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Abstract

Submarine massive sulfide deposits on slow-spreading ridges are larger and longer-lived than deposits at fast-spreading
ridges'-2, likely due to more pronounced tectonic faulting creating stable preferential fluid pathways>*. The TAG
hydrothermal mound at 26°N on the Mid-Atlantic Ridge (MAR) is a typical example located on the hanging wall of a
detachment fault®>~’. It has formed through distinct phases of high-temperature fluid discharge lasting 10s to 100s of
years throughout at least the last 50,000 years® and is one of the largest sulfide accumulations on the MAR. Yet, the
mechanisms that control the episodic behavior, keep the fluid pathways intact, and sustain the observed high heat fluxes
of up to 1800 MW? remain poorly understood. Previous concepts involved long-distance channelized high-temperature
fluid upflow along the detachment™ '° but that circulation mode is thermodynamically unfavorable!! and incompatible
with TAG’s high discharge fluxes. Here, based on the joint interpretation of hydrothermal flow observations and 3-D
flow modeling, we show that the TAG system can be explained by episodic magmatic intrusions into the footwall of
a highly permeable detachment surface. These intrusions drive episodes of hydrothermal activity with sub-vertical
discharge and recharge along the detachment. This revised flow regime reconciles problematic aspects of previously
inferred circulation patterns and can be used as guidance to one critical combination of parameters that can generate
substantive mineral systems.

Introduction

High temperature hydrothermal discharge at black smoker vent sites has been reported from mid-ocean ridge segments opening
at all spreading rates'>!'? and is known to play a key role in global biogeochemical cycles'4'¢ as well as in the formation of
massive sulfide ore deposits'. The style of venting, the composition of the discharged fluids, and the controls on vent field
locality all appear, however, to be affected by spreading rate-dependent processes'’. At intermediate- to fast-spreading ridges,
where plate separation is compensated by magma emplacement, hydrothermal vent sites are located on-axis and hydrothermal
circulation is driven by heat released from a quasi-stable melt lens modulated by periodic dike emplacement events 819,
Ultraslow to slow spreading ridges are different in that plate separation is not fully accommodated by magmatism resulting in
shifting periods of magmatic- to tectonic-dominated phases of ocean spreading. Given the right balance between magmatism
and tectonic extension’*-%2, oceanic core complexes can form when long-lived low-angle normal faults, so-called detachment
faults, accommodate large amounts of strain’®??, and exhume lower crustal and mantle rocks. This asymmetric accretion
mode is now thought to play a key role in the accretion of Atlantic-type slow-spread crust’>~>>. Where tectonic processes
dominate and faulting shapes the ridge segment structure, vent sites can be located far off-axis pointing to strong links between
tectonic faulting and hydrothermal circulation®®->%. Fault-controlled hydrothermal systems also tend to be longer lived and
host the largest massive sulfide deposits'=, which is typically explained by stable preferential pathways that large offset faults
provide for hydrothermal fluid flow.

Yet, hydrothermal discharge is clearly not a steady-state process. Where it has been measured or inferred, the total heat
discharge rates are much higher than the baseline mid-ocean ridge heat supply calculated from the energy loss involved in
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cooling the crust to approx. 350°C and crystallizing it. Baker (2007)° showed that the known vent fields on slow spreading
ridges would need to cool segments of 13-333 km length, if steady-state were assumed. As this is implausible, hydrothermal
cooling is likely highly episodic with vent fields along slow-spreading ridges only being active about 5% of the time®, possibly
paced by the frequency of magmatic intrusions. This episodic nature of hydrothermal cooling has been documented at the
TAG hydrothermal field, where drilling during ODP leg 158 probed the internal structure of the mound and fairly detailed
age constraints are available’>3". Mass-balancing the amount of sulfide at the TAG mound and the amount of fluid needed to
sustain the inferred total heat discharge revealed that TAG was probably only active < 2% of its approx. 50 kyrs life time®.

Interestingly, these two lines of argument that 1) deposits at slow-spreading ridges are larger due to long time spans of
activity and 2) high discharge fluxes require cooling to be episodic, are difficult to reconcile with each other unless each phase
of activity reuses the same plumbing system to form a long-lived deposit. But what critical combination of hydro-tectono-
magmatic conditions is required for this to occur? Here, using the TAG hydrothermal field as an example, we identify a pattern
of circulation that can sustain transient high discharge fluxes at a fault-controlled vent-system — one that has the potential to
repeatedly focus hydrothermal discharge at the TAG mound over multiple cycles of activity.

The TAG hydrothermal field

The TAG hydrothermal field is located off-axis at 26°N on the eastern flank of the Mid-Atlantic Ridge (MAR). The main site
of high-temperature venting is currently located at the TAG mound, where black smokers are discharging fluids at approx. 360
°C3!, The system is highly productive with inferred energy discharge fluxes of 86 to 1,800 MW?; with the spread reflecting
different types of measurements referring to localized discharge at the active mound or integrated total diffusive plus localized
heat discharge at the TAG segment. This hydrothermal activity has resulted in the accumulation of ~ 2.7 Mt of massive
sulfides at the active mound and ~ 20 Mt in the wider TAG area®’. In addition to the focused high-temperature venting,
widespread diffuse venting is occurring as evidenced by the abundant anhydrite within the TAG mound that likely formed
through extensive mixing of hydrothermal fluids with seawater>>. Reported ages of the TAG mound span at least 50,000 yrs
showing distinct phases of high-temperature hydrothermal activity*® with the current phase having probably started about 80
yrs ago>*. Ages of up to 140,000 yrs have been reported for the Mir Zone on the TAG segment®-32(Fig. 1). Those ages, in
combination with the internal structure of the mound and evidence from sulfur isotopes pointing to the dissolution of anhydrite
during renewed phases of high temperature activity, all support the concept of episodic activity during which fluid pathways
through the TAG mound are re-activated®. The TAG segment is likely undergoing active detachment faulting as evidenced
by microearthquake data’, 2-D° as well as 3-D3® seismic tomography, and high-resolution bathymetric data’’>. The duration
of active detachment faulting is in the range of 0.357 to 1.35%® Myrs. Recent high-resolution AUV-based bathymetry shows
that the TAG mound is located on the hanging wall of the detachment directly at the intersection of two sets of normal faults,
one parallel to the spreading direction and one oblique oriented in SW-NE direction®’(Fig. 1).

While these observations point to strong interrelations between tectonic faulting, magmatic activity, and hydrothermal
flow, identifying the driving heat source has been a challenge and with it the identification of circulation pathways. Slip on
the detachment, which progressively brings hotter footwall rocks closer to the surface, does not provide sufficient energy to
sustain the discharge fluxes at TAG, which most likely require a magmatic heat source®. Two main options appear plausible:
either the magmatic heat source is located beneath the neo-volcanic zone, or a magmatic intrusion in the footwall beneath
TAG is driving flow. Unfortunately, seismic surveys have struggled to resolve this question. While Kong et al.>’ found a
low velocity anomaly at 3-6 km depth beneath TAG, a later study by Canales et al.° could not identify an intrusion in the
TAG footwall. However, a 3-D tomography based on the data of the same seismic survey did reveal a low velocity anomaly
and a zone of inverted vertical velocity gradients beneath TAG>®, possibly in support of a magmatic footwall intrusion (see
Extended Data Fig. 1d).

Based on the micro-seismicity data, deMartin et al. (2007)° proposed that a deep magmatic intrusion approx. 7 km
beneath the neovolcanic zone drives channelized high-temperature hydrothermal flow along the detachment to below the
active mound. This two-dimensional concept of channelized high temperature fluid flow along a detachment surface has been
highly influential and invoked to explain off-axis venting at Logatchev'! on the MAR and Longqi’® on the Southwest Indian
Ridge (SWIR). However, recent theoretical work showed that channelizing hot fluids over long distances along a low-angle
detachment is difficult. Hot fluids tend to rise vertically due to their high buoyancy, so that strong permeability contrasts are
necessary, which inevitably result in mixing processes and low vent temperatures incompatible with observations; except for
very special parameter combinations'!.

An alternative flow solution is hinted at by the joint interpretation of the high-resolution bathymetry>? and 3-D tomography
data®®, which show that TAG is located at intersecting normal faults in the hanging wall and is centered above a slow seismic
anomaly in the footwall (Extended Data Fig. 1). It appears plausible that flow is driven by a series of footwall magmatic
intrusions with discharge being vertical in the direction of buoyancy along the cross-cutting faults in the hanging wall and
recharge occurring in the third-dimension along the detachment surface. Here, using a combined analytical and numerical
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Fig. 1: The TAG hydrothermal field in models and data. a, High resolution (2m) AUV-based bathymetric data shows the
location of the TAG and Mir sites, termination and corrugated surface of the detachment fault, extended detachment (black
dashed line), and regions of axis-parallel (N-S) and oblique (NE-SW) faulting. The thin black box denotes lateral extent of
Fig. lc. In the sub-seafloor, dots represent location of microearthquakes’. The intrusion driving the current hydrothermal
phase is sketched as gradient-color filled ellipse. Extended Data Fig. 1 provides further details on the sub-seafloor structure.
b, Close-up of seafloor affected by cross-cutting normal faulting around the TAG mound and Mir Zone. The axis-parallel
and oblique fault regions are bounded by green and blue lines, and their strike orientations are indicated in the inset rose
diagram. ¢, Results of 3D hydrothermal flow modeling. The dark inclined plane inside the modeling domain represents the
presumed detachment fault zone with incline angle 20° and thickness 50 m, the blue lines with arrows denote pathways of
numerical fluid tracers. Isotherms of 100,200,350 °C are shown as transparent surfaces. Recharge mass flux mainly occurs
along the detachment surface. Discharge flow is vertical along a zone of enhanced permeability towards the active TAG
mound. Note that only a part of the full modeling domain is shown for improved readability. The complete fluid velocity
field is shown in Supplementary Fig.3. d and e show the temperature field on vertical profiles across the TAG vent for

kar =102 m? and 5 x 10715 m?, respectively. Energy discharge increases for higher detachment fault permeability due to a
thinner thermal boundary layer.
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163

approach, we show that this flow solution is robust and stable over a large parameter range and that its magmatic-tectonic
ingredients may represent a critical combination of parameters that make the TAG mineral system so prolific.

Results

To explore the likely circulation pattern during phases of high temperature hydrothermal discharge, we use the three-dimensional
hydrothermal flow model HydrothermalFoam>®, which resolves porous convection of pure water under single-phase condi-
tions. Based on the high-resolution AUV-bathymetry*?, micro-earthquake locations”, and tomographic?® plus seismic reflec-
tion®” data, we implement the detachment surface as an inclined permeable plane dipping at 20°. Here the assumption is
that the detachment surface is a zone of enhanced permeability with respect to the adjacent foot- and hanging walls*’. The
cross-cutting faults at TAG are simplified as a pipe- or slot-shaped zone (Supplementary Fig. 1) of enhanced permeability
that we assume intersects the detachment surface approx. 700 m below the seafloor. The presumed driving heat source in the
detachment footwall is implemented as a Gaussian-shaped fixed temperature boundary condition (see Methods). Fig. 1 sum-
marizes the model setup and likely circulation mode: segment-scale down-flow of cold seawater occurs along the permeable
detachment and recharges the reaction zone beneath TAG from where high-temperature discharge flow is mainly vertical. This
three-dimensional circulation mode is fundamentally different to previous ideas involving long-distant hydrothermal upflow
from a deep magmatic heat source near the ridge axis along the detachment towards the TAG mound. First, heat is extracted
directly across a thin thermal boundary layer from the footwall beneath TAG into the highly permeable detachment flow zone.
This makes hydrothermal heat extraction highly efficient as the thickness of the thermal boundary layer is directly related to
the permeability of the reaction zone*!. Second, extensive three-dimensional along-fault flow mines heat from a large spatial
extent and further increases the hydrothermal heat output. And finally, our proposed flow model does not involve channelizing
hot fluids laterally over long distances against the direction of buoyancy-driven flow.

To further explore the general behavior of the proposed circulation system in terms of the predicted vent temperatures,
vent location, and power output, we have performed a sequence of 3-D numerical experiments changing model parameters
and geometry. In addition we have derived a semi-analytical solution for the theoretical power output. Fig. 1d and e exemplify
the effects of changing the permeability of the detachment fault. Within the reaction zone, where a constant temperature
boundary condition is applied, heat is transferred by conduction from the intrusion into the hydrothermal flow zone across a
thermal boundary layer. The total conductive heat input (E,,,s) is a function of heat source temperature and boundary layer
thickness, over which temperature decreases to approx. 400°C. This thickness is controlled by the permeability of the reaction
zone. In the case of a highly permeable detachment (k;r = 10712 m?), the total conductive heat input is 219 MW (Fig. 1d).
If kg is reduced to 5 x 10~15 m?, the conductive boundary layer is thicker and the heat input is reduced to 15 MW (Fig. le).
Hence the total heat output scales with reaction zone permeability, which implies that having the heat source close to the
permeable flow zone is an effective way to increase the total heat output of a circulation system (see ref.*! for theoretical
background).

The impact of parameter values on heat extraction and flow pattern is further illustrated in Fig. 2, which shows the flow
solution and some characteristics of it for differing detachment fault and upflow zone permeabilities. Fig. 2a shows the results
for a model run that defines the upflow zone as a permeable pipe in which the detachment fault is twice as permeable as the
pipe. About 85% of recharge mass flow occurs via the detachment and approx. 65% of the discharge occurs via the pipe,
which is mainly used for discharge flow. Vent temperature is high at approx. 405°C. If the pipe permeability is increased by a
factor of 4 (Fig. 2b), the pipe is used for both recharge and discharge flow, which results in a reduced vent temperature due to
mixing within the upflow zone. Increasing the detachment fault permeability (Fig. 2c) makes recharge via the detachment the
preferred circulation mode again and the pipe is used almost exclusively for discharge. Finally, if the geometric representation
of the upflow zone is changed from pipe to slot, the slot is used for recharge and discharge flow. Interestingly, this does
not significantly affect vent temperatures because of less efficient mixing in the slot-like geometry. We have run simulations
for a wide range of parameters and results are summarized in Fig. 3. These simulations show that segment-scale recharge
occurs in all simulations and that detachment fault permeability controls conductive heat transfer into the hydrothermal flow
zone. Vent temperatures are highest when the vertical flow zone is mainly used for discharge flow. When k; is in the range
of 2 x 10713 to 107'2 m?, the total heat output spans 50 ~ 80 MW (Fig. 3 a,b), which is in excellent agreement with the
inferred heat flux of 50-86 MW for the active high temperature system**. These preferred absolute permeability values make
the model predictions consistent with observed heat discharge fluxes as well vent exit temperatures and fall within the 10~4
to 10~!2 m? range typically reported for shallow ocean crust*>. However, as cautious note, it should be added that the sub-
surface permeability structure of the highly faulted TAG segment is likely more complex and is likely to sustain more diffusive
low-temperature flow. Our simplified model setup was designed to capture the key flow characteristics of the focused high
temperature circulation system.

To evaluate the robustness of our findings, we have derived a semi-analytical solution for the power output of a hydrother-
mal system driven by a detachment footwall intrusion following the rationale of Jupp and Schultz*!**. While this simplified
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model (see method section) cannot capture all the complexity of a three-dimensional flow, it does confirm our key conclusion
that the power output is primarily a function of reaction zone permeability, and it shows the same scaling as the numerical

15 model (Extended Data Fig. 4).
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Fig. 2: 3-D flow pattern and hydrothermal power output. Vectors illustrate the three-dimensional circulation pattern and
are color-coded by the vertical mass flux. Up- and downward flow along the pipe and slot are illustrated by yellow and white
arrows. Pie charts show the integrated mass flow rate of recharge (Q,.: kg s—!) and discharge (Qg;s: kg s~1), and
hydrothermal power output (E;;: MW) at the seafloor. The number in each pie chart is the total value of the corresponding
quantity. Wedges in each pie chart represent the proportion of flow through pipe/slot (green), detachment fault (orange), and
background rock matrix (cyan). Comparing a and b on a like for like basis show that increasing k;,., the permeability of the
upflow zone, results in mixing and a decrease in vent temperature. Comparing b and ¢ shows that increasing the detachment
permeability k;r dramatically increases the discharge flow, which reduces mixing in the upflow zone so that the vent
temperature is increased, also the power output is increased. Comparing ¢ and d illustrates the effects of changing the upflow
zone geometry from pipe-like to slot-like; additional recharge flow occurs and the total power output is increased by 40%.

Discussion
The presented flow solutions illustrate the likely circulation pattern during phases of high temperature fluid discharge at TAG.
The fundamental difference to previous concepts™ !-2® on fault-controlled circulation systems is that in our new model the
detachment fault is used for recharge instead of discharge flow. This circulation mode naturally forms in three-dimensional
numerical models that allow for in-plane fault flow (as opposed to previously proposed two-dimensional scenarios). Discharge
flow is mainly vertical and channelized towards the TAG mound by the cross-cutting normal faults in the hanging wall. A
key feature of this circulation system is that the permeable detachment does not "capture" and deviate a hydrothermal plume
rising through relatively low permeability rocks from a heat source at depth, which would lead to a low power output. Rather,
circulation is directly driven by conductive heat input from a footwall intrusion into the hydrothermal flow zone, which leads to
a high predicted power output because it scales with the high detachment permeability. Hence, the observed high power output
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Fig. 3: Impact of parameter variations on predicted hydrothermal flow solution. The left panel refers to cross-cutting
faults being represented as a pipe-like zone of enhanced permeability of 100 m diameter, while the right panel refers to a
slot-shaped zone of enhanced permeability that is 50-m-wide and 1200 m long. X-axis shows changes in detachment fault
permeability and colors refer to different upflow zone permeabilities. a,b show how conductive heat input scales with
detachment permeability due to its control on thermal boundary layer thickness. c,d illustrate the impact on vent temperature
and e,f illustrate how the mass discharge rate at the TAG mound increases with increasing flow zone permeability.

of some fault controlled systems — including TAG — seems to require a high conductive heat input into the hydrothermal flow
zone, which implies a thin conductive boundary layer and thus a high near-intrusion permeability. In addition, this circulation
mode is also the thermodynamically more plausible solution as it does not require deviating highly buoyant hydrothermal
fluids against the gravitational gradient into a low-angle detachment. A corollary is that beneath TAG high temperature
fluid-rock interaction within the detachment mainly occurs close to the heat source in the footwall and not because of long-
distance channelized flow along it. This would also be consistent with recent findings based on fluid inclusion data from a
corrugated detachment fault on the MAR at 13°20'N*®’, where a clear link between deformation and high temperature fluid
rock interaction was established. However, the conclusion was drawn that this interaction happened within a reaction zone at
depth, which was later exhumed by faulting.

While the presented numerical results are consistent with the available data on the current phase of hydrothermal activity,
they do not directly explain the episodic nature of the TAG hydrothermal system. As aforementioned, the TAG mound has been
episodically active since approx. 50,000 yrs with each phase lasting 10s - 100s of years. It appears plausible that these phases
are paced by the frequency of intrusive magmatic events. Recent 3-D seismic data on the Rainbow hydrothermal field on the
MAR imaged a large number of sill intrusions in the footwall of a presumed detachment surface*®. Similar ideas on numerous
footwall intrusions were presented for the Atlantis Massif on the MAR*. Unfortunately, constraining the timing of intrusive
events remains a challenge. Yet, intrusion frequencies of several thousand to ten thousands of years appear plausible*®. A
reasonable number for the total heat required to "make" the active TAG mound is 2 x 10! J based on the massive sulfide
accumulation size and volume of hot fluids needed to form it®. This energy can be converted into a total magma volume of
4.3 km?. If TAG has formed by ten hydrothermal phases, each phase would on average be driven, as described above, by at
least a 0.43 km>-sized intrusion. During each of these phases, the discharge pathways towards the TAG mound would need
to be re-activated. The current seafloor morphology suggests that cross-cutting normal faults act as conduits for hydrothermal
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discharge®?. However, for these pathways to be re-activated and not be replaced by other preferential pathways, the hanging
wall must not have experienced significant tectonic deformation throughout the life time of the TAG mound. One plausible
explanation is that extension is mainly accommodated by the detachment and possibly by magmatic accretion at the ridge-axis,
so that the hanging wall did not experience strong recent deformation.

An active highly permeable detachment that allows for efficient heat extraction from magmatic footwall intrusions, in com-
bination with stable preferential pathways in the hanging wall that are re-activated throughout multiple phases of hydrother-
mal discharge, may therefore be the ingredients facilitating the formation of large massive sulfide deposits at detachment-
associated hydrothermal systems such as TAG. The Longgi hydrothermal field on the SWIR*’, located also on the hanging
wall of a presumed detachment, may be another example, where such an interplay results in large sulfide accumulations. How-
ever, other detachment-associated vent fields like Rainbow?’ or the von Damm vent field*® are located on exhumed footwall
rocks. How and if detachment faulting affects the circulation pathways of those vent fields cannot be directly predicted using
our proposed flow model for TAG-like systems.
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Methods

Governing equations and numerical method

‘We model the hydrothermal convection as buoyant Darcy flow in a porous medium using the novel hydrothermal flow modeling
framework HydrothermalFoam>®, which is based on OpenFOAM?>'. This model framework can handle complex geometries
in both 2-D and 3-D and has been designed for massively parallel computations. HydrothermalFoam solves the equations of
mass conservation and energy conservation using the finite-volume method and calculates fluid velocities using Darcy’s law
according to:

_, k .
U=—-—(Vp—psl) ey
My
k denotes permeability, p total fluid pressure, g gravitational acceleration, uy and py are the fluid’s dynamic viscosity and
density, respectively. Considering a compressible fluid in a porous medium with given porosity structure, the mass balance is
expressed by

9 3
e% V- (Upy) =0 2)

where € is the porosity of the rock. Note that we assume the matrix to be incompressible, so that the porosity is outside the
time derivative. The equation for pressure can be derived by substituting Darcy’s law (Equation 1) into the continuity equation
(2) and treating the fluid’s density as a function of temperature 7 and pressure p:

dap aT k S
Epy (ﬁf(;t - ‘Xfat> =V (Pfuf (Vp— Pfg)> 3)
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with ar and By being the fluid’s thermal expansivity and compressibility, respectively. Again there is no rock compressibilty as
we consider the incompressible matrix case. Energy conservation of a single-phase fluid can be expressed using a temperature
formulation'®-38,

T _ - Hp 72 [ 9lnpr p =
(psCor + (L= €)prCpr) 5= = V- (AVT) —psCpU-VT + =~ || U | JinT ), e5 +U-Vp )

Thermodynamic properties of fluids, i.e. water, are calculated using the IAPWS-TF97 formulation3?>3, that provides the

fluid properties as nonlinear functions of temperature and pressure. All the symbols and their physical meanings and typical
values can be found in Supplementary Table 1.

Initial and boundary conditions of the 3D model

The model geometry is based on geophysical data. Seafloor information such as total heat discharge and vent temperatures
are used for model calibration. The geometry of the detachment fault is based on high-resolution bathymetric data’> and
P-wave velocity analysis*®. According to the estimation of the detachment fault thickness (70 — 100 ) in previous studies
one TAG®# and seismic evidence for detachment fault thickness (33.4 4 5.7m) in Wooodlark basin>*, we set it to be 50 m. In
addition, the numerical model is based on the hypothesis that the TAG hydrothermal system is driven by shallow intrusion(s).
We therefore only consider the shallow part of the detachment®® down to a depth of 6 km below sea level. The 3D model is
constructed in a box laterally bounded by south-west point (44°51.6" W, 26°6.8’ N) and north-east point (44°47' W, 26°9.8' N),
corresponding to lateral extent of 5.6 km to the north and 7.8 km to the east. This geometry allows for free 3-D flow patterns
to emerge that are not strongly affected by the domain sidewalls (see Supplementary Fig. 1 for the complete geometry setup
). All side boundaries are impermeable and insulating. The top boundary is constrained by shipbased bathymetry (30 m grid
resolution) acquired during cruise M127. A Dirichlet boundary condition of pressure is applied on top boundary of the domain,
i.e. seafloor, and the fixed value is calculated as hydrostatic pressure according to the bathymetry data. For temperature on
the top boundary, we use a mixed boundary conditions where temperature is set to a seawater temperature of 2 °C where
fluids enter the domain, and at locations where fluids leave the domain the temperature gradient is set to zero (9T /di = 0)
to allow for free venting conditions. The footwall heat source is approximates as a gaussian shaped constant temperature
boundary condition with temperatures varying between 400 — 650 °C. The bottom boundary is impermeable. All model runs
start from initially cold conditions and evolve towards the (pseudo) steady-state solutions. The porosity of all the models are
kept at a constant value of 10%, which is a rough average value from seismic velocity-porosity relationship of TAG samples™.
Permeability of background wall rocks (adjacent foot- and hanging walls) is set to 10~'° m? based on previous studies!!>2843,
and is kept constant for all numerical experiments.

Meshing and parallel computing

The 3D model domain is discretized into a polyhedral mesh using OpenFOAM’s internal tool snappyHexMesh. In order
to resolve flow field in detail, the mesh size in detachment fault zone and shallow tectonic zone (pipe or slot) where fluid
temperature, pressure and velocity have large variation, is refined to a high resolution of up to 5 m.The mesh size of background
rock matrix is approx. 50 m. The whole 3D model is meshed with ~ 12 million polyhedron elements. Based on the Courant-
Friedrichs-Lewy (CFL) condition, which relates flow speed to numerical resolution, the time step is automatically updated
and ranges from ~ 22 hours to ~ 50 days for higher permeability model (e.g., k;r = 10712 m?) and lower permeability model
(e.g., kar = 10714 m?), respectively. Benefitting from the excellent parallel performance of the OpenFOAM framework, we
decompose the 3D model domain into N sub-domains (see Extended Data Fig. 2) in which the equations can be solved in
parallel by N processors. In addition, every point in Fig. 3 represents a 3D model with different parameters. Every model is
solved with 50 processors and takes a computing time of ~4 days to reach a quasi-steady state.

Analysis of mass flux and heat power output

All analyses are done based on the modeling results at a quasi-steady state, which is determined from variations of total
recharge (Q,. in Equation 5) and discharge (Qy ;s in Equation 6) mass flux, and vent temperature (7,¢,;). A model can be
regarded as reaching to quasi-steady state when the magnitude of Q,, and Q;, are approximately equal and tend to be constant,
and 7., tends to be constant as well. For seafloor or other slices, the integrated mass flow rate can be calculated as,
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N
Ore=Y. PsU-Space (U-3>0, recharge flow) (5)

face=1

N
Quis = Z pfl_j “Stace (U -§ <0, discharge flow) (6)
face=1

where § face 18 the surface vector of the face with magnitude of face area and pointing outside of the 3D model domain, N is
the number of faces. Based on the specific enthalpy (Hy) of the fluids, calculated from IAPWS-IF97, the total discharge heat
output can be calculated as

—

N
Egis= Y, py(Hy—Ho)U-Ssace (U-§<0, discharge flow) (7

face=1

with Hj being specific enthalpy of seawater with temperature 2 °C.
Conductive heat power is calculated from temperature gradient at conductive boundary patch (heat source boundary)
based on Fourier’s law of heat transfer,

N

Econa = Z _}'rgpatch VT (8
patch=1

Likewise, S patch 18 the surface vector of conductive boundary patch (face) with magnitude of patch area and orientation outside
of the 3D model domain. For example, Quis, Tvens and E.,,q through seafloor of each 3D model are summarized in Fig. 3.

Scaling analysis of total advective heat power
To obtain a general quantitative relationship between total advective heat power (how much heat can be extracted from the heat
source), heat source geometry, permeability, and geometry of detachment fault zone and shallow tectonic structure, we use the
scaling analysis method*! to derive an analytical solution based on a simplified detachment-pipe model (see Extended Data
Fig. 3). The model is composed of (1) a detachment fault zone with incline angle «, thickness Hg, extensional length L, in the
third direction (z axis), and permeability kg; (2) an elliptic heat source with constant temperature Tp, centred at (xo, yo,z0) and
parallel to the detachment'® to mimic the driving heat source. Its geometry and location are shown in Extended Data Fig. 3;
(3) a cylindric shallow tectonic structure (i.e. pipe) with radius Rp and permeability kp penetrates the crust and intersects with
the detachment. The offsets between the centre of the pipe and the heat source are (Ax, Ay, Az), and the distance from the pipe
centre to the edge of the heat source is d(6) (see Extended Data Fig. 3b).

Based on the simplified model configuration, the hydrostatic pressure at the intersection of the pipe’s central line and the
bottom surface of the detachment (red point with green edge in Extended Data Fig. 3a) can be expressed as,

Po = PogHpipe + pugAH 9

where AHy = Hy, — H);p. denotes the distance between the bottom centre (green point with cyan edge in Extended Data Fig. 3a)
of pipe and the intersection. pg and py denote density of cold fluid (i.e. sea water) and upwelling hot fluid, respectively. g is
the gravitational acceleration. Similarly, the pressure at the heat source edge can be written as,

p(0) = pogH (0) = pog(Hps — RycosBsinax) (10)

where Hj,; represents the depth of the heat source centre below the seafloor, R, the semi-axis length of the heat source ellipse
along the x-axis. Therefore, the pressure difference driving fluid from recharge zone (detachment fault zone) into reaction
zone (above heat source) is approximately given by

Ap = p(6) — po = (po — pu)gAHy + pog(Axtana — R, cosOsin) (11)

where Ax denotes offset of heat source centre and pipe centre along x-axis (similar meaning with Ay, Az).
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This pressure difference operates over distance d(6) so that the magnitude of Darcy’s velocity (or volume flux) from
recharge zone to reaction zone can be expressed as

kR Ap
Ur~ ———
pu d(0)
where yy denotes dynamic viscosity of the upwelling hot fluid and kg is permeability of the reaction zone (i.e. detachment in

this model setup). d(0) is the distance between heat source boundary and pipe bottom centre (see the bluish dash-dotted line
in Extended Data Fig. 3b) i.e.

(12)

d(o) = \/(Rxcosecosoc — Ax)2 + (RycosBsina — Ax)2 + (R,sin — Az)? (13)

Combining Equation 11, 12 and 13, the total mass flux into the reaction zone is expressed by a surface integration over the
boundary of the reaction zone,

2n 2n
Qin ~ /upUdS :/upUHR\ /R2cos0 + R?sinBdB,  (1/R2cos@ +R2sinf = R(0)) (14)
0 0

2
_krHrpy [ Ap

R(6)d6
w | ao)"®
krHzpu (Po — pu) T kgH 2”(Axt a — R,cos@sin)
_ krHgpu(po — pu g/ R(6)d6+ R RPUPOg/ an xCOS R(6)d6
Uy , d(6)cosa U / d(e)
M, M,

The discharge zone, represented by a cylindric pipe with permeability kp, is much narrower than the recharge zone and
thus represents a stronger total resistance to a given fluid volume flux. The discharge flow is driven by a vertical pressure
gradient due to the density contrast of hot upwelling fluid and cold seawater. Similar to Equation 12, the discharge volume
flux can be written as

gkp(po—pu)
wnr~N —mmmmm—

(15)
Hy
Consequently, the discharge mass flux flow out of the reaction zone is
kpRp7gpy (Po — pu
Qout ~ pUWSpipe = DT8P (p P ) (16)

Hy

where S);p. is the cross-sectional area of the pipe zone. Considering the structure of convection cells and reaction zone, we
note that fluid flows into the reaction zone with a volume flux u and total mass flux Q;,, and leaves it with volume flux w and
total mass flux Q,,;. We neglect any changes of fluid mass due to hydration and dehydration reactions*'. Then combining
Equation 14 and 16, the conservation of fluid mass in the reaction zone is expressed by the balance

krH3 M krHRpo
7(po—pu)

kR ~ (17)

Following Equation 7 and 24 of Ref.*!, the total advective heat power through the discharge zone (pipe zone) is equal to
the conductive heat power given by

Econa ~ gkpFy R}, (18)
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where Fy = ps(Hy — Ho)(ps — p0)/1y is defined as the thermodynamic variable fluxibility, where Hy represent specific
enthalpy of cold fluid (sea water). Combining Equation 17 and 18, the permeability of the reaction zone, kg, can be expressed
in terms of E.,,; and Hg,

k Econd 7'C(p0 - PU)
R ~J

5 (19)
ngFy Hg*M:(po — pu) + HrpoM>

While Hg can be expressed in terms of E,,; and driving temperature 7p by applying the energy conservation law (see Eq.
7 of Ref*!)

HRXRZ}L (TD — TU)
Econd

Hy (20

Finally, substituting Equation 20 into Equation 19, we obtain the total advective heat power E,,,s as a function of reaction
(detachment) zone permeability (kg), driving temperature (7p) (i.e. heat source temperature), geometry (Ry,R;) and location
(Ax,Az) of the heat source. The scaling analysis results are shown in Extended Data Fig. 4-5.

Data availability

The ship-based and the AUV bathymetric data are available at https://doi.pangaea.de/10.1594/PANGAEA 8994157, The P-
wave tomography>® data and micro-earthquake® data can be requested from the authors. The 3-D hydrothermal simulations
were computed using the open-source code HydrothermalFoam V1.0%¥(www.hydrothermalfoam.info). Model result data,
model setup files and all related scripts can be found at Figshare (doi: 10.6084/m9.figshare.16622053).
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Extended Data Fig. 1: Geophysical data. (a) Bathymetry of TAG segment with contour lines of P-wave velocity variation
at depth of 3 km below seafloor. Low and high velocity zones are marked by red and blue contour lines, respectively. White
box represent range of fig.b. Color-scaled dots are microearthquake locations. The black line (also in Fig. b) represents
termination of the extended detachment fault. TAG mound are marked by red star (same as Fig. b) (b) Close-up of the area
marked by white box in (a). High resolution AUV bathymetry shows detachment fault. The red and yellow contour lines
represent variation (%) and vertical gradient (1/s) of P-wave velocity at depth of 3 km and 1.75 km below seafloor,
respectively. The white box denotes range of fig.c. (c) Close-up of the 3D model area. The TAG mound is marked by red
circle, the Mir Mound and other hydrothermal mounds are shown by polygons in orange. The dashed yellow lines represent
reactivated faults’?. Axis-parallel faults area and oblique faults/fissures area are outlined by green lines and white lines,
respectively. (d) 3D view of (c) with integrated geophysical data. Axis-parallel and oblique faults area are represented by
green and white polygons. Yellow volumes below seafloor represent contour surface of -0.5 1/s of vertical gradient of P-wave
velocity. Blue and orange volume represent contour surface -3% and -5% of P-wave velocity variation, respectively. Black

incline surface underneath seafloor denotes detachment fault zone inferred from both 3D tomography data and
micro-earthquake data.
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Heat source boundary

Detachment fault zone

Shallow tectonic/permeable zone 100m

Extended Data Fig. 2: 3D domain decomposed into 150 subdomains. Each subdomain is represented by a different

colour. The maximum cell size is ~ 50 m and the minimum cell size is ~ 5 m. To better visualize the geometry and mesh
structures, the 3D modeling domain is divided into two parts, one is northern half part and the other one is southern half part.
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Extended Data Fig. 3: Model geometry of detachment fault controlled hydrothermal system. Assuming the geometry
of heat source boundary patch is ellipse with semi-major axis R, and semi-minor R,, and semi-major axis is parallel with x

axis of the coordinate system.
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Extended Data Fig. 4: Comparison of semi-analytical and 3-D numerical model predictions on hydrothermal power
output. The dashed lines display the analytic relationship (see methods) between conductive heat input (E,,,s), permeability
of reaction zone (kg), and driving temperature(7p). The numerical models share the same parameters for geometry (see
Extended Data Fig.3) and boundary conditions with the simplified analytic model but also include effects of variations in
discharge zone permeability (kp), shown as differing symbols. Power output mainly scales with reaction zone permeability
and driving temperature, which both control thermal boundary layer thickness. Predictions of analytical and numerical
models deviate at high permeability values, most likely because the analytical model assumes radial symmetry while the 3-D

model evolves, without such constraints, to a nearly but not perfect symmetric upflow zone.
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Extended Data Fig. 5: Scaling analysis results of detachment-pipe model. Solid and dashed lines represent contours of

kg of Jupp & Schultz(2004)*! and our models with different parameters, respectively. Parameters are shown on the top side

of the subplots. (a) Reproduced result of Jupp & Schultz(2004)*! model which is a special case of detachment-pip model

when o = 0. (b) Result of reference model. (c) and (d) show how conductive heat power depend on Ax by comparing with
(b). For the same permeability of detachment and a fixed heat source, the conductive heat power will increase with pipe
moving more close to the upper edge of the heat source. (e) and (f) show how E,,,; depend on R, and R, by comparing with
(c), respectively. Spatial extent of the heat source is positively proportional to the conductive heat power. Parameters used in

these calculations are:
g2=9.8m/s>, A =2W /m/K,Ty =400°C,¢ = 0.1,Fy = 1.2 x 10'J s/m> , py = 1016, py = 475 kg/m>.
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