicals (e.g., “Lost City” on
the Mid-Atlantic Ridge; Larson et al., 2015). Only a few ridge
sections have benefited from towed surveys that include an ORP
sensor sensitive to low-temperature emissions. These sections
uniformly show higher Fs values than other ridge sections
with comparable spreading rates but conventional exploration
efforts, including those previously surveyed (Baker et al., 2016;
Baker, 2017).

Our detailed exploration methods support two conclusions
from Sleeper and Martinez (2016) and Sleeper et al. (2016):
spreading rates on the Niuafo’ou/Tonga border are much lower
than proposed by Zellmer and Taylor (2001), and magma delivery
becomes sharply focused into large axial volcanoes at FRSC
spreading rates <14 mm/year. Fs values along ridge segments in
the NE Lau Basin steadily increase as the spreading rate increases
northward from 8 to 42 mm/year, but remain lower than on the
faster-spreading VFR/ELSC (Figure 8). The relatively low Fs on
the NE Lau Basin ridges is consistent with lower spreading rates
calculated by Sleeper and Martinez (2016). And on the slowest-
spreading section of the FRSC (south of 17◦S), the presumed sites
of volcano construction by focusing of arc magma are the only
sites where we found hydrothermal activity.

Notably, the Fs trend along NE Lau Basin ridges follows
that calculated from the VFR/ELSC ridge (Baker et al., 2017),
where spreading rates (us) range from 40 to 90 mm/year.
The Fs/us least-squares regression slope for the entire suite of

FIGURE 8 | Spreading rate (us) versus relative hydrothermal activity (Fs, red
circles; ph, blue triangles) in the Lau Basin (in 10 mm/year us bins), and for a
selection of 26 mid-ocean ridge sections (black circles) (mean us for each
section). Back-arc ridges in the NE Lau Basin (this paper) shown as solid red
and blue symbols, VFR/ELSC ridge (Martinez et al., 2006) shown as open red
and blue symbols. Ridge data (Beaulieu et al., 2015) are Fs only.
Corresponding regression equations (solid lines) are: Lau Fs:
Fs = 3.7 + 0.29us, r = 0.69; Lau ph: ph = 2.7 + 0.46us, r = 0.80; Mid-ocean
ridge Fs: Fs = 0.61 + 0.025us, r = 0.77.

hydrothermally surveyed Lau ridges (0.29) is ∼10× greater than
for a global suite of 26 mid-ocean ridge sections (0.025) from
Beaulieu et al. (2015) (Figure 8). Much of this difference is
a function of improved exploration, as described above, but
the entire Lau region appears hydrothermally enhanced even
compared to other well-explored ridge sections with similar
spreading rates (Baker, 2017). Fs values in the 40–60 mm/year
range are more than twice that measured along the Galapagos
Ridge using the same exploration techniques. And in the 80–
90 mm/year range, Lau Fs values are comparable to those
observed on well-explored fast- to superfast-spreading ridges
(100–140 mm/year).

Note that the Fs value for Lau Basin trend at us = 40–
50 mm/year (the southern VFR) is almost double the predicted
value (Figure 8). We suggest that this anomalous point, which
is closer (<50 km) to the Tofua arc than any in the Lau
Basin (except for the ultra-slow southern segments of the
FRSC, where arc magma supply is differently expressed), is
a consequence of heightened magma capture from the arc
(Martinez and Taylor, 2002). A similar effect is also apparent
on nearest-arc sections of the Mariana and Manus backarcs
(Baker et al., 2017).

Interestingly, this anomaly does not appear when using the
simpler hydrothermal index of plume incidence (ph), the fraction
of ridge crest overlain by a 1NTU plume (Baker and Hammond,
1992). This difference arises because ph is based on 1NTU alone,
and 43% of active sites in the 40–50 mm/year VFR section are 1E
only, with no 1NTU signature (Baker et al., 2016).
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Trends of spreading rate versus hydrothermal activity along
Lau Basin ridges are similar whether using Fs or ph. A strong
linear relationship results from either index, although here Fs
gives a lower correlation (r = 0.69 versus r = 0.80) because the
40–50 mm/year VFR section is not anomalous in the ph data.
This consistency between Fs and ph trends, based on∼850 km of
well-explored and spreading-rate-variable ridge crests in the Lau
Basin, validates 25 years of using ph as an approximate predictor
of apparent magma budget.

CONCLUSION

The NE Lau Basin, bounded by a series of back-arc spreading
ridges and the Tofua arc, is a product of the fastest subducting
plate boundary on Earth. A compilation of water-column
data from 10 cruises over 16 years describes an area of
extraordinary hydrothermal activity. Optical, thermal, and
chemical sensors identified discharge plumes from 43 active
sites, distributed among back-arc ridges (31), the Tofua arc
(2), and intra-plate volcanic edifices (10). At least 32 of
the sites appear to be high-temperature (emitting precipitated
mineral particles), two of which were sampled during seafloor
eruptions. When combined with existing data from ridges
farther south (VFR and ELSC), the spatial density of active
sites (sites/100 km of ridge crest) along all Lau Basin back-
arc spreading ridges was a robust (r = 0.69) linear function
of ridge spreading rate, extending across a spreading rate
range of 8–90 mm/year. The Lau Basin site density versus
spreading rate trend is an order of magnitude higher than
currently recognized for mid-ocean ridges generally. This
enhancement is likely the result, primarily, of meticulous
exploration along Lau Basin ridges, and, secondarily, of a regional
magmatic budget augmented by superfast Kermadec-Tonga
subduction rates.
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