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Abstract Despite many studies on seafloor hydrothermal systems conducted to date, the generation
mechanism of seafloor massive sulfide (SMS) deposits is not yet fully understood. To elucidate this
mechanism, this study clarifies the three‐dimensional regional temperature distribution and fluid flow of a
seafloor hydrothermal system of the Iheya North Knoll, middle Okinawa Trough. Lateral flow and boiling
of hydrothermal fluids below a caprock were the main features found by the simulation. A caprock
formation generated by anhydrite precipitation and hydrothermal alteration is the most plausible cause of
these features, because caprocks can increase the temperature and induce boiling of fluids by preventing
seawater inflow. Such a formation also gradually makes the top of the conduit less permeable; thus,
lateral flow occurs. Consequently, vapor‐rich hydrothermal fluids poor in metals are discharged from vents
as white smokers, whereas liquid‐dominated hydrothermal fluids rich in metals flow laterally below the
caprocks, forming subseafloor SMS deposits.

Plain Language Summary In seafloor hydrothermal systems, the seawater heated by magma
circulates under the seafloor and forms seafloor massive sulfide (SMS) deposits. Recently, SMS deposits
have attracted interest as a new metal resource, the generation mechanism and model of which must be
established for accurate resource exploration. However, the mechanism is not yet fully understood.
To address this problem, we applied a hydrothermal flow simulation and clarified the temperature
distribution and fluid flow in the Iheya North Knoll, southwestern Japan. The result revealed that lateral
flow and boiling of hydrothermal fluids occur below the seafloor. A low permeability caprock formation
generated by anhydrite and clay mineral development is the most plausible cause of these occurrences,
because a caprock can increase the temperature and induce boiling of fluids by suppressing the seawater
inflow. This formation also makes fluid outlets less permeable, thus induces lateral flow. Consequently,
vapor‐rich hydrothermal fluids poor in metals are discharged from vents, while liquid‐dominated
hydrothermal fluids rich in metals flow laterally below the caprocks, forming subseafloor SMS deposits.

1. Introduction

Recent rapid expansion of the world economy, population growth, rising demand for and prices of metals,
and uneven distribution of resources induce global risks against the stable supply of metal resources
(Bardi et al., 2016; Lusty & Gunn, 2015). For the supply, in the exploration of metal deposits, deeper and dee-
per parts of the crust are being explored, and efforts are extending to the seafloor from the land. In these
zones, finding new deposits becomes more andmore difficult because of decreases in the amount and spatial
resolution of survey data.

Because hydrothermal circulation below the seafloor promotes chemical reaction, heat transfer, and mutual
interaction between the crust and ocean (Alt, 1995; Stein & Stein, 1992; Tivey, 2007), more than 300
high‐temperature vent sites, which are potential fields of metal deposits, have been found to date in mid‐
ocean ridges (65%), along volcanic arcs (12%), and at back‐arc spreading centers (22%) (Hannington
et al., 2011). Seafloor massive sulfide (SMS) deposits are the most typical type formed in such hydrothermal
systems accompanying high contents of base metals (copper, zinc, and lead) and precious metals (silver and
gold) (Spagnoli et al., 2016). SMS deposits are regarded as important near‐future mining targets because of
their considerable reserves and high metal grades (Lipton, 2012). For efficient mining and development,
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understanding the locations, configurations, grade distributions, and genesis of such deposits is of the
utmost importance.

Of particular interest in SMS deposits is the presence of two types: one formed in seafloor mounds and black
smoker chimneys under oxic environments and another formed below the seafloor by mineral replacement
(Tornos et al., 2015). Coexistence of these types was estimated recently from a two‐layered low resistivity
zones (of 0.2 Ohm‐m or less) by a marine electrical resistivity tomography in the Iheya North Knoll in the
middle Okinawa Trough, southwest of Japan (Ishizu et al., 2019). The structure was interpreted as two
mineralization zones on the seafloor and at about 40 m below seafloor (mbsf). In addition, similar two or
multilayered SMS deposits were also found by drillings in the Okinawa Trough (Saito et al., 2015;
Yoshizumi et al., 2015). To date, various SMS mineralization models have been developed (Tornos
et al., 2015). However, most are based on qualitative, geological observations, and the concrete physical set-
ting that caused generation of the deposits (temperature, pressure, heat flux, and fluid flow) has not yet been
elucidated; for example, the above‐mentioned two‐layered mineralization structure has not been explained
by any quantitative models. The physical setting can be elucidated only through numerical simulation,
because it is not possible to accurately observe the setting and the phenomena that occur there under
progress over a long time and a wide area below the seafloor.

Based on that background, this study aims to build a three‐dimensional (3‐D) numerical model that can
correctly represent a seafloor hydrothermal system in a back‐arc basin with geological, hydrological, and
thermal constraints, clarify the above physical setting, and present a generation mechanism of the
two‐layered SMS structure by selecting the Iheya North Knoll as a case area (Figure 1a). Two or more miner-
alization styles are commonly mixed in SMS deposits (Tornos et al., 2015). Therefore, this study, perhaps the
first study conducted for the above purposes, can contribute to understanding the generation setting of
complex (two‐layered or multilayered) SMS deposits in other areas.

2. Data and Methods

The study area is situated in a back‐arc basin between the Ryukyu arc‐trench system and the Eurasian con-
tinent (Figure 1a); the main hydrothermal area is 500 m × 300 m in size (Figure 1b). Nine sites of represen-
tative active hydrothermal vents have been discovered in this area (Kawagucci et al., 2011); among them, the
North Big Chimney (NBC) is known to have the highest temperature (311°C) and the largest flow rate
recorded thus far (Takai & Nakamura, 2010), suggesting that the NBC is located on the main flow path.

The Iheya North Knoll is composed of (i) volcanic rocks forming knolls and (ii) thick sediments over the
rocks in the central depression; volcaniclastic pumiceous deposits with widely distributed hard layers, per-
haps impermeable caprocks, are estimated to be the main sedimentary components based on seismic survey
results (Tsuji et al., 2012). Detailed lithology was revealed by drilling surveys at five sites in a program of the
Integrated Ocean Drilling Program (IODP) Expedition 331 (Figure 1b) (Takai et al., 2011): The sediments are
alternating sequences of hard low‐porosity and porous pumiceous layers, mainly composed of pelagic and
hemipelagic mud and volcaniclastic pumiceous deposits with hydrothermal alteration. Abundant anhydrite
greatly reduces the porosity by filling voids in sediments and consequently forms the low‐porosity layers.
Anhydrite precipitates from hydrothermal fluid when mixed with seawater (Lowell et al., 2003; Lowell &
Yao, 2002). Low‐porosity layers rich in anhydrite are regarded to act as impermeable caprocks that blocks
vertical fluid flows.

Because backarcs exist under extensional tectonic settings, normal faults, tensile fractures, and fracture
zones develop parallel to the extension axis and act as fluid conduits (Sahlström et al., 2018). Following this
general rule, several N‐S faults are developed in the study area, on which the main hydrothermal mounds
are located (Figure 1b). Research on modern (Arai et al., 2018; Tivey & Johnson, 2002) and fossil hydrother-
mal systems (Coogan et al., 2006) has drawn an image wherein hydrothermal upflows are concentrated in
tube‐like conduits, which presumably continue to the reaction zone (Tivey & Johnson, 2002). In fact, several
tube‐like conduits under mounds were detected from the seismic survey results in the Okinawa Trough
(Arai et al., 2018; Tsuji et al., 2012), including a tube‐like seismically transparent structure, which probably
represents a conduit, under the NBC mound (Takai et al., 2010).
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Using the above‐mentioned accessible geological and geophysical data, a numerical model of the study area,
1.2 km (N‐S) × 4.0 km (E‐W) × 1.6 km (vertical below the seafloor) in size, was constructed (Figure 2) to
simulate hydrothermal fluid flow of pure water based on Darcy's law and the mass and energy conservation
equations. The TOUGH2 software was used for the simulation because of its high capability of analyzing
gas‐liquid two‐phase flow and 3‐D heat flow (Pruess et al., 1999). A buffer zone 10 km in size was set around
the model domain (Figures 2a and 2c), and the domain was discretized by Voronoi cells with 0.5 to 500 m
thickness from the shallow to deep parts and 30 to 2,000 m side length from the middle conduit to domain
peripheral zones (Figure 2a). The bathymetric data of the top of the domain were acquired by a multibeam
echosounder system (MBES) during several cruises. We set the initial conditions as hydrostatic pressure and
4°C at the seafloor with the average thermal gradient in the study area, 0.12°C/m, except for the vent sites
thermal gradient (Masaki et al., 2011); the surface boundary condition was set as a permeable boundary

Figure 1. (a) Location of the Iheya north hydrothermal field in the middle Okinawa trough marked by a star symbol and
(b) bathymetry map of the study area with IODP drilling sites (black squares), active vent sites (red triangles), and heat
flux measurement points (circles as in the legend, after Masaki et al., 2011). Two red lines show the locations of
Figures 3a and 3b.
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of the seafloor with constant temperature, 4°C, and hydrostatic pressure, and the side and bottom
boundaries were set as impermeable.

To clarify the general fluid flow pattern and temperature and pressure distributions, the model domain was
simply divided into four geologic elements, conduit, caprock, sediment, and volcanic basement, by excluding
geological and hydrological heterogeneities. These elements were assigned in the model domain based on
the drilling and seismic survey data. A highly permeable conduit 300 m in diameter was set vertically from
the seafloor to the bottom of the model domain as the main discharge area, by locating the NBC as the center
of conduit (Figure 2b). Distributions of the volcanic basement, sediment, and a continuous caprock layer 5 to
100m in thickness were set following the report of Takai et al. (2011) (Figure 2c). In addition, for the physical
rock properties, the density, porosity, and thermal conductivity of the four elements were set based on
drilling survey data, and permeability was set based on the literature data described in the supporting
information Text S1 (see also Table S1).

The validity of the constructed calculationmodel was checked by comparing the calculated temperature and
heat flux with those obtained by measurement. A wide range of heat flux (0.01–100 W/m2) was observed at
78 points with exceedingly high values around the NBC mound (Masaki et al., 2011). A noteworthy trend
was that heat flux decreased with increasing distance from the mound (Figure 1b) to very low heat flux
(<0.1 W/m2) 2 km from the mound, suggesting an occurrence of several‐km‐scale fluid circulation. In addi-
tion, temperature logging data were obtained at Sites C0014 and C0017 (Figure 3d) (Takai et al., 2011).

Figure 2. Calculation model. (a) Perspective view of the model domain with a buffer zone of 10 km, shown as
semitransparent, set around the domain. Voronoi cell sizes become smaller toward the domain center. The broken
white line shows the location of Figure 2c. (b) Distributions of a caprock layer and a vertical conduit zone.
(c) Detailed configuration of cells and geologic structure composed of four elements along an E‐W cross‐section in
Figure 2a with the model size and boundary conditions. The cell thickness was set as 0.5 m (thinnest) near the
seafloor (the top boundary), because the heat fluxes were measured at the top subsurface below the seafloor
(Masaki et al., 2011), and the thickness gradually increases with depth, with 0.5 m for top five layers, 10 m for the
next five layers, 25 m for six layers, and 200 m for the bottom seven layers.
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Temperature data obtained at the distal flank at Site C0017 showed 44°C at 112 mbsf and 90°C at 151 mbsf,
which imply cold seawater recharge into the hydrothermal system. In contrast, the temperature at Site
C0014 at the intermediate flank was 22°C at 6.5 mbsf, and a high thermal gradient was observed below
10 mbsf with temperatures of 55°C at 16 mbsf, 150°C at 47 mbsf, and 210°C at only 50 mbsf. The
temperature profiles at Sites C0014 and C0017 did not show simple increases with depth, suggesting the
occurrence of lateral flow.

Figure 3. Simulation results and verification. (a) 3‐D view of iso‐temperature surfaces and fluid flow vectors (arrows) on
an E‐W cross‐section along the profile shown in Figure 1b. Boiling zone around the NBC is delineated by the broken
yellow line. The thick red lines, brown surface, and gray surface in the shallow subseafloor denote the seafloor drillings
with site names, the seafloor, and the caprock layer, respectively. (b) Comparison of calculated heat fluxes with the
measurement data after Masaki et al. (2011). The easting distance is along the profile shown in Figure 1b. The gray
hatched part from 0 to 450 m distance denotes the active hydrothermal area. (c) Cross‐plot of calculated heat flux and
measured ones. (d) Comparison of calculated temperatures with the measurement data at sites C0014 and C0017 after
Takai et al. (2011). (e) Vertical cross‐section of gas saturation distribution in the boiling zone shown in Figure 3a.
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The injection rate and discharge rate at the conduit from the bottom and top boundaries, respectively, and
the permeabilities of the four elements were adjusted with trial‐and‐error approaches so that the heat flux
and temperature differences would be acceptably small with consideration of heat balance, as explained
in Text S2. The resultant injection rate and discharge rate with the best matches were 27 kg/s
(=4 × 10−4 kg/(s·m2)) of 350°C fluid and 32 kg/s (=45 MW heat flow), respectively. Under those conditions,
the steady state was simulated.

3. Results and Discussion

The steady state flows are mostly upflows along the conduit and discharge from the seafloor, and partly lat-
eralflows along the caprock form amushroom‐shaped high‐temperature region (Figure 3a; see also Figure S1
in a cross‐section view). Another main flow is descending low‐temperature seawater from the seafloor near
the volcanic ridge, about 2 km away from the NBC mound at the eastern Site C0017, toward the conduit,
which subsequently induces flow circulation. The occurrences of lateral flow below the caprock and down-
ward seawater flow in that place agree with interpretations based on the chemical compositions of the pore
waters (Ishibashi et al., 2017) and heat flux and seismic survey data (Masaki et al., 2011; Tsuji et al., 2012).

The correctness of the simulation results can be confirmed by the findings that the calculated heat fluxes
almost agree with the measured ones (Figure 3b) and that the calculated temperatures generally agree with
the measured ones except for the underestimation for the deepest, 50 mbsf data of Site C0014 (Figure 3d).
The consistency of heat flux can be more clearly confirmed by a cross‐plot of the calculated and measured
heat flux values (Figure 3c). The differences between the calculation and measurement results are attributed
to the simplified geologic model that did not incorporate local changes in hydraulic parameters.

A noteworthy feature revealed by the simulation is an occurrence of boiling in the depth range between the
surface of the NBC and 150 mbsf in the conduit, caused by a pressure drop at the top of the ascending hydro-
thermal fluids (Figure 3e). The gas saturation rate reaches a maximum (10%) just below the NBC and
decreases gradually toward the surroundings. This occurrence of boiling in the uppermost subseafloor near
the NBC can be confirmed by consistency with the observations that all the vents in the study area, including
the NBC, emit white fumes (i.e., white smokers) (Chiba et al., 1996) and that many of the vent fluids in this
area were Cl‐depleted (Kawagucci et al., 2011).

To further check the validity of the calculation model, a sensitivity analysis was implemented as described in
Text S3 (see also Figures S2 and S3). Models without either the conduit or caprock could not reproduce the
measured temperatures and heat fluxes. This mismatch was caused by the nonoccurrence of lateral flows in
the shallow subseafloor. Additionally, in the absence of the caprock, boiling could not be induced because of
the large temperature decrease caused by deep infiltration of seawater. Consequently, the importance of the
conduit and caprock for hydrothermal fluid flow and their correct setting in this study were demonstrated.

Distributions of massive and granular sulfide minerals were observed near the NBC seafloor (Site C0016)
and near the shallow subseafloor of Sites C0013 and C0014 (Yeats et al., 2017), and the formation of
two‐layered SMS deposits was estimated by Ishizu et al. (2019), as mentioned above. This two‐layered struc-
ture can be considered to have been caused by the boiling of hydrothermal fluids and lateral flows in the
shallow subseafloor. Both the simulation result and field observations suggested the occurrence of
two‐phase separation into vapor‐ and liquid‐rich fluids in the uppermost subseafloor near the NBC.
Through this phase separation, metal components in the fluids become concentrated in the liquid phase,
and sulfide minerals precipitate (Kawagucci et al., 2013) by the fractionation of chemical species, the pH
of the fluids increases, and metal solubility decreases (Drummond & Ohmoto, 1985). The vapor‐rich, light
fluids poor in metal components ascend and are probably discharged from the vents, which is concordant
with the fact that all the vents in the study area are white smokers, as mentioned above, in which scarce
sulfideminerals are contained. Therefore, sulfideminerals on the seafloor likely precipitated from past black
smokers. At the same time, the liquid‐rich fluids are trapped below the caprock, as confirmed through a
drilling survey (Kawagucci et al., 2013), and their lateral flows must have caused sulfide mineral precipita-
tion. Note that the NaCl concentration in fluid affects the phase relations, density, andmiscibility of the fluid
(Ingebritsen et al., 2010). Accordingly, a simulation that considers a binary H2O‐NaCl system is desirable for
more accurate modeling of fluid flow, as demonstrated by a previous study (Lewis, 2007). This simulation is
our significant next step.
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Based on the above considerations, we propose a two‐stage generation
scenario of the two‐layered SMS deposit in the Iheya North Knoll as fol-
lows. In the early stage, high‐temperature hydrothermal fluids ascended
along the conduit and discharged from the vents as black smokers without
boiling below the seafloor, and considerable amounts of sulfide minerals
then precipitated on the seafloor from the black smokers by mixing with
the seawater (Figure 4a). Long‐term precipitation formed a mound and
that mound acted to seal the hydrothermal fluid flows in the later stage;
consequently, the fluid flows became concentrated in the vent (Fouquet,
1997; Tivey, 2007). The sealing was intensified by the distribution of
low‐permeability hemipelagic sediments in the shallow subseafloor
around the mound. Through mixing of the hydrothermal fluids with
the seawater in the mound, anhydrite precipitated and filled the rock
voids under fluid temperatures of 200°C or more (Fouquet, 1997;
Ishibashi et al., 2017). In addition, the rocks were hydrothermally altered
and changed partly to clay minerals with decreasing permeability
(Takahashi, 1995). These rocks containing anhydrite and clay minerals
in voids became impermeable caprock, which blocked mixing of the
hydrothermal fluids and seawater; in addition, the conduit top gradually
became less permeable, resulting in flow being diverted horizontally
(Koski et al., 1994; Tivey et al., 1995) into the highly permeable volcani-
clastic layer (Figure 4b). Because of the effect of the caprock to suppress
mixing, the fluid temperature increased, and consequently, boiling
occurred at the conduit top, and vapor‐rich fluids were discharged from
the vents as white smokers, as is occurring at present. At the same time,
the liquid‐rich fluids rich in metal components flowed laterally under
the caprock and precipitated sulfide minerals, mainly by boiling and/or
by conductive cooling.

In summary, the controlling factors on the formation of the two‐layered
SMS deposits are outlined as (i) low‐permeability sediments, (ii)
decrease in permeability in the shallow subseafloor area, (iii) presence
of a high‐permeability felsic layer that originated from magmatic
eruptions, and (iv) shallow water depth. Note that the presence of a
high‐permeability layer is a common indicator of high magmatic activity
in arc volcanos and back‐arc basins with eruptions. Regarding the water
depth, hydrothermal fields in arc volcanos and back‐arc basins are gen-
erally situated within a depth of 2,000 m, much shallower than the typi-
cal hydrothermal fields in mid‐ocean ridges at 2,000 to 3,000 m depths
(Hannington et al., 2005). Because the Iheya North Knoll is located at
about 1,000 m depth, pore waters at shallow depths are less pressurized.
These pressure conditions are favorable to boiling of the fluids, and con-
sequently, the formation of the two‐layered structure.

4. Conclusions

In this study, a simple, but essential subseafloor geologic model was constructed to clarify the regional tem-
perature, fluid‐flow patterns, and physical property distributions in a hydrothermal system of a back‐arc
basin, by selecting the Iheya North Knoll, middle Okinawa Trough, southwest Japan, as an example. This
clarification was achieved by a numerical simulation of multiphase fluid using TOUGH2 with geological,
hydrological, and thermal constraints. The model was well constrained by the survey data of temperature
logging and drilling at several points and dense heat fluxes that are rarely obtained in seafloor hydrothermal
systems. Therefore, the simulation result can contribute to clarifying subseafloor flow patterns and physical
conditions more accurately and interpreting geophysical images such as marine electrical resistivity topogra-
phy based on the temperature distribution. The most important finding of this study is that the fluid flow is

Figure 4. Conceptual model of the two‐stage mineralization process.
(a) Early‐stage mineralization model in which black smokers discharging
from the seafloor were cooled by the seawater and sulfide minerals
precipitated from the vents, forming SMS deposits on the seafloor.
Long‐term precipitation formed a mound around the vent. (b) Late‐stage
mineralization model in which impermeable portions composed of
anhydrite and the clay minerals‐bearing mound, and sediment induces
lateral flows and boiling of fluids in the conduit top. Gas‐phase dominated
fluids are discharged from the vent as a white smoker. In contrast,
liquid‐phase dominated fluids rich in metal components flow laterally
below the caprock and form the lower ore body because of boiling and/or
conductive cooling. The blue and red arrows denote fluid flows of
relatively low‐ and high‐temperature seawaters, respectively.
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essentially controlled by the presence of a caprock layer and conduit. The resultant flow features were that
the hydrothermal fluids ascend along the conduit toward the seafloor and a portion of them flow laterally
below the caprock, as observed by a drilling survey. Because of the presence of the caprock and conduit,
the calculated temperatures and heat fluxes were consistent with the measured ones, and the boiling
location was in accord with the observed one.

In the study area, development of the two‐layered SMS deposit in the study area was interpreted using elec-
trical resistivity tomography. Based on the simulation results and the preceding measurements and observa-
tions, a generation mechanism of this two‐layered SMS deposit was proposed as formation by two stages of
mineralization. In the early stage, hydrothermal fluids were discharged as black smokers rich in metals, and
by mixing with the seawater, sulfide minerals from the smokers were deposited on the seafloor. In the later
stage, the conduit gradually became less permeable over time, which induced lateral flows in a highly
permeable volcaniclastic layer, and consequently, caprock was generated by the precipitation of anhydrite
and clay minerals in the layer. Because of the caprock, the temperature of the hydrothermal fluids increased
and boiling occurred. The vapor‐rich fluids were discharged as white smokers from the vents, whereas the
liquid‐rich fluids, flowing laterally below the caprock, formed the lower SMS deposits mainly by boiling.

Data Availability Statement

Data is available through Takai et al. (2011) and Masaki et al. (2011).
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