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Comprehensive knowledge of the distribution of active hydrothermal vent fields along
midocean ridges is essential to understanding global chemical and heat fluxes and
endemic faunal distributions. However, current knowledge is biased by a historical pref-
erence for on-axis surveys. A scarcity of high-resolution bathymetric surveys in off-axis
regions limits vent identification, which implies that the number of vents may be
underestimated. Here, we present the discovery of an active, high-temperature, off-axis
hydrothermal field on a fast-spreading ridge. The vent field is located 750 m east of the
East Pacific Rise axis and ∼7 km north of on-axis vents at 9° 500N, which are situated
in a 50- to 100-m-wide trough. This site is currently the largest vent field known on
the East Pacific Rise between 9 and 10° N. Its proximity to a normal fault suggests that
hydrothermal fluid pathways are tectonically controlled. Geochemical evidence reveals
deep fluid circulation to depths only 160 m above the axial magma lens. Relative to
on-axis vents at 9° 500N, these off-axis fluids attain higher temperatures and pressures.
This tectonically controlled vent field may therefore exhibit greater stability in fluid
composition, in contrast to more dynamic, dike-controlled, on-axis vents. The location
of this site indicates that high-temperature convective circulation cells extend to greater
distances off axis than previously realized. Thorough high-resolution mapping is neces-
sary to understand the distribution, frequency, and physical controls on active off-axis
vent fields so that their contribution to global heat and chemical fluxes and role in
metacommunity dynamics can be determined.

hydrothermal activity j midocean ridge j ocean chemistry j chemosynthetic ecosystem j East Pacific Rise

The circulation of high-temperature hydrothermal fluids through the global midocean
ridge (MOR) system plays a central role in mediating global seawater chemistry on
short and long timescales (1). Fluid–mineral reactions in hydrothermal systems result
in secondary mineral formation and chemical exchange between seawater and the oce-
anic crust. At the same time, fluid–seawater mixing generates biogeochemical gradients
that support chemosynthetic life (2, 3). Quantifying total hydrothermal chemical and
heat fluxes from MOR vent sources into the global ocean is a persistent and complex
problem. Understanding variability in vent fluid exit temperature and chemistry across
different tectonic and magmatic regimes continues to be a key research objective in
oceanography.
The spatial distribution of known vent fields forms the basis for understanding global

chemical and heat fluxes. Since their first discovery near 21° N in 1979 (4), active hydro-
thermal vent fields on the intermediate- to fast-spreading East Pacific Rise (EPR) have
always been found within a few hundred meters of the ∼50- to 200-m-wide graben that
marks the plate boundary (5), called the axial summit trough (AST). Vent fields on the
EPR were found only along fissures within the AST floor or on its steep-sided bounding
walls (6). Along the EPR, hydrothermal vent fields commonly occur on the shallowest
segments of the ridge axis, in regions associated with zones of robust, shallow magma stor-
age and supply (7, 8). However, these observations are biased due to a historical prefer-
ence for on-axis MOR field studies.
The lack of systematic surveying of off-axis regions via either plume surveys or map-

ping at sufficient resolution (i.e., 1- to 2-m pixels) to identify potential vent fields is a
first-order limitation to quantifying hydrothermal chemical and heat fluxes. Long-
standing questions remain regarding the mechanisms of heat extraction from young
oceanic crust. A geochemical study of the sheeted dikes cored at Integrated Ocean Dril-
ling Program Hole 1256D argues that focused fluid flow along faults could reconcile
near-axis heat loss budgets (9). Indeed, hydrothermal deposits have been documented
at fault scarps on two abyssal hills near the EPR. One deposit is ∼5 km east of the axis
at 10° 200N, 103° 33.20W, and the other deposit is ∼26 km west of the axis at 9° 270N,
104° 32.30W and is associated with diffuse fluids (10). Combined, those observations
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demonstrated that fault-driven fluid flow can occur off axis, yet
the distances over which high-temperature convective circulation
cells extend off axis remain largely unknown. Understanding the
spatial distribution of hydrothermal sources is important to deter-
mining the ratio of conductive to convective heat loss, along and
across the global ridge crest in modern (11) and paleo (12) ocean
basins. This understanding is also relevant to accretionary pro-
cesses that build the ocean crust at the plate boundary (13, 14).
The location of the recharge zone, where cold seawater

down-wells to initiate a hydrothermal circulation cell, also
remains an open question with implications for heat and mass
flow through MOR lithosphere. Early studies made a case for
cross-axis fault-driven recharge at the EPR (15), while more
recent studies propose that along-axis recharge zones drive a
hydrothermal cell geometry that aligns with the strike of the
axis (16–18). Others propose a hybrid model in which shallow
flow along axis coalesces with deeper flow across-axis to drive
fluid discharge directly within the AST (19). Nonetheless, all
existing models for convective fluid flow geometry and location
at fast-spreading ridges to date are constrained by the assump-
tion that discharge sites are located on axis. Further, models for
biological metapopulation connectivity at the EPR propose
long-distance larval dispersal events as the mechanism that facil-
itates observed patterns of high regional gene flow and ecologi-
cal succession (20). The presence of nearby off-axis vent sites
would open the possibility for additional models of ecological
succession dynamics for biological communities following cata-
strophic volcanic eruptions on axis.
Here, we report the discovery of an active high-temperature

hydrothermal field outside of the AST at 9° 540N EPR (6) (Fig.
1A). This spatially extensive site is currently the largest vent field
known on the EPR between 9 and 10° N. This discovery docu-
ments the occurrence of active, high-temperature, off-axis hydro-
thermal venting on a fast-spreading MOR. Our finding has
implications for understanding the heat and chemical budgets
along the EPR spreading center and the ecological and evolu-
tionary dynamics of benthic hydrothermal vent ecosystems.

Results and Discussion

Geology of the YBW-Sentry Vent Field. The EPR axis between
9° 260N and 9° 510N contains an AST, a continuous narrow
cleft (∼50 to 200 m wide) that strikes ∼350°, with minor off-
sets and structural variations detected in near-bottom sonar sur-
veys (6, 21–23). The AST is wider in the south and narrower
and more structurally defined by faulting in the north, with
collapsed margins defining its limits (21). North of 9° 510N,
the AST continues as a series of narrow, en �echelon fissures super-
imposed on a summit area that is ∼400 m wide near 9° 520N
and narrows to ∼200 m wide at 9° 540N. Based on autonomous
underwater vehicle (AUV) Sentry 1-m resolution near-bottom
bathymetric data, the EPR axis from ∼9° 530 to 570N consists of
small (∼50 to 150 m wide, <10 m tall) constructional mounds
along the current axis (24). The axis and volcanic mounds are
extensively cut by fissures ∼5 to 30 m wide.
Between 9° 52.40N and 55.70N, a prominent inferred

nascent rift marked by fissures has developed ∼300 to 600 m
east of the current axis, with an orientation that parallels the axial
trend (Fig. 1B). This rift is bilaterally symmetric, ∼300 m wide,
and rises from the surrounding seafloor at ∼2,560 m depth with
a relief of 10 m. The rift is defined by anastomosing ∼5-m-wide
en �echelon off-axis fissures, which likely were the source of lava
during the most recent eruption in 2005 and 2006, while the
main EPR axis at this latitude did not erupt at that time (24).

This putative rift provides evidence for volcanic activity east of
the current EPR axis that may be active on long timescales
ranging from ∼100 y to <1 ky based on the spreading rate of
55 mm/y (25).

The YBW-Sentry vent field is located at 9° 54.33820N, 104°
17.67110W, 265 m east of this nascent rift, and ∼750 m east of
the EPR axis. The field is adjacent to a normal fault scarp with
∼14 m vertical relief located 70 m to the east. The prominent
sulfide spires that characterize this vent field were identified in
near-bottom bathymetric data from AUV Sentry in 2019 during
cruise AT42-21, but no direct seafloor observations were made
at that time. The field was confirmed to be active and discovered
in 2021 during cruise RR2102 and is named for the engineers
who pioneered AUV technology development at Woods Hole
Oceanographic Institution, Dana Yoerger, Albert Bradley, and
Barrie Walden, and AUV Sentry (SI Appendix).

Based on observations made during the traverse from the cur-
rent axis by remotely operated vehicle (ROV) Jason on dive
1322, there is a broad area of collapsed lobate and sheet flows
and a large lava lake that extends northeast across the flanking
crestal terrain, all of which were likely emplaced during the
2005 to 2006 eruptions (26, 27). At ∼250 m east of the
nascent rift, there is a transition from volcanic sheet and lobate
flows to lobate lavas covered with orange to yellow hydrother-
mal sediment and hydrothermal rubble derived from toppled
chimneys. The hydrothermal sediment is likely only ∼5 to 20
cm thick since it only partially blankets the extrusive morphol-
ogy. Fresh volcanic flows transition to hydrothermally coated
lava with diffuse hydrothermal venting over a few tens of
meters near the YBW-Sentry vent field. Diffuse vent fluids (4
to 43 °C) are expelled from microbial mat-lined cracks in the
lava surface. Abundant, closely spaced hydrothermal chimlets
(<0.5 m tall) are located on the field’s periphery and grade into
many densely spaced, much larger hydrothermal chimney
structures.

The YBW-Sentry vent field is characterized by multiple sites
of active high-temperature venting from more than 20 compos-
ite candelabra-type chimney structures (∼5 to 10 m tall) built
upon broad hydrothermal mounds. Vent chimneys, active and
extinct, are arranged in an ∼120-m-long, 35-m-wide construct
trending ∼350°, parallel to the adjacent fault scarp and AST.
The widest part of the field is ∼60 m across, with an estimated
total area of ∼5,500 m2 and a volume of ∼2,710 to 5,630 m3

(Materials and Methods). The tallest vent chimneys in the cen-
tral mound are ∼10 m high. Individual chimneys stem from
coalesced bases that can be several meters wide but commonly
bifurcate into candelabra-like structures with individual spires
typically <0.5 m in diameter. Many of the chimneys are
capped by diffusive beehive structures.

Vent Fluid Compositions. A black smoker venting fluid at
368 °C was sampled from the YBW-Sentry vent field at the
southwest corner of the central mound (Fig. 1 C and D and SI
Appendix, Fig. S1 A and B), at a water depth of 2,555 m. Repli-
cate fluids are Mg poor and acidic, with a pH (25 °C, 1 bar) of
3.3 (Table 1), characteristic of fluid–rock reaction with unsedi-
mented basalt at high temperature (28). The high-temperature
source fluid has an endmember Cl abundance of 518 mmol/kg,
which is 4% lower than that of seawater (SI Appendix for end-
member calculation details). Due to charge balance constraints,
the Cl content sets the total cation abundance in the YBW-
Sentry fluid. Along with absolute concentration assessments,
molar ratios to Cl are useful for determining losses or gains in
each element relative to the starting seawater composition. The
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depletion in Cl relative to seawater identifies YBW-Sentry as a
vapor phase fluid. The fluid chemistry is consistent with forma-
tion via phase separation of a fluid with seawater Cl abundance
at temperatures equal to or exceeding 391 °C, the two-phase
boundary of seawater at the seafloor, followed by conductive
cooling during ascent (29). Fluid compositions at Biovent, M,
Bio9, and P, four on-axis vent sites located ∼5 to 7 km south of
YBW-Sentry (Fig. 1A), have been well studied since 1991 to
1994 (7, 28, 30) and provide useful context. Biovent and Bio9
consistently expelled vapor phase fluids throughout the 1991 to
2007 time series presented here, while M and P vent fluids have
fluctuated between vapor phase compositions and brine phase
fluids containing near-seawater Cl abundances (SI Appendix,
Tables S1 and S2; vent locations tabulated in ref. 24).
The solubilities of the two most abundant transition metals

in hydrothermal fluids, Fe and Mn, follow predictable
temperature-dependent trends within basalt-hosted hydrother-
mal systems (31, 32). Thus, an empirical geothermometer can
be used to infer the origin temperature of a fluid based on its
Fe/Mn value (32). Dissolved Fe and Mn abundances at YBW-
Sentry vent are 5.75 mmol/kg and 665 μmol/kg, respectively.
Therefore, the dissolved Fe/Mn ratio of 8.65 points to a mini-
mum estimated origin temperature of 437 ± 11 °C for YBW-
Sentry vent fluid. The YBW-Sentry Fe/Cl value of 11 × 103

and Mn/Cl value of 1.3 ×10�3 are similar to values at P, Bio9,
and M during noneruptive periods (1993 to 2004 and 2007;
Fig. 2A), indicating that metal supply to the fluids is not lim-
ited by rock availability. Further, other elements controlled by
water–rock reactions, including the alkali metals K, Li, and Rb,
are all enriched in the fluid relative to seawater, with endmember
abundances of 19.2 mmol/kg, 387 μmol/kg, and 8.78 μmol/kg,
respectively (Table 1). Likewise, the alkaline earth metals Ca, Sr,
and Ba are also enriched in the fluid relative to seawater with
endmember abundances of 25.1 mmol/kg, 103 μmol/kg, and
17.1 μmol/kg, respectively. YBW-Sentry vent K/Cl and Li/Cl

ratios are consistent with those observed at P, Bio9, M, and
Biovent during steady-state periods between eruptions (Fig.
2B), as are the Na/Cl and Ca/Cl ratios (SI Appendix, Fig. S2),
demonstrating that there are sufficient water–rock reactions
taking place to provide a source of Fe and Mn to the YBW-
Sentry fluid. Dissolved Mn does not readily form sulfide miner-
als and is, therefore, less sensitive to cooling during fluid ascent
than Fe. Any formation of Fe sulfide minerals after high-
temperature equilibration during fluid up-flow would act to
lower the Fe/Mn ratio, resulting in a lower estimated origin
temperature. The estimated origin temperature of 437 ± 11 °C
suggests that the off-axis YBW-Sentry vent fluid formed at a
higher temperature than any other on-axis EPR vent observed
and sampled during the 30-y on-axis time series between
9° 50.27870N and 9° 50.96270N. Origin temperatures for
on-axis vent fluids were determined for samples collected dur-
ing noneruptive periods (1993 to 2004 and 2007) using the
Fe/Mn geothermometer (32) and for eruptive periods (1991 to
1992 and 2006) using Cl and Si geothermobarometry (SI
Appendix for calculation details). The YBW-Sentry origin tem-
perature exceeds the highest inferred origin temperature of an
on-axis vapor phase vent by 12 °C and a brine phase vent by
10 °C (425 °C origin of Bio9 in 2007 and 427 °C origin of
M vent in 2002, respectively; Fig. 2C).

The YBW-Sentry fluid Cl content, phase separation con-
straints, and the origin temperature estimate were used as
parameters in a geothermobarometric model to infer an origin
pressure of 379 ± 30 bar (Fig. 2C). The error estimate on pres-
sure is based on the ±11 °C error on the Fe/Mn geothermome-
ter (32). This calculation assumes the starting fluid contained a
NaCl content equivalent to seawater, that the low-Cl vapor
phase fluid did not mix with any other fluids, and that it rose
to the seafloor following a single phase separation event without
undergoing any additional episodes of phase separation. As
observed at other basalt-hosted hydrothermal vents (23), the

A B
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Fig. 1. (A) YBW-Sentry hydrothermal vent field (yellow dot), located ∼750 m east of the EPR axial summit trough (red lines), ∼5 to 7 km north of other
known vents (orange dots). Gray polygon is 2005 to 2006 lava flow extent (24); dashed line is profile shown in Fig. 3. (B) Near-bottom bathymetric data (24)
showing YBW-Sentry field, EPR axis, off-axis fissures, fault scarp, and 2005 to 2006 eruption extent (black line). (C and D) Photographs of actively venting sul-
fide chimneys at YBW-Sentry field, collected using cameras mounted on ROV Jason. Field of view is ∼1 m wide and ∼2 m wide at the center of the frame for
C and D, respectively; positions of images and look directions are indicated by arrows in B.
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YBW-Sentry source fluid is significantly enriched in dissolved
SiO2 relative to seawater, with an endmember concentration of
14.3 mmol/kg. The SiO2 content of the fluid indicates an origin
pressure of 380 ±30 bar at 437 °C, a value consistent with the
origin pressure estimated from its Cl abundance at the origin
temperature indicated by the Fe/Mn geothermobarometer. The
SiO2 abundance for quartz saturation was determined by input-
ting the density of an equivalent NaCl solution (33) into a quartz
solubility model (34). This inference assumes that the fluid’s dis-
solved SiO2 abundance is set by saturation with quartz and that
there has been insignificant SiO2 lost during fluid ascent to the
seafloor. Formation of the YBW-Sentry fluid at 379 to 380 bar
corresponds to a depth of 1.3 ± 0.3 km below the seafloor. This
estimated origin depth is ∼360 m deeper than inferred origin
depths of on-axis vapor phase vents (e.g., 342 bar origin of Bio9
in 2007; Fig. 2C). Origin pressures for on-axis vent fluids
were determined using either Cl or Si geothermobarometry (SI
Appendix for calculation details). The composition of the single

YBW-Sentry fluid is otherwise consistent with formation via
high-temperature basalt–seawater reaction, as previously observed
for circulating fluids expelled on axis at the EPR between
9° 460N and 9° 510N over the last 30 y (28).

Controls on Vent Fluid Flow Path Geometry. Geothermobaro-
metric calculations combined with a depth-migrated seismic
reflection image indicate that fluids at YBW-Sentry originate at
∼160 m above the top of the axial magma lens (AML), which
is ∼1.45 km deep (35) (Fig. 3 A and B). In contrast, the vapor
phase fluids at on-axis vents Bio9 and P originate at shallower
depths, ≥490 m above the magma lens, while the brine phase
fluids at M vent originate at similar depths. The seismic reflec-
tion data show that the AML near YBW-Sentry consists of two
distinct reflections, the eastern of which is slightly deeper
(AML 2; Fig. 3B). YBW-Sentry is located above the eastern
edge of this eastern AML, which consists of a 700-m-wide,
moderate-amplitude, west-dipping double reflection. The west-
ern AML is a single, flat, high-amplitude reflection event that is
∼850 m wide and is offset west from YBW-Sentry (Fig. 3B).
Using the seismic reflection data and near-bottom multibeam
data (end points of the dashed line in Fig. 3B), we estimate a
fault dip angle of ∼72°. The downward-projected seafloor scarp
of the fault east of YBW-Sentry shows that it is plausible that
the fault damage zone could intersect with the eastern edge of
the brighter AML reflection (Fig. 3B). The observation of deep
fluid circulation at YBW-Sentry supports assertions of a thin
impermeable thermal boundary layer (i.e., 2 to 20 m thick) (36)
that separates the base of a hydrothermal circulation cell from the
underlying magma body in this off-axis setting. Hydrothermal
fluids that undergo reaction near the top of the magma lens have
also been inferred at the Solwara 1 deposit in the East Manus
Basin (Bismarck Sea, southwestern Pacific) by inverse modeling
of near-seafloor magnetic data (37). Our results suggest that the
permeability structure controlling YBW-Sentry fluid flow path
geometry is fundamentally different from what is inferred to
occur in the floor of the axial summit trough at 9° 500N EPR,
where dike injection and subsequent cooling create vertical fluid
migration pathways that focus hydrothermal fluid circulation
within the topographic axis (6).

The 9° 260N to 510N segment of the EPR is considered to rep-
resent a buoyancy-dominated ridge crest, where plate separation
and asthenospheric upwelling are accommodated via magmatic
accretion by diking sourced from a continuously replenished
magma lens (38). However, the location of the YBW-Sentry vent
field indicates that it is a fault-controlled hydrothermal system,
despite its geographic setting on a fast-spreading ridge. In plan-
form, chimneys in the YBW-Sentry vent field trend parallel to an
inward-dipping normal fault scarp (Fig. 3A), indicating that fluid
pathways could be controlled by the enhanced permeability cre-
ated by tectonic-driven fracturing along the fault plane. A sharp
increase in effective permeability of one to three orders of magni-
tude occurs at the boundary between the extrusive pillow basalts
and intrusive sheeted dikes, termed the crustal layer 2A/2B
boundary, in hydrothermal discharge zones (39). On axis at 9°
51.3 to 56.20N EPR, the layer 2A/2B boundary occurs at an aver-
age depth of ∼130 ± 15 m below seafloor (35) (Fig. 3B). Consid-
ering the vent field location with respect to crustal structure and
the extrapolated fault plane orientation (Fig. 3 A and B), the
YBW-Sentry fluids reach their maximum depth just above the
AML in layer 2B. The permeability ratio between layer 2B and
the fault plane is low and apparently constrains the rising fluid
flow path to the fault zone. When the ascending fluids reach the
layer 2A/2B boundary, the permeability ratio between layer 2A

Table 1. Endmember composition of YBW-Sentry vent

YBW-Sentry* Seawater

Tmax, °C 368 2
pH, 25 °C, 1 bar 3.3 7.7
Na, mmol/kg 435 464
Cl, mmol/kg 518 540
Ca, mmol/kg 25.1 9.95
K, mmol/kg 19.2 10.1
SiO2, mmol/kg 14.3 0.155
Li, μmol/kg 387 26
Rb, μmol/kg 8.78 1.23
Cs, nmol/kg 58.6 0
SO4, mmol/kg 1.46 28.2
Br, μmol/kg 810 840
Sr, μmol/kg 103 87
Ba, μmol/kg 17.1 0.135
Fe, mmol/kg 5.75 0
Mn, μmol/kg 665 0
Cu, μmol/kg† —‡ 0
Zn, μmol/kg 38.0 0
Pb, nmol/kg 50.1 0
B, μmol/kg 366 398
Cr, nmol/kg† — 0
Co, nmol/kg 901 0
Al, μmol/kg† — 0
Cd, nmol/kg† — 0
ΣH2S, mmol/L 6.69 0
Na/Cl 0.84 0.86
K/Cl 0.037 0.019
K/Na 0.044 0.022
Ca/Cl 0.048 0.018
Sr/Cl, ×10�3 0.20 0.16
Li/Cl, ×10�3 0.75 0.05
Rb/Cl, ×10�3 0.017 0.002
Br/Cl, ×103 1.56 1.56
B/Cl, ×10�3 0.71 0.74
Fe/Cl, ×103 11 <0.00001
Mn/Cl, ×10�3 1.3 <0.00001
Fe/Mn 8.65 —

Fe/ΣH2S 0.859 —

Sr/Ca 4.1 8.7

*Endmember fluid compositions were determined assuming no Mg in the source vent
fluid and using the tabulated seawater composition.
†SI Appendix, Table S3 includes discrete measurements.
‡Not determined.

4 of 8 https://doi.org/10.1073/pnas.2205602119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 M
B

L
 W

oo
ds

 H
ol

e 
O

ce
an

 I
ns

t L
ib

ra
ry

 o
n 

N
ov

em
be

r 
9,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
12

8.
12

8.
13

2.
89

.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205602119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205602119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205602119/-/DCSupplemental


and the fault plane increases. The fluid then departs from the fault
plane at this leakage depth (Fig. 3B) to rise vertically to the sea-
floor through higher-permeability features in layer 2A, such as
crack and fissure networks. These features may be vertical or anti-
thetic to the main fault.
Extensional fault-controlled hydrothermal flow is frequently

invoked to explain the location and local geometry of black
smoker vent fields at intermediate- and slow-spreading ridges,
such as Main Endeavor (40) and Mothra (41) on the central-
southern portion of the Endeavor Segment of the Juan de Fuca
Ridge and TAG (42) and Logatchev (43) on the Mid-Atlantic
Ridge. For example, the locations of the Main Endeavor field
(MEF) and Mothra hydrothermal field are considered to be pri-
marily controlled by a bounding fault that defines the western
edge of the valley wall (40, 41). At MEF, black smoker hydro-
thermal vents are aligned along strike, up to 100 m east of this
western boundary fault. The largest, most active sulfide struc-
tures are located either on or adjacent to intersections of ridge-
parallel faults and fissures east of the western wall bounding fault
(e.g., Hulk and Dante vent sites) (40). Episodic extension-driven
fault motion is theorized to maintain zones of high permeability
that constrain fluid flow and vent field location at Mothra (e.g.,
Twin Peaks, Faulty Tower, and Crab Basin vent sites) (41).
Fault-associated hydrothermal activity is also observed in tectonic
windows that show evidence of alteration of subaxial fault zones
by ancient high-temperature fluids (44).

In contrast, fault-controlled hydrothermal flow is rarely
observed at the seafloor in fast-spreading centers. Many on-axis
black smokers at the well-studied 9° 500N EPR system are located
above primary fissures and dikes, including Bio9, P vent, and Bio-
vent. Their location in the floor of the AST makes the vent fluids
sensitive to crustal permeability changes and temporally variable
heat sourced from seafloor eruptions and associated dike intru-
sions (28). Highly dynamic conditions drive shifts in the maxi-
mum depth of fluid circulation on short timescales of months to
years. These changes to maximum fluid depth are primarily
responsible for the iconic high spatial and temporal variability in
source fluid Cl and cation content that is well recognized at
9° 500N EPR (28, 30). This vent type is widely associated with
fast-spreading centers. However, a few vents at 9° 500N EPR are
located along the AST walls, including M and Q. The more-
episodic nature of active venting at M and Q vents (45) suggests
that fluid flow pathways are more complex at these sites. M vent
and Q vent may represent a second type of fast-spreading ridge
hydrothermal field controlled by faulting and diking processes.
Hence the off-axis YBW-Sentry vent represents a third type of
fast-spreading ridge-hosted hydrothermal system that is tectoni-
cally controlled.

Benthic Macrofaunal Observations. Benthic fauna docu-
mented in ROV imagery of the YBW-Sentry vent field belong
to seven phyla distributed across four habitat zones: focused
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Fig. 2. (A and B) YBW-Sentry fluid composition compared with on-axis vent compositions from 1991 to 2007 for (A) endmember Mn/Cl versus Fe/Cl and (B)
endmember Li/Cl versus K/Cl. (C) Estimated origin pressure versus estimated origin temperature for vent fluids, relative to the seafloor (thin solid black line),
base of layer 2A (dashed line), magma lens depth, two-phase boundary of seawater (thick solid black line), and critical point (black ×) (29). Origin conditions
were not estimated in the region ±5 °C of the critical point (dotted box). Errors (2σ) are indicated with gray error bars.

PNAS 2022 Vol. 119 No. 30 e2205602119 https://doi.org/10.1073/pnas.2205602119 5 of 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 M
B

L
 W

oo
ds

 H
ol

e 
O

ce
an

 I
ns

t L
ib

ra
ry

 o
n 

N
ov

em
be

r 
9,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
12

8.
12

8.
13

2.
89

.



fluid flow, diffuse flow, inactive sulfide deposits, and peripheral
basalt (SI Appendix, Fig. S3). Alvinellid worms were observed
on active black smoker walls and beehives (SI Appendix, Fig. S3
A and B). Diffuse-flow areas hosted polynoid scale worms, lim-
pets, serpulid worms, nereidid worms, amphipods, and bythog-
raeid crabs (SI Appendix, Fig. S3 C and D). Sulfide deposits
hosted cladorhizid sponges and serpulid worms (SI Appendix,
Fig. S3 E and F) and were covered by iron staining and fuzzy
white microbial mats (SI Appendix, Fig. S3G). Finally, a bam-
boo octocoral, three Relicanthus daphneae anemones, comatulid
crinoids, sea cucumbers, brittle stars, and serpulid worms were
observed on the peripheral basalt areas (SI Appendix, Fig. S3H).
The presence of an ∼30-cm-tall bamboo octocoral on periph-
eral basalt in the vicinity of YBW-Sentry suggests that this area
was not completely paved over by lava flows during the 2005
to 2006 eruptions. Estimates of axial growth rate in deep-sea
bamboo corals range between 0.1 and 2.3 cm/y (46), so this
individual could be 10 to 300 y old. The biological community
at YBW-Sentry appears similar to those associated with active
on-axis Q vent, L Hot 8, L vent, P vent, BioVent, and M vent
and the off-axis, inactive Lucky’s Mound and Sentry Spire
fields (SI Appendix for further details and locations). Off-axis,
active vent fields such as YBW-Sentry may also host rare or
habitat-endemic species (47). Furthermore, sites like YBW-
Sentry could supply recolonizing larvae to repopulate on-axis
vents after catastrophic eruptions and thus influence succession
and evolutionary dynamics.

Implications

The discovery of the YBW-Sentry hydrothermal field provides
additional insight into the fundamental controls on hydrother-
mal vent location along fast-spreading midocean ridges. Vent
location is not strictly magmatically controlled beneath the
bathymetric axis, and it is not restricted to the AST. Instead,
local vent geometry spans a spectrum from magmatically con-
trolled sites in the floor of the AST (e.g., Bio9, P, and Biovent),
to sites along the walls of the AST that are controlled by

coupled influences of diking and tectonics (e.g., M and Q), to
off-axis sites that are tectonically controlled (YBW-Sentry).

The YBW-Sentry active sulfide deposit is spatially extensive,
covering roughly twice the area of any single known active sul-
fide field on the EPR axis between 9° and 10° N. Assuming
that the deposition rates of sulfide minerals are similar in on-
and off-axis settings along 9° to 10° N EPR, YBW-Sentry likely
existed throughout the last three decades since the discovery of
vents in the EPR 9° 500N area in 1989 (7). Furthermore, rela-
tive to historical trends in circulation depth inferred from the
geochemistry of on-axis vents at 9° 500N EPR, YBW-Sentry
fluids percolate to greater depths in the oceanic crust. This tec-
tonically controlled vent field may thus experience long-term
stability in fluid temperature and composition, in stark contrast
to the highly dynamic conditions that have long been associ-
ated with dike-controlled, on-axis vents along fast-spreading
MORs.

The 2005 to 2006 eruptions of new lava between 9° 470N
and 9° 560N EPR were fatal to many benthic macrofaunal
communities. A shift in species composition was observed in
both larvae and colonists at disturbed sites (20). A proposed
mechanism for this change involves the successful colonization
by highly dispersive larvae from remote populations (more than
300 km away) that capitalized upon low local larval supply and
therefore less competition. The discovery of the nearby YBW-
Sentry vent field suggests that posteruption colonizers of fast-
spreading systems could also be sourced by more local off-axis
systems that may have greater temporal stability.

The distance over which high-temperature convective cir-
culation cells extend off axis must be revised for fast-spreading
centers. Off-axis high-temperature vents on fast-spreading
MORs constitute previously unaccounted for sources of heat
and chemicals that must be incorporated into global ocean
budget models. Systematic AUV mapping of off-axis regions
is needed to understand the distribution, frequency, and phys-
ical controls on active off-axis vent fields. This understanding
is necessary to determine their contribution to heat and chem-
ical fluxes and role in metacommunity dynamics on broad
scales.

Fig. 3. (A) Bathymetric profile across the YBW-Sentry vent field at the location shown in Fig. 1. (B) Depth-migrated seismic reflection ridge-perpendicular 2D
profile crossing the location of YBW-Sentry showing the presence of axial magma lenses (AML 1 and AML 2). Open triangles mark AML reflections. Black
dashed line with blue shading is the inferred fault damage zone, projected into the subsurface, based on the dip of the scarp at the seafloor derived from AUV
Sentry multibeam data. Black/white line is the base of layer 2A extrapolated from an on-axis study (35). Blue arrows mark the possible fluid pathway along the
fault to the 2A/2B boundary, termed the leakage depth. Fluids depart from the fault plane at the leakage depth to ascend vertically through layer 2A.
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Materials and Methods

YBW-Sentry Vent Fluid Sample Collection. Approximately 6 h were spent
exploring the YBW-Sentry hydrothermal field during ROV Jason dive 1322 on
cruise RR2102 aboard R/V Roger Revelle from 18 to 19 April 2021 (coordinated
universal time [UTC]). Vent fluid samples were collected with a pair of 755-mL tita-
nium syringe-style majors samplers (48) with ROV Jason during the R/V Roger
Revelle cruise RR2102 on 18 April 2021 (UTC). Before deployment, each majors
sampler was cleaned with Milli-Q water, followed by high-performance liquid
chromatography grade acetone, methyl tert-butyl ether, and hexane, in succes-
sion. The maximum temperature was recorded using a National Institute of Stand-
ards and Technology (NIST)-standardized thermocouple aligned with the snorkel
inlet tips. Samples were extracted and processed immediately following
ROV recovery.

YBW-Sentry Vent Fluid Analytical Geochemistry Methods. Fluid pH
(25 °C, 1 atm) aliquots were drawn first for shipboard analysis. Dissolved ΣH2S
aliquots were drawn into gastight syringes. Aliquots for other dissolved species
(Li, B, Na, Mg, Al, SiO2, SO4, Cl, K, Ca, Cr, Mn, Fe, Co, Cu, Zn, Br, Rb, Sr, Cd, Ba,
Pb) were transferred to acid-washed high-density polyethylene (HDPE) Nalgene
bottles and stored at room temperature before shore-based analysis. Aliquots for
trace elements and transition metal analysis were acidified to a pH less than 2
with concentrated Optima HCl. Aliquots for aqueous SiO2 determination were
diluted 100-fold (vol/vol) with ultrapure Milli-Q water in HDPE Nalgene bottles.
After each sampler was drained of fluid, the “dregs” (e.g., solid precipitates)
were collected on a 0.2-μm filter by rinsing the inner chamber with Milli-Q
water. The filters were stored dry.

The abundance of chemical species measured at sea is reported in units of
mmol/L fluid, while species measured onshore are reported in units of nmol/kg,
μmol/kg, or mmol/kg fluid. Vent fluid pH (25 °C, 1 atm) was measured by
potentiometry using a Fisherbrand accuTupHTM combination Ag/AgCl electrode
calibrated with pH 4 and 7 buffers. Bottom seawater pH was calibrated with pH
7 and 10 buffers and otherwise measured similarly. The majors samplers are not
gastight, and thus reported ΣH2S abundances are minima (ΣH2Smin). Dissolved
ΣH2Smin samples were precipitated as Ag2S(s) in AgNO3 solution in glass vials
for shore-based gravimetric abundance determination following filtration onto
0.2-μm filters. Dissolved major species concentrations were determined onshore
via ion chromatography (IC) (Mg, SO4, Cl, K, Ca, Br) at Lehigh University. Precipi-
tates can form within the titanium sampler before sample retrieval and during
storage of the HDPE bottle containing the acidified aqueous aliquot. These two
precipitate fractions, termed the dregs and bottle filter fractions, each underwent
complete acid digestion at 80 °C in Teflon Savillex vials in the shore-based labo-
ratory using Optima reverse aqua regia (49). Trace elements and transition met-
als were determined onshore via inductively coupled plasma mass spectrometry
(ICP-MS) (Li, B, Na, Al, Cr, Mn, Fe, Co, Cu, Zn, Rb, Sr, Cd, Ba, Pb) at Woods Hole
Oceanographic Institution. Separate analyses of the digested dregs, digested bot-
tle filter particulates, and aqueous samples were mathematically recombined to
produce a total budget for each species in each discrete fluid sample. Dissolved
SiO2 abundances were determined via colorimetry (30). NIST-traceable external
standards bracketed all samples determined via IC, ICP-MS, and colorimetry.

Analytical uncertainties (2s) were ±0.05 units for pH (25 °C, 1 atm); ±10% for
ΣH2S and Br; ±3% for Li, Na, Mg, SiO2, SO4, Cl, K, Ca, Mn, Fe, and Sr; and
±5% for B, Al, Cr, Co, Cu, Zn, Rb, Cd, Ba, and Pb.

Biovent, M, Bio 9, P Vent Fluid Sample Collection, and Analytical
Geochemistry Methods. The sampling approach and analytical methods for
time series vent fluids are described in refs. 28, 30, 48, and 50–53.

Seismic Reflection Data. The seismic reflection two-dimensional (2D) profile
shown in Fig. 3 is extracted from the three-dimensional (3D) seismic volume col-
lected in the summer of 2008 during R/V M. G. Langseth cruise MGL0812. Seis-
mic data were collected with four 6-km-long streamers, each with 468 channels
at 12.5 m group spacing and two 1,650-cubic-inch air-gun arrays. The prelimi-
nary reflection image focusing on the axial magma lenses along the ridge-
perpendicular line crossing the YBW-Sentry vent field at 9° 54.30N was obtained
using the standard Kirchhoff prestack depth migration scheme and published
velocity model (54, 55).

Vent Field Volumetric Estimate. The total volume of hydrothermal constructs
and chimneys in the YBW-Sentry vent field was obtained using the 1-m resolu-
tion near-bottom bathymetric data collected by AUV Sentry by summing the vol-
ume of the material above a reference base level within a manually interpreted
polygon encompassing all of the mapped chimney structures. Uncertainty was
estimated by assuming minimum and maximum base levels of 2,560 and
2,561 m, respectively. Calculations were performed using the Generic Mapping
Tools, v6 (56).

Data Availability. The seismic dataset collected in 2008 is archived in the
Interdisciplinary Earth Data Alliance (IEDA) Marine Geoscience Data System
(MGDS) (54). The near-bottom multibeam data are archived in IEDA MGDS (57).
All other study data are included in this article and/or SI Appendix. Previously
published data were used for this work (28).
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