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} SPECIAL ISSUE ON THE OCEAN OBSERVATORIES INITIATIVE

Deep-Sea Volcanic Eruptions Create
Unique Chemical and Biological Linkages
Between the Subsurface Lithosphere
and the Oceanic Hydrosphere

By Rachel L. Spietz, Daviq A. Butterfield, Nafhaniel J. Buck, Benjamin I. Larson, William W. Chadwick Jr.,
] Sharon L Walker, Deborah S. Kelley, and prert M. Morris
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ABSTRACT. In April 2015, pressure recorders, seismometers, and hydrophones
attached to the Ocean Observatories Initiative (OOI) Cabled Array on Axial Seamount
detected, in real time, a volcanic eruption predominantly located along the north rift
zone (NRZ). Real-time detection enabled a rapid response cruise to augment OOI
data with ship-based physical, chemical, and biological sampling of the eruption
and the new lava flows. The combined data set demonstrates the synergistic value of
real-time monitoring combined with rapid response efforts that sample beyond the
boundaries of a fixed cabled array. These combined data show that the 2015 eruption
gave rise to chemically and microbiologically variable hydrothermal plumes over new
NRZ lava flows, reflecting chemical and biological linkages between the subsurface
lithosphere and the oceanic hydrosphere. The warmest and least diluted plume near the
new lava flows was 0.119°C above background seawater and hosted thermophilic and
hyperthermophilic taxa that are typically identified in hydrothermal fluids emanating
from the warm subsurface. Cooler and more diluted hydrothermal plumes farther
from a hydrothermal fluid source were 0.072°-0.078°C above background seawater
and hosted mesophilic and psychrophilic taxa that are typically identified in neutrally
buoyant plumes at persistent hydrothermal venting sites. Potentially chemosynthetic
microbial lineages, including Epsilonproteobacteria, Gammaproteobacteria, and
Methanococcales, were positively correlated with elevated temperature anomalies.
These data suggest that hydrothermal fluid flow through new lava flows on the NRZ
supported diverse microbial communities for several months following the 2015
eruption and that subsurface heterogeneity contributed to the structure of unique
hydrothermal-plume-hosted microbial communities.

BACKGROUND

Axial Seamount is the largest and most
active volcano on the Juan de Fuca Ridge
spreading center. Annual research cruises
have collected chemical, geological, and
biological data at Axial Seamount for
more than three decades, making this one
of the longest time series for a deep-sea
volcanically driven hydrothermal system.
In 1998, an eruption on Axial’s south rift
zone was remotely detected by US Navy
hydrophones (Dziak and Fox, 1999;
Chadwick et al., 2013). Axial Seamount
erupted again in 2011 along the south
rift zone, resulting in lava flows inside
and outside the caldera with numerous
“snow blower” vents that emitted white
floc from dense -eruption-associated
microbial mats (Caress et al., 2012; Meyer
et al., 2013; Kelley et al., 2014). In 2014,
the Ocean Observatories Initiative (OOI)
completed installation of a regional
cabled observatory that spans the Juan de
Fuca Plate with nodes at Axial Seamount

that include over 20 cabled instruments
within the caldera (Kelley et al., 2016).
The OOI Cabled Array detected in
real time the most recent eruption, which
started on April 24, 2015, and lasted
for several weeks (Nooner et al., 2016;
Wilcock et al., 2016). These data were
critical for identifying new lava flows,
capturing for the first time the locations
and timing of earthquakes and explosive
events as they occurred. The data suggest
that activity was focused along Axial’s
north rift zone (NRZ), and this location
was confirmed by depth changes detected
by bathymetric resurveys and remotely
operated vehicles in July and August 2015
(Chadwick et al., 2016; Kelley et al., 2016).
The thickest new lava flows were covered
by microbial mats, and there were numer-
ous sites of hydrothermal flow (Chadwick
etal,, 2016; Kelley et al., 2016). The bathy-
metric and visual observations detected
11 new lava flows from at least 13 new
fissures along the NRZ and within Axial

caldera (Chadwick et al., 2016), with a
combined volume of 1.48 x 10® m3, mak-
ing the 2015 eruption the largest volume
of lava documented since data collection
began in the mid-1980s. The morphology
and chemical composition of separate
lava flows varied from thin sheet flows
within the caldera to much thicker and
more evolved (lower MgO) pillow lava
along the NRZ (Chadwick et al., 2016).

Eruptive events at mid-ocean ridges
are responsible for high fluxes in heat,
chemicals, and biological matter from the
subsurface (Baker et al., 1987; Butterfield
etal., 1997; Delaney et al., 1998). Previous
studies show that abrupt changes in the
seafloor’s physical and chemical environ-
ment and the overlying water column
follow eruptive events and influence the
structure and activity of local microbial
communities (Huber et al., 2002, 2003).
For example, fresh basalt in areas of
hydrothermal flow after eruptive events is
rapidly colonized by microbes (Gulmann
et al., 2015). These benthic biofilms are
dominated by chemolithoautotrophs
(Meyer et al., 2013) that support seafloor
communities at hydrothermal systems
for months to years following eruptions
(Tunnicliffe et al., 1997).

Eruptions can produce new venting
of hydrothermal fluids due to increased
permeability of the crust and new heat
sources such as subseafloor magma and
freshly erupted lava fields that are still
cooling (Baker, 1998; Baker et al., 2004).
Neutrally buoyant hydrothermal plumes
from long-lived vents are a mixture of
entrained background seawater and
<0.01% of subsurface-derived hydrother-
mal fluid (Lupton et al., 1985). A recent
high-resolution spatial study of hydro-
thermal vent plumes along the Eastern
Lau Spreading Center suggests that ubiq-
uitous deep-sea microbes populate plume
microbial communities, while the con-
tribution of subsurface microbial taxa
to plume communities is secondary as
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a result of extreme dilution within the
hydrothermal plume (Sheik et al., 2015).
Yet, some subsurface bacteria, such as
sulfur-oxidizing Epsilonproteobacteria,
demonstrate strong distance-decay rela-
tionships within plumes, with high abun-
dances near the source of hydrothermal
flow, and they can be considered indica-
tors of hydrothermal activity (Djurhuus
et al., 2017). While distance-decay rela-
tionships and high rates of entrain-
ment of background deep-sea micro-
bial communities primarily structure
plume microbial communities, the geo-
chemical and physical environment of
the subsurface source fluids also impose
selective pressures on microbial com-
munity composition over time (Huber
et al., 2007; Opatkiewicz et al,, 2009;
Anderson et al., 2013).

Newly established links between the
seafloor and subsurface magma sources,
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as the result of a deep-sea eruption, have
the potential to create variable subseafloor
hydrothermal conditions that alter over-
lying seawater non-uniformly, which may
be reflected in the structure of microbial
communities in newly formed eruptive
hydrothermal plumes. We use physical,
chemical, and biological data to charac-
terize hydrothermal plume heterogene-
ity above new lava flows along the NRZ
at Axial Seamount. Our data indicate that
differences in subsurface environments
associated with new lava flows can cre-
ate geochemically unique hydrothermal
plumes that harbor distinct microbial
communities comprised of both deep-
ocean and subsurface lineages. This has
the potential to significantly impact deep-
ocean microbiology, as mid-ocean ridges
span 65,000 km of Earth’s surface and are
responsible for approximately 70% of the
volcanic activity on Earth.

RESULTS AND DISCUSSION
Physical and Chemical
Characterization of Distinct Post-
Eruption Hydrothermal Plumes

A rapid response cruise was added to
the previously planned R/V Thompson
TN327 expedition to survey the geol-
ogy, chemistry, and microbiology of new
lava flows. CTD tow-yo surveys above
the new NRZ lava flows collected contin-
uous measurements for depth, tempera-
ture, salinity, and turbidity. Potential tem-
perature and turbidity anomalies verified
the presence of near-seafloor hydrother-
mal plumes 50-100 m thick extending
horizontally several kilometers over the
northernmost new lava flows (Methods
in online Supplementary Materials,
Figure 1A, Table 1). It is estimated that
92% of the erupted volume was accounted
for in the three northernmost lava flows
(#8-#10 using the numbering scheme
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FIGURE 1. Bathymetry, temperature anomaly field, and gas chemistry of hydrothermal
plumes over the caldera and north rift zone of Axial Seamount caldera following the 2015
eruption. (A) Map of the 2015 lava flows (black outlines) numbered 1to 11 from south to
north, corresponding with the flow numbers in Chadwick et al. (2016). Colored lines show
CTD tow-yos from August 2015. The inset locates Axial Seamount on the Juan de Fuca
Ridge (JdFR) in the Northeast Pacific, offshore Oregon (OR) and Washington (WA), USA.
(B) Temperature anomaly field from CTD tow-yos. Discrete water samples were collected
at the locations indicated by open diamonds. Numbered labels refer to sample numbers.
(C) Dissolved methane (gray diamonds) and hydrogen (black squares) concentrations in
hydrothermal plumes over the caldera and north rift zone. The vertical line indicates the

northern boundary of Axial caldera.



from south to north following Chadwick
et al,, 2016). Hydrothermal plumes above
these thicker northern flows had higher
temperature anomalies than plumes
overlying thinner new flows within Axial
caldera or elsewhere along the NRZ.
The plumes over new lava flows #9 and
#10 (46.08°N and 46.11°N, respectively)
were sampled for further characteriza-
tion of plume chemistry and microbial
microbiology. A total of 44 water-column
samples from the caldera, NRZ, and
background seawater were analyzed ship-
board for methane and hydrogen concen-
trations. DNA was extracted from a sub-
set of 12 water-column samples, and the
microbial community was characterized
by 16S rRNA gene sequencing (Methods
in online Supplementary Materials).
Temperature and turbidity anomalies,
as well as methane and hydrogen con-
centrations, were not uniform along the
NRZ (Figure 1B,C) and showed regions
of variability above lava flows #9 and
#10 (Table 1). The hydrothermal plume
above lava flow #9 (samples 6, 8, and 9)
had the highest temperature and turbid-
ity anomalies, measured as ANTU (neph-
elometric turbidity units; Figure 1B,
Table 1). The plume over lava flow #10
(samples 2, 3, 4, and 5) was character-
ized by the highest hydrogen and meth-
ane concentrations compared to any
other plume along the NRZ or within
Axial caldera but had lower tempera-
ture and turbidity anomalies than in the
plume over lava flow #9 (Figure 1B,C,
Table 1). Two samples (10 and 12) were
collected within the broader plume, not
above a new lava flow, to compare lava-
associated plumes with the non-lava asso-
ciated plume (Figure 1B). Non-lava tem-
perature anomalies were similar to those
over lava flow #10 (average 0.078°C),
but turbidity anomalies were lower
than in both lava-associated plumes
(ANTU = 0.024 vs. >0.039). Similarly,
methane concentrations in the non-
lava plumes were lower than in the lava-
associated plumes, and hydrogen con-
centrations were near zero (Table 1). One
background sample was collected at the

NRZ (sample 14) where temperature and
turbidity anomalies were not detected.
Two additional background samples
were collected 24 km northeast of Axial
Seamount and at depths corresponding
to plume samples above lava flows #9 and
#10 (1,500 m and 1,700 m).

Differences in plume conditions above
the two NRZ lava flows indicate variabil-
ity in the subsurface geology, chemistry,
and microbiology. While no obvious dif-
ferences in lava morphology or composi-
tion were detected between flows #9 and
#10 (Chadwick et al., 2016), the micro-
bial mats covering lava flows were thicker
and more orange in color on lava flow
#9 relative to lava flow #10. Additionally,
the sharp increase in plume hydrogen
and methane concentrations over lava
flow #10 indicates differences in the
chemistry, and possibly microbiology,
over the two flows.
fluids
reduced chemical species fuel high rates

Hydrothermal enriched in
of microbial productivity, which are com-
monly more productive than photosyn-
thetically driven parts of the ocean (Lutz
et al,, 1994; McCollom and Shock, 1997;
Shock and Holland, 1997; McCollom,
2000). Geochemical models predict that
most chemosynthetic primary produc-
tion within vent plumes occurs when

concentrations of hydrogen and sul-
fide are highest. This condition can
occur in the early stages of hydrother-
mal plume development (McCollom,
2000). Microbial characterization of per-
sistent vent plumes shows that sulfur-
and hydrogen-oxidizing autotrophic bac-
teria dominate vent fluids at their source
and are present in diffuse-flow fluids
(Sunamura et al., 2004; Anantharaman
et al., 2013; Anderson et al., 2013; Mattes
et al, 2013). Understanding the het-
erogeneity in the hydrothermal plumes
associated with new lava flows from the
2015 eruptive event is important when
considering biogeochemical models of
deep-sea eruptions.

Microbiological Characterization

of Distinct Post-Eruption
Hydrothermal Plumes

To understand how microbial commu-
nity structure relates to environmen-
tal heterogeneity within post-eruptive
hydrothermal plumes, we characterized
microbial communities in discrete sam-
ples collected from the plumes over lava
flows #9 and #10, in non-lava associated
samples, and in background seawater.
Non-metric multidimensional scaling of
microbial operational taxonomic units
derived from 16S rRNA gene sequence

TABLE 1. Physical and chemical measurements. Discrete samples are categorized by region and
match sample numbers as indicated in Figure 1.

Sample Depth Temperature :lr"';b:;g CH, H,
o —1 -1
(ID) (m) anomaly (°C) (ANTU) (nmol kg=") (nmol kg™)
2 1,725 0.070 0.057 333 461
3 1,708 0.082 0.054 406 508
Lava flow #10
4 1,694 0.081 0.039 536 140
5 1,733 0.054 0.035 297 25
6 1,700 0.113 0.134 301 4
Lava flow #9 8 1,696 0.121 0.202 NA NA
9 1,687 0.122 0.241 NA NA
10 1,689 0.059 0.024 8 0
Non-lava
12 1,607 0.096 0.024 168 0
14 1,498 0.012 0.005 NA NA
Background 1500 1,500 -0.012 0.001 BDL 1
1700 1,700 0.000 0.001 1 1

NA = not available (data not collected). BDL = below detection limit. ANTU = turbidity anomaly in

nephelometric turbidity units.
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FIGURE 2. Non-metric multidimensional scaling plot of the differences between
microbial communities across sampling regions at Axial Seamount following
the 2015 eruption. Microbial communities were assessed for (A) bacterial and
(B) archaeal composition. Points represent individual samples, and the colors of
points represent four distinct sampling regions (above lava flow #10, lava flow #9, or
non-lava seafloor, and background seawater not influenced by hydrothermal activ-
ity). Solid lines define a convex hull of the set of samples within a group while the
dashed-lines show a dispersion ellipse using the standard deviation of sample point
scores under a 95% confidence limit. An asterisk indicates p <0.01.

analyses indicates that bacterial community composition was unique
within each region (Figure 2A, ANOSIM global R = 0.8839, p <0.01).
The four regions sampled were also significantly distinct in terms of their
archaeal communities (Figure 2B, ANOSIM global R = 0.4049, p <0.01).
Dispersion ellipses demarcating the standard deviations of sample points
within each region indicate that microbial community composition was
distinct in each of the four regions sampled.

Distinct bacterial communities were identified over the four different
sampling regions even at a broad taxonomic level (Figure 3, Figure S1).
The most abundant classes of bacteria were Alphaproteobacteria,
3A).
Gammaproteobacteria were dominant in plume regions (40.0% to

Gammaproteobacteria, and Epsilonproteobacteria  (Figure
49.3%). Alphaproteobacteria dominated communities in background
seawater, averaging 45.5% of the bacterial 165 rRNA gene sequences
recovered from these samples. Many of the top bacterial classes were
strongly correlated with temperature and turbidity anomalies, both indi-
cators of hydrothermal input (Table S1). The Gammaproteobacteria
and Epsilonproteobacteria had strong normal relationships with anom-
alies of temperature (adjusted R% 0.63 and 0.67, respectively) and tur-
bidity (adjusted R% 0.57 and 0.96, respectively) across all 12 sam-
ples, while the Alphaproteobacteria had a strong inverse relationship
with temperature and turbidity anomalies (adjusted R*: 0.78 and 0.74,
respectively; Table S1).

Shifts in archaeal communities were also evident, though patterns in
distribution were most noticeable among three low abundance orders:
Methanococcales, Methanomicrobiales, and Cenarchaeales (Figure 3B).
Methanococcales were most abundant in the near-seafloor plume over
lava flow #9 (average 1.8%), where temperature anomalies were high-
est and where there were elevated methane and hydrogen concentra-
tions, and over lava flow #10 (average 1.4%) where temperature anoma-
lies were lower but methane and hydrogen concentrations were highest.
Their contribution to archaeal communities decreased significantly in
non-lava samples (average 0.8%) and in background seawater (0.2%).
The Methanococcales also had the highest correlations with tempera-
ture and turbidity anomalies (adjusted R% 0.82 and 0.55, respectively;
Table S2). Cultivation-based studies have isolated thermophilic and

FIGURE 3. Proportions of key (A) bacterial classes and (B) archaeal orders detected
along the north rift zone of Axial Seamount following the 2015 eruption. Samples
are ordered by decreasing turbidity anomaly, a proxy for hydrothermal circulation,
from left to right. Samples are classified into four distinct sampling regions: above
lava flow #9, lava flow #10, non-lava, and background samples not influenced by
hydrothermal activity.



hyperthermophilic hydrogen-consuming
with
requirements well above the tempera-

Methanococcales temperature
ture of the hydrothermal plume fluids
from which they were sampled (Holden
et al, 1998; Summit and Baross, 1998;
Topcuoglu et al., 2016). The implica-
tion from these studies is that meso-
philic and thermophilic microorganisms
in the heated subsurface environment
are released into seawater (Delaney
et al,, 1998; Holden et al., 1998; Summit
and Baross, 1998).

Strictly methanogenic Methanomi-
crobiales were most abundant in the
non-lava associated samples and least
abundant in background seawater. Most
members of the Methanomicrobiales
are psychrophilic or mesophilic and
can use either hydrogen or formate as

Delta-
proteobacteria

OTU 864: uncultured Desulfobacteraceae

OTU 1081: unclassified endolithic bacterium

OTU 681: uncultured bacterium, Lau Basin HT vent
------------------------- OTU 997: uncultured bacterium
------------------------------ OTU 573: Myxococales P30B-42

OTU 3546: Pseudospirillum sp.

OTU 780: uncultured bacterium

electron donors for methanogenesis and
acetate as a carbon source (Liu, 2010).
It is important to note that while the
Methanomicrobiales were most numer-
ous in the non-lava region, their relative
abundance compared to other archaeal
orders was low (1.82% of archaeal
sequences) and that the detection of a
16S rRNA gene sequence in the environ-
ment does not imply activity. Therefore,
Methanomicrobiales may persist lon-
ger than thermophilic and hyperther-
mophilic methanogens in hydrothermal
plumes that cool and become more dilute
with entrained seawater, but are likely not
contributing as much to methanogenesis
within the plume, asindicated by the lower
concentrations of methane in mid-plume
samples. Methane-oxidizing microbes
are known to dominate hydrothermal
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Gammaproteobacteria

Epsilonproteobacteria
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oidetes

Plantomycetes

OTU 569: uncultured Thiotrichales sp.

OTU 2175: E01-9C-26 marine group

OTU 528: BD7-8 marine group

OTU 1016: Sedimenticola sp.

OTU 4935: Alcanivorax sp.

OTU 1914: Pseudoalteromonas sp.

OTU 2824: Alcanivorax sp.

OTU 1151: Nitratifractor sp.

OTU 540: Helicobacteraceae sp.

OTU 1386: Sulfurimonas sp.

OTU 642: Sulfurimonas sp.

OTU 676: Sulfurimonas sp.

OTU 1192: Sulfurimonas sp.

OTU 5816: Sulfurimonas sp.

OTU 2003: Sulfurimonas sp.

OTU 1406: Sulfurimonas sp.

OTU 1021: uncultured bacterium, HT deposits
OTU 724: uncultured bacterium

OTU 661: Gracilibaceria sp.

OTU 972: uncultured marine bacterium

OTU 514: uncultured bacterium

OTU 1040: uncultured bacterium, methane seep
OTU 801: NS7 marine group

OTU 949: Bacteroidetes sp.

OTU 819: Bacteroidetes sp.

OTU 828: Ignavibacteriales sp.

OTU 512: SAR202

OTU 615: OM190

OTU 1403: uncultured bacterium, deep-sea sedimente
OTU 722: uncultured bacterium, HT crustal fluid .
OTU 974: OM190 o
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plumes at Axial Seamount (Mattes et al.,
2013), suggesting that they may contrib-
ute to the drawdown in methane in the
non-lava associated samples. These data
that
niche partitioning among subseafloor

suggest temperature-dependent

methane-producing ~ Methanococcales
and Methanomicrobiales is evident in
newly formed lava-associated plumes.
Indicator analyses of bacterial taxa
detected over new lava flows and in
background seawater also suggest that
there are detectable differences in spe-
cies adapted to differences in sub-
surface temperatures. There were signif-
icant increases in the relative abundance
of Epsilonproteobacteria in hydrother-
mal plumes (Figure 4). On average, they
accounted for 13.2% of the bacterial

community in the higher-temperature
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FIGURE 4. Phylogeny and rel-
ative abundances of bacterial
taxa identified as significant
indicators for each distinct
sampling region: above lava
flow #9, lava flow #10, non-
lava, and background sea-
water. All indicator taxa were
present in at least three sam-
ples, and indicator values were
significant at alpha <0.05.
Bubble size is proportional
to the log-transformed aver-
age abundance of sequences
detected within a region.
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FIGURE 5. Conceptual model showing the different sources of hydrothermal plumes and the implications for overlying sea-
water microbial communities and chemistry, with interpretation of subsurface processes modified from Chadwick et al. (2016).
The weight of arrows corresponds to the estimated relative magnitude of hydrothermal input to plumes. Colors outlining dis-
tinct plumes correspond to the relative temperature of the plume, with white being cool and orange being hotter. Lines outlining
non-buoyant plumes are theoretical boundaries that are not necessarily distinct but rather gradients between regions of hydro-
thermal input from the subsurface and background seawater. Numbered boxes indicate microbial functional groups strongly
associated with each plume region. Note that the vertical axis is exaggerated to show detail.

plume over lava flow #9 and only 0.6%
in background seawater. Indicator anal-
yses suggest that thermophilic taxa
from the Epsilonproteobacteria, includ-
ing Sulfurimonas sp., are significant
indicators in these plumes. These data
support the hypothesis proposed by
Djurhuus et al. (2017) that members
of the mesophilic/thermophilic sulfur-
oxidizing  Epsilonproteobacteria  are
strong indicators of hydrothermal activ-
ity. We add that individual taxa within
the Epsilonproteobacteria demonstrate
preferences for different temperature
ranges or subsurface geochemistry,
which affects the distribution of differ-
ent taxa across plumes of varying origin
(Figures 3 and 4).

CONCLUSIONS

Real-time data from the OOI Cabled
Array at Axial Seamount enabled a
rapid response expedition to character-
ize the geochemistry and microbiology of
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post-eruptive hydrothermal plumes over-
lying new lava flows from the 2015 erup-
tion. Our results suggest that differences
in the hydrothermal sources associated
with distinct lava flows and their sub-
surface feeder dikes create near-seafloor
plume environments that are chem-
ically and microbiologically distinct
from upper, non-buoyant hydrothermal
plumes. We present a conceptual model
that incorporates different hydrother-
mal venting sites over new lava flows to
highlight differences in plume chemis-
try and microbiology at Axial Seamount
(Figure 5). In the model, we attribute dif-
ferences in microbiology to differences
in subseafloor microbial communities
injected into the water column, differ-
ences in the degree of mixing due to sea-
water entrainment, and differences in res-
idence time in the plume. These findings
extend our knowledge, indicating that
post-eruptive hydrothermal output over
new lava flows can continue to influence

deep-sea processes for months follow-
ing an eruption and that the influence
on deep-sea chemistry and microbiology
is heterogeneous.

SUPPLEMENTARY MATERIALS

Methods, Figure S1, and Tables S1and S2 are avail-
able online at https://doi.org/10.5670/oceanog.
2018.120.

REFERENCES

Anantharaman, K., J.A. Breier, C.S. Sheik, and
G.J. Dick. 2013. Evidence for hydrogen oxida-
tion and metabolic plasticity in widespread deep-
sea sulfur-oxidizing bacteria. Proceedings of the
National Academy of Sciences of the United States
of America 110(1):330-335, https://doi.org/10.1073/
pnas.1215340110.

Anderson, R.E., MT. Beltrén, S.J. Hallam, and
J.A. Baross. 2013. Microbial community struc-
ture across fluid gradients in the Juan de Fuca
Ridge hydrothermal system. FEMS Microbiology
Ecology 83(2):324-339, https://doi.org/
10.1111/j.1574-6941.2012.01478 x.

Baker, E.T. 1998. Patterns of event and chronic hydro-
thermal venting following a magmatic intrusion:
New perspectives from the 1996 Gorda Ridge erup-
tion. Deep Sea Research Part Il 45(12):2,599-2,618,
https://doi.org/10.1016/S0967-0645(98)00085-X.

Baker, ET., G.J. Massoth, and R.A. Feely. 1987.
Cataclysmic hydrothermal venting on the Juan
de Fuca Ridge. Nature 329:149-151, https://doi.org/
10.1038/329149a0.


https://doi.org/10.5670/oceanog.2018.120
https://doi.org/10.5670/oceanog.2018.120
https://doi.org/10.1073/pnas.1215340110
https://doi.org/10.1073/pnas.1215340110
https://doi.org/10.1111/j.1574-6941.2012.01478.x
https://doi.org/10.1111/j.1574-6941.2012.01478.x
https://doi.org/10.1016/S0967-0645(98)00085-X
https://doi.org/10.1038/329149a0
https://doi.org/10.1038/329149a0

Baker, E.T.,, R.P. Lowell, J.A. Resing, R.A. Feely,
RW. Embley, G.J. Massoth, and S.L. Walker. 2004.
Decay of hydrothermal output following the 1998
seafloor eruption at Axial Volcano: Observations
and models. Journal of Geophysical Research 109,
B01205, https://doi.org/101029/2003JB002618.
Butterfield, D.A., I.R. Jonasson, G.J. Massoth,
R.A. Feely, KK. Roe, R.E. Embley, J.F. Holden,
R.E. McDuff, M.D. Lilley, and J.R. Delaney. 1997.
Seafloor eruptions and evolution of hydrothermal
fluid chemistry. Philosophical Transactions of the
Royal Society A 355(1723):369-386, https:/doi.org/
10.1098/rsta.1997.0013.

Caress, DW.,, D.A. Clague, J.B. Paduan, J.F. Martin,
B.M. Dreyer, WW. Chadwick Jr.,, A. Denny,
and D.S. Kelley. 2012. Repeat bathymet-
ric surveys at 1-metre resolution of lava flows
erupted at Axial Seamount in April 2011. Nature
Geoscience 5(7):483-488, https://doi.org/10.1038/
ngeol1496.

Chadwick, WW., Jr.,, D.A. Clague, RW. Embley,

M.R. Perfit, D.A. Butterfield, DW. Caress,

J.B. Paduan, J.F. Martin, P. Sasnett, S.G. Merle,
and A.M. Bobbitt. 2013. The 1998 eruption of
Axial Seamount: New insights on submarine
lava flow emplacement from high-resolution
mapping. Geochemistry, Geophysics,
Geosystems 14(10):3,939-3,968, https://doi.org/
10.1002/ggge.20202.

Chadwick, WW.,, Jr., J.B. Paduan, D.A. Clague,

B.M. Dreyer, and S.G. Merle. 2016. Voluminous
eruption from a zoned magma body after an
increase in supply rate at Axial Seamount.
Geophysical Research Letters 5:63-70,
https://doi.org/10.1002/2016GL071327.

Delaney, J.R., D.S. Kelley, M.D. Lilley, D.A. Butterfield,
J.A. Baross, W.S.D. Wilcock, RW. Embley, and
M. Summit. 1998. The quantum event of oceanic
crustal accretion: Impacts of diking at mid-ocean
ridges. Science 281(5374):222-230, https://doi.org/
10.1126/science.281.5374.222.

Djurhuus, A., S. Mikalsen, H. Giebel, and A. Rogers.
2017. Cutting through the smoke: Free-living
bacterial diversity in deep-sea hydrothermal
plumes. Royal Society Open Science 4:160829,
https://doi.org/101098/rs0s.160829.

Dziak, R.P,, and C.G. Fox. 1999. Long-term seismic-
ity and ground deformation at Axial Volcano,
Juan de Fuca Ridge. Geophysical Research
Letters 26(24):3,641-3,644, https://doi.org/
10.1029/1999GL002326.

Gulmann, L.K., S.E. Beaulieu, T.M. Shank, K. Ding,
W.E. Seyfried, and S.M. Sievert. 2015. Bacterial
diversity and successional patterns during bio-
film formation on freshly exposed basalt sur-
faces at diffuse-flow deep-sea vents. Frontiers
in Microbiology 6:901, https://doi.org/10.3389/
fmicb.2015.00901.

Holden, J.F., M. Summit, and J.A. Baross. 1998.
Thermophilic and hyperthermophilic microorgan-
isms in 3-30°C hydrothermal fluids following a
deep-sea volcanic eruption. FEMS Microbiology
Ecology 25:33-41, https://doi.org/10.1111/j.1574-
6941.1998.tb00458 x.

Huber, J.A,, D.A. Butterfield, and J.A. Baross.

2002. Temporal changes in archaeal diver-
sity and chemistry in a mid-ocean ridge sub-
seafloor habitat. Applied and Environmental
Microbiology 68(4):1,585-1,594, https://doi.org/
10.1128/AEM.68.4.1585-1594.2002.

Huber, J.A,, D.A. Butterfield, and J.A. Baross. 2003.
Bacterial diversity in a subseafloor habitat following
a deep-sea volcanic eruption. FEMS Microbiology
Ecology 43:393-409, https://10.1111/j.1574-6941.
2003.tb01080.x.

Huber, J.A., D.B. Mark Welch, H.G. Morrison,

S.M. Huse, P.R. Neal, D.A. Butterfield, and
M.L. Sogin. 2007. Microbial population

structures in the deep marine biosphere.
Science 318(5847):97-100, https://doi.org/10.1126/
science.1146689.

Kelley, D.S., J.R. Delaney, and S.K. Juniper. 2014.
Establishing a new era of submarine volcanic
observatories: Cabling Axial Seamount and the
Endeavour Segment of the Juan de Fuca Ridge.
Marine Geology 352:426-450, https://doi.org/
10.1016/j.marge0.2014.03.010.

Kelley, D.S., J.R. Delaney, and the Cabled Array
Team. 2016. NSF’s Cabled Array: A wired tectonic
plate and overlying ocean. OCEANS 2016 MTS/
IEEE Monterey, OCE 2016, https://doi.org/10.1109/
OCEANS.2016.7761398.

Liu, Y. 2010. Methanomicrobiales. Pp. 583-593 in
Handbook of Hydrocarbon and Lipid Microbiology.
K.N. Timmis, ed., Springer Berlin Heidelberg,
https://doi.org/10.1007/978-3-540-77587-4_45.

Lupton, J.E., J.R. Delaney, H.P. Johnson, and
M.K. Tivey. 1985. Entrainment and vertical trans-
port of deep-ocean water by buoyant hydrothermal
plumes. Nature 316(6029):621-623, https://doi.org/
10.1038/316621a0.

Lutz, R.A., T.M. Shank, D.J. Fornari,

R.M. Haymon, M.D. Lilley, K.L. Von Damm, and
D. Desbruyeres. 1994. Rapid growth at deep-
sea vents. Nature 371:633-634, https://doi.org/
10.1038/371663a0.

Mattes, T.E., B.L. Nunn, K.T. Marshall, G. Proskurowski,
D.S. Kelley, O.E. Kawka, D.R. Goodlett, D.A. Hansell,
and R.M. Morris. 2013. Sulfur oxidizers dominate
carbon fixation at a biogeochemical hot spot in the
dark ocean. The ISME Journal 7(12):2,349-2,360,
https://doi.org/10.1038/ismej.2013.113.

McCollom, T.M. 2000. Geochemical constraints
on primary productivity in submarine hydro-
thermal vent plumes. Deep Sea Research
Part 1 47(1):85-101, https://doi.org/10.1016/
S0967-0637(99)00048-5.

McCollom, T.M., and E.L. Shock. 1997. Geochemical
constraints on chemolithoautotrophic metabo-
lism by microorganisms in seafloor hydrother-
mal systems. Geochimica et Cosmochimica
Acta 61(20):4,375-4,391, https://doi.org/10.1016/
S0016-7037(97)00241-X.

Meyer, J.L., N.H. Akerman, G. Proskurowski, and
J.A. Huber. 2013. Microbiological characteri-
zation of post-eruption “snowblower” vents at
axial seamount, Juan de Fuca Ridge. Frontiers
in Microbiology 4:153, https://doi.org/10.3389/
fmicb.2013.00153.

Nooner, S.L., and WW. Chadwick Jr.. 2016. Inflation-
predictable behavior and co-eruption deformation
at Axial Seamount. Science 354(6318):1399-1403,
https://doi.org/10.1126/science.aah4666.

Opatkiewicz, A.D., D.A. Butterfield, and J.A. Baross.
20009. Individual hydrothermal vents at Axial
Seamount harbor distinct subseafloor micro-
bial communities. FEMS Microbiology
Ecology 70(3):413—424, https://doi.org/10.1111/
j1574-6941.2009.00747.x.

Sheik, C.S., K. Anantharaman, J.A. Breier, J.B. Sylvan,
K.J. Edwards, and G.J. Dick. 2015. Spatially
resolved sampling reveals dynamic microbial com-
munities in rising hydrothermal plumes across a
back-arc basin. The ISME Journal 9(6):1,434-1,445,
https://doi.org/10.1038/ismej.2014.228.

Shock, E.L., and M.E. Holland. 1997. Geochemical
energy sources that support the subsurface bio-
sphere. Pp. 153165 in The Subseafloor Biosphere
at Mid-Ocean Ridges. W.S.D. Wilcock, E.F. Delong,
D.S. Kelley, J.A. Baross, and S.C. Cary, eds,
American Geophysical Union, Washington, DC.

Summit, M., and J.A. Baross. 1998. Thermophilic sub-
seafloor microorganisms from the 1996 North
Gorda Ridge eruption. Deep Sea Research
Part Il 45(12):2,751-2,766, https://doi.org/10.1016/
S0967-0645(98)00092-7.

Sunamura, M., Y. Higashi, C. Miyako, J.I. Ishibashi,
and A. Maruyama. 2004. Two bacteria phylo-
types are predominant in the Suiyo Seamount
hydrothermal plume. Applied and Environmental
Microbiology 70(2):1,190-1,198, https://doi.org/
10.1128/AEM.70.2.1190-1198.2004.

Topcuoglu, B.D,, L.C. Stewart, H.G. Morrison,

D.A. Butterfield, J.A. Huber, and J.F. Holden. 2016.
Hydrogen limitation and syntrophic growth among
natural assemblages of thermophilic methano-
gens at deep-sea hydrothermal vents. Frontiers

in Microbiology 7:1240, https://doi.org/10.3389/
fmicb.2016.01240.

Tunnicliffe, V., RW. Embley, J.F. Holden,

D.A. Butterfield, G.J. Massoth, and S.K. Juniper.
1997. Biological colonization of new hydrothermal
vents following an eruption on Juan de Fuca Ridge.
Deep-Sea Research Part | 44(9-10):1,627-1,644,
https://doi.org/10.1016/S0967-0637(97)00041-1.

Wilcock, W.S.D., M. Tolstoy, F. Waldhauser,

C. Garcia, Y.J. Tan, D.R. Bohnenstiehl, J. Caplan-
Auerback, R.P. Dziak, A.F. Arnulf, and M.E. Mann.
2016. Seismic constraints on caldera dynam-

ics from the 2015 Axial Seamount eruption.
Science 354(6318):1,395-1,399, https://doi.org/
10.1126/science.aah5563.

ACKNOWLEDGMENTS

We would like to thank the crew of R/V Thompson
(TN326 and TN327) and the operational teams for
the remotely operated vehicles ROPOS (TN326)
and Jason (TN327). This research was supported
by the National Science Foundation (NSF) through
a Graduate Research Fellowship to R. Spietz, an
NSF-OCE award to R. Morris and A. Ingalls (OCE-
15584830), and a RAPID award to W. Chadwick
(OCE-1546616), D. Butterfield (OCE-1546695), and
J. Huber (OCE-1547004). Joint Institute for the
Study of the Atmosphere and Ocean (JISAO), NOAA
Cooperative Agreement and NA150OAR4320063,
contribution number 2017-0107. PMEL contribu-
tion number 4718. Sequences have been depos-
ited in NCBI's Short Read Archive under SRA
accession: SRP127560.

AUTHORS

Rachel L. Spietz is currently Postdoctoral Research
Associate, Montana State University, Bozeman,
MT, USA. David A. Butterfield is Senior Research
Scientist, Nathaniel J. Buck is Research Scientist,
and Benjamin |. Larson is Research Scientist, all at
the Joint Institute for the Study of the Atmosphere
and Ocean, University of Washington, and the
National Oceanic and Atmospheric Administration,
Pacific Marine Environmental Laboratory (NOAA-
PMEL), Seattle, WA, USA. William W. Chadwick Jr.
is Oceanographer and Sharon L. Walker is
Oceanographer, both at NOAA-PMEL, Newport,
OR, USA. Deborah S. Kelley is Professor and
Robert M. Morris (morrisrm@uw.edu) is Associate
Professor, both in the School of Oceanography,
University of Washington, Seattle, WA, USA.

ARTICLE CITATION

Spietz, R.L., D.A. Butterfield, N.J. Buck, B.l. Larson,
W.W. Chadwick Jr., S.L. Walker, D.S. Kelley, and

R.M. Morris. 2018. Deep-sea volcanic eruptions create
unique chemical and biological linkages between the
subsurface lithosphere and the oceanic hydrosphere.
Oceanography 31(1):128-135, https://doi.org/10.5670/
oceanog.2018.120.

OAEanaﬂmp/y | March 2018 135


https://doi.org/10.1029/2003JB002618
https://doi.org/10.1098/rsta.1997.0013
https://doi.org/10.1098/rsta.1997.0013
https://doi.org/10.1038/ngeo1496
https://doi.org/10.1038/ngeo1496
https://doi.org/10.1002/ggge.20202
https://doi.org/10.1002/ggge.20202
https://doi.org/10.1002/2016GL071327
https://doi.org/10.1126/science.281.5374.222
https://doi.org/10.1126/science.281.5374.222
https://doi.org/10.1098/rsos.160829
https://doi.org/10.1029/1999GL002326
https://doi.org/10.1029/1999GL002326
https://doi.org/10.3389/fmicb.2015.00901
https://doi.org/10.3389/fmicb.2015.00901
https://doi.org/10.1111/j.1574-6941.1998.tb00458.x
https://doi.org/10.1111/j.1574-6941.1998.tb00458.x
https://doi.org/10.1128/AEM.68.4.1585-1594.2002
https://doi.org/10.1128/AEM.68.4.1585-1594.2002
https://10.1111/j.1574-6941.2003.tb01080.x
https://10.1111/j.1574-6941.2003.tb01080.x
https://doi.org/10.1126/science.1146689
https://doi.org/10.1126/science.1146689
https://doi.org/10.1016/j.margeo.2014.03.010
https://doi.org/10.1016/j.margeo.2014.03.010
https://doi.org/10.1109/OCEANS.2016.7761398
https://doi.org/10.1109/OCEANS.2016.7761398
https://doi.org/10.1007/978-3-540-77587-4_45
https://doi.org/10.1038/316621a0
https://doi.org/10.1038/316621a0
https://doi.org/10.1038/371663a0
https://doi.org/10.1038/371663a0
https://doi.org/10.1038/ismej.2013.113
https://doi.org/10.1016/S0967-0637(99)00048-5
https://doi.org/10.1016/S0967-0637(99)00048-5
https://doi.org/10.1016/S0016-7037(97)00241-X
https://doi.org/10.1016/S0016-7037(97)00241-X
https://doi.org/10.3389/fmicb.2013.00153
https://doi.org/10.3389/fmicb.2013.00153
https://doi.org/10.1126/science.aah4666
https://doi.org/10.1111/j.1574-6941.2009.00747.x
https://doi.org/10.1111/j.1574-6941.2009.00747.x
https://doi.org/10.1038/ismej.2014.228
https://doi.org/10.1016/S0967-0645(98)00092-7
https://doi.org/10.1016/S0967-0645(98)00092-7
https://doi.org/10.1128/AEM.70.2.1190-1198.2004
https://doi.org/10.1128/AEM.70.2.1190-1198.2004
https://doi.org/10.3389/fmicb.2016.01240
https://doi.org/10.3389/fmicb.2016.01240
https://doi.org/10.1016/S0967-0637(97)00041-1
https://doi.org/10.1126/science.aah5563
https://doi.org/10.1126/science.aah5563
https://doi.org/10.5670/oceanog.2018.120
https://doi.org/10.5670/oceanog.2018.120

