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Abstract We present a new numerical tool developed
in the Cast3M software framework to model hydrother-
mal circulation. Thermodynamic properties of one-
phase pure water are calculated from the International
Association for the Properties of Water and Steam
formulation. This new numerical tool is validated on
several test cases of convection in closed-top and open-
top boxes. Simulations of hydrothermal circulation
in a homogeneous-permeability porous medium also
give results in good agreement with already published
simulations. This new numerical tool is used to con-
struct a geometric and physical conceptual model of
the Rainbow vent site at 36°14'N on the Mid-Atlantic
Ridge. Several configurations are discussed, showing
that high temperatures and high mass fluxes measured
at the Rainbow site cannot be modeled with hydrother-
mal circulation in a homogeneous-permeability porous
medium. These high values require the presence of a
fault or a preferential pathway right below the vent-
ing site. We propose and discuss a two-dimensional
single-pass model that allows us to simulate both high
temperatures and high mass fluxes. This modeling of
the hydrothermal circulation at the Rainbow site con-
stitutes the first but necessary step to understand the
origin of high concentrations of hydrogen issued from
this ultramafic-hosted vent field.
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1 Introduction

Hydrothermal activity at the axis of mid-ocean ridges
is a key driver of energy and matter transfer from
the interior of the Earth to the ocean floor. At mid-
ocean ridges, seawater penetrates through the per-
meable young crust, warms at depth, and exchanges
chemicals with the surrounding rocks. This hot fluid
focuses and flows upwards and is then expelled from
the crust at hydrothermal vent sites in the form of black
or white smokers completed by diffusive emissions
[15, 59, 66]. These heat-driven fluid flows are con-
ditioned by multiple complex phenomena. According
to the studied fields, chemical and physical clues can
reveal, more or less clearly, the existence of phase sep-
aration [6-9, 28, 71], thermal and seismic fracturing, and
retroactions of geochemical reactions such as micro-
fractures or heat production [49, 60, 64].

In the last few decades, numerical modeling of mid-
ocean ridge hydrothermal systems has been very help-
ful to partly explain the role of some phenomena, such
as phase separation [19, 29, 41, 46]. Modeling of such
complex systems requires high computational power.
Thus, even quite recently, most of the studies about
heat-driven fluids in porous media used the Boussinesq
approximation [14, 37, 62]. In the Boussinesq approxi-
mation, all density variations are neglected except for
the buoyancy term in the equation of motion. Most
of the authors also assumed a linear dependence of
fluid density with temperature and a constant fluid
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viscosity [4, 14, 37]. The main advantage of these
approximations is to drastically reduce the degree of
coupling between the partial differential equations and,
therefore, to lower the computing time. However, it
was shown that the linearized properties tend to stabi-
lize the convection [67] and that the use of the Boussi-
nesq approximation leads to underestimated water and
heat fluxes [72] and to overestimated surface discharge
of the system [16].

Recently, more complex codes have been developed
using realistic pure-water properties [16, 18] or sea-
water properties [19, 24-26, 29, 30, 45]. Most of these
codes are able to model multiphase flows and phase
separation [19, 29, 30, 45, 46]. Other codes take the
averaged properties of the hydrothermal fluid [24].
All these codes reproduced the high temperatures of
exiting fluids from black-smoker hydrothermal sites.
However, although the two-dimensional (2D) model-
ing leads to simulated heat and mass fluxes, which are
in agreement with large space-scale estimate at about
100 MW/km of ridge [26, 46], a few models focused
on a description of single-site fluxes. After the three-
dimensional (3D) modeling of Travis et al. [69] who
used linear properties and of Rabinowicz et al. [57, 58]
who used the equations of state for seawater derived by
Potter and Brown [56], Coumou et al. [17, 18] simulated
a 3D hydrothermal circulation along the ridge axis
using pure-water properties and showed that fluid flow
converges in water columns which are regularly arrayed
along the ridge axis. For a permeability k = 10713 m?,
they calculated water mass fluxes at the discharge zone
on the order of 107* kgs~! m~2, which is about ten
times lower than the estimated fluxes of hydrothermal
sites such as the Rainbow vent site [3, 33, 38].

Based on these previous studies, we developed a new
numerical tool to model hydrothermal circulation in the
perspective of geochemical applications.

The present paper describes the modeling tool that
we developed in the Cast3M framework, its validation,
and one application. Cast3M is a numerical simulation
program that was first developed at the Commissariat
a I'Energie Atomique et aux Energies Alternatives in
France for structural mechanics and thermohydraulics
(http://www-cast3m.cea.fr). The starting point of this
code considers that a given partial differential equation
(PDE)-type problem can be solved by a sequence of
elementary operators [53]. As a consequence, Cast3M,
a free code for research and teaching that consists of
a collection of more than 500 such operators, can be
seen as a powerful toolbox to solve problems in many
domains including mechanics, thermics, and hydraulics.

The first purpose of our paper is to present the use of
Cast3M to the coupling of the heat transport equation
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with fluid mass transport equations in a hydrogeolog-
ical context. This new numerical tool and its valida-
tion are presented in Sections 2 and 3, respectively.
Section 4 is devoted to the application of the code to
modeling hydrothermal water circulation at mid-ocean
ridges. We chose the Rainbow vent site which is located
on the Mid-Atlantic Ridge at 36°13.8'N-33°54.15'W, at
a depth of about 2,300 m. The first measurements of
this site were taken in 1994 during the HEAT cruise-
CD89 [32]. This site has since been explored and de-
scribed several times [11, 12, 20, 63]. One of the most
interesting chemical characteristics of the fluids emit-
ted by the ten active chimneys of the Rainbow vent
site is very high hydrogen concentrations. However,
the origin of such high concentrations is still under
discussion [12, 51, 63]. To understand and model the
production of hydrogen, it is first necessary to have a
baseline knowledge of the hydraulic characteristics of
the site. In the last part of this paper, using a conceptual
model of the Rainbow vent site, we investigate first-
order consequences of the geometrical and physical
configurations on the simulated fluxes and tempera-
tures of the exiting fluids. Finally, the hydrogeological
context of the Rainbow hydrothermal circulation is
studied not only because of its unique chemical char-
acteristics but also because of its available reported
data, such as estimated mass fluxes [33, 39], measured
temperatures [12, 20, 63], and, while debatable, the
depth at which phase separation occurs at the Rainbow
site [12], all of which are constraints for the conceptual
modeling we present here (see Section 4.4).

2 Methods
2.1 Governing equations

The model we used in this study is based on equa-
tions of fluid mass and energy balance. The important
parameters and unknowns are given in Table 1. Since
the velocity of water through porous media is “of low
value,” it is usually described by Darcy’s law:

k
T =2 (?P_pfg?). 1)
1253
By doing mass balance on an infinitely small volume,
we can write the commonly used mass balance equa-
tion:
d -
0 | T o =0, ©)
at
If we assume that the compressibility of water is orders
of magnitude greater than that of rock and consider
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Table 1 Unknowns and physical parameters

Symbol Quantity Unit

af Fluid expansivity onl

Bt Fluid compressibility Pa~!

Aeff Thermal conductivity Jmls—loC!
e Fluid dynamic viscosity Pas

Pt Fluid density kg m~3

Pr Rock density kg m—3

ct Fluid isobaric heat capacity Jkg='eC!
cr Rock isobaric heat capacity Jkg=leoC!
¢ Porosity -

g Gravitational acceleration ms2

P Pressure Pa

T Temperature °C

g Darcy velocity ms~!

k Intrinsic permeability m?

that p is only a function of temperature 7 and pressure
P, we obtain the basic mass balance equation:

P k o3k
UL (&vp) _v (2
ot I 7

oT
+ ¢/0f05f¥, 3)

where o; and B are the thermal expansivity and com-
pressibility of the fluid, respectively:

1 9p¢
=" 4
of 3T, 4)
1 9p¢
= o 5
Br 3Pl (5)

Since we assume local equilibrium between rock and
water, the energy balance equation can be written as

0T —= —
@pice+ (1= @) prc) = = V. (rex VT = e T).

(6)

This formulation forces water to completely share the
heat transported with rock. Thus, this formulation can,
in a way, favor heat diffusion. Finally, the system to
be solved is composed of the two spatial- and time-
dependent coupled Eqgs. 3 and 6.

2.2 Fluid properties

In mid-ocean ridge hydrothermal systems, water tem-
perature and pressure can eventually vary from 2 to
about 1,200 °C and from 10 to more than 500 bars,
respectively. Consequently, the dependence on P and
T of the thermodynamic properties of water such as
density, thermal expansivity, compressibility, specific
heat, and viscosity must be taken into account. We

used the International Association for the Properties
of Water and Steam (IAPWS) formulation for the
pure-water properties [35]. A polynomial formulation
of the equations of state for seawater was also imple-
mented [68]. Only single-phase flows are taken into
account: involved fluids are pure water in supercritical
state or pure water or seawater at lower temperatures
and high pressure.

2.3 Numerical methods

Both Egs. 3 and 6 can be written as the following
transport equation:

C = — N
¢E_v.(pvc—vc)+s, )

where the transported quantity C is the pressure P for
the mass balance Eq. 3 and the temperature 7T for the
energy balance Eq. 6. The generic transport Eq. 7 is
solved in the framework of the Cast3M code (http:/
www-cast3m.cea.fr). We used a first-order implicit time
scheme and a finite-volume method for spatial dis-
cretization with the BICGSTAB solver [5]. BICGSTAB
is a biconjugate gradient stabilized algorithm for solv-
ing nonsymmetric systems [70]. This scheme was used
with incomplete Croute lower—upper decomposition as
a preconditioner. The diffusive part of Eq. 7 is solved
with a finite-volume method using the multipoint flux
approximation described in [1]. This scheme is conserv-
ative, and numerical evidence shows a second-order ac-
curacy in the L2 norm [31, 44]. For the convective part,
the spatial scheme depends on the value of the Peclet
number Pe [44]: the scheme degenerates into a second-
order accuracy centered scheme for dominant diffusion
transport (Pe<2) and into a first-order upwind scheme
for dominant advective transport. Regardless of the
Peclet number, this scheme remains stable on regular
grids [44]. Here, the Peclet number, denoted Pe, is a di-
mensionle_s§ number calculated in each cell of the mesh
as Pe=(||v||¢/D), where ¢ is the characteristic length
of the cell, ||v]| is the norm of the fluid velocity in the
cell, and D is the diffusion coefficient defined in Eq. 7.
The numerical scheme must be able to solve highly
nonlinear coupled equations both at long and short
time scales (from a few days to thousands of years)
and spatial scales (from a few meters to several kilome-
ters). Indeed, phenomena occurring over a few days or
months, such as the birth of plumes in the established
main circulation, and over a few meters scale, such as
boundary layer destabilization or plume splitting, can
have significant consequences on the overall behavior
of the hydrothermal systems. Thus, we implemented
two different algorithms to solve the coupled PDEs
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(3-6). The first one is a simple sequential algorithm,
which requires small time steps of calculation to be
stable and accurate. In the second algorithm, the two
PDEs (3-6) are linearized with a Picard’s scheme and
solved iteratively. The Picard’s method is an itera-
tive method for solving nonlinear equations [36]. It
is a commonly used procedure for solving the non-
linear equation governing flow in variably saturated
porous media [43, 55]. The general algorithm for Picard
iteration can be described as follows. Consider a nonlin-
ear equations written in the form

ac
A— + Bc =S, 8
5, + B¢ (8)

where A and B are matrices that depend on the un-
known c and S is a vector. The standard Picard scheme
is given by

At +Lk | Lk +1k At
n N 1 s _ n s n
(WJFB )C =5 +<M+1)0v
©)

n+1,0 _

where k denotes the iteration number such that ¢
¢ is the initial estimate, and where 7 is the time step. In
Eq. 9, the left-side matrix and the right side are updated
at each iterative cycle. The iteration is performed until
satisfactory convergence is achieved. A typical criterion
for checking convergence is given by

max |cn+l,k+l _ Cn+l,k|

<e, (10)

max |Cn+1,k+1|

where € is a prescribed tolerance for the ¢ value. In our
case, we used the Picard’s method with € = 1073, We
always started our calculations with the Picard’s itera-
tive scheme because of its accuracy and stability. When
it was possible, we switched the Picard’s algorithm to
the sequential algorithm to reduce computing time.
In both algorithms, we first solve the energy balance
equation and then the mass balance equation. Both
sequential and iterative schemes have been tested in all
the configurations presented in the following sections.
They always led to very close results.

3 Numerical experiments

3.1 Experiments with the Boussinesq approximation
We first applied the numerical code to standard
configurations using the Boussinesq approximation and

linear dependence of density on temperature to com-
pare numerical solutions with results already published.
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In the Boussinesq approximation, all density vari-
ations are neglected except for the gravity term in
Darcy’s law. The fluid mass balance Eq. 2 reduces to
the formulation for incompressible fluids

V.7 =o0. (11)
The fluid density is approximated by a linear function
of temperature

0t (T) = pr (Trax) X [1 — g (T — Tmax)], (12)

where oy is the constant thermal expansivity of the fluid.
In this section, we assume that the two terms prc; and
prcr are equal and constant. Hence, the energy balance
Eq. 6 reduces to

T — —
5=V (Kthermv T T}T), (13)

where kerm represents the thermal diffusivity of the
saturated porous medium.

In the following, we note Tyax and Ty, the max-
imum and minimum temperatures, and Pmin and Pmax
the corresponding densities given by Eq. 12. The prob-
lem is non-dimensionalized with the specific dimension
L of the domain as the length scale, the tempera-
ture difference AT = (Tmax — Tmin) as the temperature
scale, the thermal conduction time L?/kerm as the time
scale, the difference Ap = (Pmax — Pmin) as the density
scale, (k/ug)Apg as the velocity scale, and ApglL as
the pressure scale. The dimensionless equations are the
following:

— For the Darcy velocity,

N
T =— (VP +pe), (14)
— For the mass balance equation,
— —
V¥t =0, (15)

— For the energy balance equation,
aT*
or*
—  For the fluid density,

+Rax (F.?‘T*) v (51 7)., (16)

oi (T*) = pf (T;lax) X [1 — afAT(T* — T:;ax)].
17)
Here, the asterisk % means non-dimensionalized quan-
tities, e, is the unit vector pointing upward, and the

Rayleigh number Ra is a dimensionless parameter
defined as

_ ApgLk

MtKtherm

(18)
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T*=0,v¥=0,P*=1

or* _ 0 oT* _ 0
ox Hpmogepeous and o
isotropic porous
u*=0 medium u* =0
Z*

Lo

Ts=1,v*=0

Fig. 1 Model setup for the convection in a closed-top system.
Constant temperature and zero velocities are imposed both at the
top and the bottom of the domain (u* and v* are the horizontal
and vertical components of the dimensionless Darcy velocity,
respectively)

This non-dimensional parameter determines the flow
patterns and the temperature field. In addition to the
Rayleigh number, it is useful to introduce another
global measure of convective vigor, the Nusselt number
Nu. For a layer heated from below, the Nusselt number
can be defined as

18T*
Nu:—/
o 0z*

The Nusselt number provides a dimensionless measure
of the heat flux and corresponds to the ratio of the
observed conductive heat flux to that in the absence of
convection. Since Nu = 1 when there is no convection,
(Nu — 1) is the dimensionless convective heat flux.

dx*. (19)

7*=0

3.1.1 Convection in a closed-top system

In order to benchmark our numerical model, we first
simulated convection in a closed box and compared our

(a)

results with previously published data [10, 14, 24]. Con-
vection is confined in a two-dimensional box of length
L = 1 andis driven by a vertical temperature difference
AT. The top and bottom boundaries are isothermal
and impermeable. The side boundaries are axes of
symmetry (see Fig. 1). Calculations are performed with
a two-dimensional mesh of 96 x 96 cells and 128x128
cells. We verified that spatial convergence was reached
with such spatial resolutions. In all calculations, the
maximum value of the Peclet number was lower than 2.
As a consequence, the scheme is second-order accurate
in space.

We performed simulations for three values of the
Rayleigh number: Ra =800, Ra =950, and Ra =
1,200. For Ra = 800, the initial temperature field was
a vertical diffuse field with a constant temperature
gradient. The temperature field obtained at the end of
the simulation performed at Ra = 800 was then used
as initial condition for the calculations at Ra = 950 and
Ra = 1,200 (Fig. 2). For these large Ra numbers, the
simulated system is unsteady as the Nusselt number
calculated at the bottom boundary oscillates with time
(Fig. 3). As seen in Table 2, the time-averaged Nusselt
numbers and oscillation frequencies calculated from
Cast3M simulations are in good agreement with previ-
ously published studies [10, 14, 24, 34].

3.1.2 Convection in an open-top system

The second step was to simulate convection in an open-
top 2D box. The bottom boundary is isothermal and
impermeable; the side boundaries are axes of symme-
try (Fig. 4). At the top boundary, the temperature of
the fluid which penetrates the permeable medium is
fixed at 7= 0 although a zero heat flux condition is
imposed for the fluid exiting the medium. Calculations

Fig. 2 Convection in a closed-top system. Temperature fields obtained at a non-dimensionalized time greater than 1, for various

Rayleigh numbers: a Ra = 800, b Ra = 950, and ¢ Ra = 1,200
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Ra =800 ——
Ra =950 -------
i Ra = 1200——
14
2 12} E
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i wiintatt gl i -.»-r' '-J-""unlv-a.r'-,--""m!."n' .s-h-fvw:#w'- i
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10f 1
8 1 1 1
0 0.05 0.1 0.15 02

Time

Fig. 3 Convection in a closed-top system. Time evolution of the
Nusselt number for various Rayleigh numbers: Ra = 800, Ra =
950, and Ra = 1,200. A Fourier transformation leads to a unique
oscillatory frequency f;=283 for Ra = 800, to two frequencies,
£;=399 and f,=212, for Ra = 950, and {;=595 and ;=230 for
Ra = 1,200 (see Table 2)

are performed with the same mesh as the one used in
Section 3.1.1.

We performed several simulations for Rayleigh
numbers in the range 30 to 425 as well as 500 and 1,000.
Figure 5 displays the evolution of steady-state Nusselt
numbers as a function of the Ra number. It clearly

Table 2 Convection in a closed-top system

Ra 800 950 1,200 Reference
Nuseq 9.1 10.9 13.6 This study,
fi 280 399 595 sequential
H 212 230 algorithm
Nuj¢e 9.12 10.9 13.6 This study,
fi 283 399 595 iterative
f 212 230 algorithm
Nu 9.2 10.9 13.06 [24]
fi 275 397 608
f 200 228
Nu 9.14 [14]
fi 299
f
Nu 9.43 13.85 [10]
fi 695
f 261
f3 69

Comparison of numerical results for three various Rayleigh num-
bers: Ra = 800, Ra = 950, and Ra = 1,200. Nusselt numbers Nu
are averaged over a characteristic timescale and frequencies f;
are calculated from Fourier transformations. Nuseq and Nuje
denote the Cast3M results obtained with the sequential and
iterative algorithms, respectively
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or* _

oT *

o Homogeneous and
isotropic porous medium

u*=0

T*=1, v¥=0

Fig. 4 Model setup for the convection in an open-top system.
Fluid at 7* = 0 penetrates into the permeable medium and exits
with a diffusive heat flux equal to zero

shows that the calculated Nusselt numbers obtained
from Cast3M simulations are in good agreement with
previously published results [14, 22, 24]. Figure 6a, b
displays the evolution of the Nusselt number and the
associated frequency spectra with time for a chaotic
regime (Ra = 500) and a periodic regime (Ra = 1,000).
For Ra =500, the chaotic regime we simulated ex-
hibits an evolution of the Nusselt number versus time
which is similar to the one published by Cherkaoui
and Wilcock [14]. The maximum of the Nusselt number
reaches 14.7. Its minimum is 9.8 which corresponds to
the linear horizontal part of the evolution. For Ra =
1,000, we found one fundamental oscillation frequency
equal to 481, very close to the 51445 of Cherkaoui
and Wilcock [14] and to the 490 of Fontaine and
Wilcock [24]. The minimum value of the Nusselt num-
ber is equal to 17.8 and its amplitude to 1.05.

The Cast3M results for both open- and closed-top
systems are in good agreement with the literature.
These results confirm the stability and accuracy of our
code and allow us to validate our numerical code in the
case of the Boussinesq approximation.

3.2 Experiments with fluid properties function
of T and P

Wilcock [72] and Coumou et al. [16] have shown that
when taking into account the dependence of water
properties on temperature and pressure, convection is
much more vigorous than when the Boussinesq ap-
proximation is used. For a 1,000-m-deep domain with a
bottom boundary condition 7 = 1,000 °C and a low in-
trinsic permeability, Coumou et al. [16] showed that the
surface area through which hot fluids exit is four times
larger in simulations based on the Boussinesq approxi-
mation than in simulations in which the full Egs. 3 and 6
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Fig. 5 Convection in an open-top system. a Steady-state Nusselt indicate previously published data [14]. The A value corresponds
number Nu as a function of Rayleigh number Ra for a constant to the aspect ratio of the convective cells (width/height). b and
temperature top boundary. The solid line represents an interpo- ¢ are steady temperature field obtained for Ra =90 and
lation from 15 simulations performed with Cast3M. Filled circles Ra = 300, respectively
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Fig. 6 Convection in an open-top system. Unsteady temperature fields (solid lines indicate isotherms), evolution of Nusselt number
versus time, and frequency spectra from simulations for a Ra = 500 and b Ra = 1,000
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and full equations of state (EOS) are solved together.
In this subsection, we test the solving of the complete
system of equations with full varying properties of
pure water with temperature and pressure according to
IAPWS formulation [35]. At low permeability values
(k = 10715 m?), the simulations performed by Coumou
et al. [16] exhibit a steady-state convection with exiting
fluid temperature about 385 °C. With a greater perme-
ability (10~'* up to 10713 m?), convection becomes un-
stable and fluid exits at about 375420 °C. Fontaine and
Wilcock [24] used a model setup that is closer to the one
used here for validations. They imposed a temperature
of 600 °C at the bottom of a 1,500-m-deep square box.
For a permeability of about 2x10~!5 m?, using seawater
properties, they simulated a steady-state temperature
field and an exiting fluid temperature of about 380 °C.
In the same paper, they also used permeabilities of
about 4x 10715 and 10~'* m?, for which the exiting fluid
temperature varied from 350 to 450 and from 380 to
450 °C, respectively. We performed similar simulations
to test our numerical scheme.

Convection is simulated in an open-top box as dis-
played in Fig. 7. The top boundary of the domain
represents a flat seafloor at a constant pressure (P =
240 bars). The temperature of the fluid which pen-
etrates into the permeable medium is fixed at T =
2 °C although a zero heat diffusive flux condition is
imposed for the fluid which exits from the medium. In
this section, we use a Dirichlet-type condition at the
bottom boundary of the domain for the temperature
that we take equal to a cutoff value of 600 °C [54, 73].
In the context of hydrothermal circulation, the cutoff
designates the temperature at which rocks become too
ductile to allow any through-flowing water. As our code
is time intensive, only a coarse mesh made of 6,400
square cells is used. The surface area of the cells is
equal to 350 m?. The permeability field is assumed
homogeneous and isotropic. We investigate two values

P = 240 bars, fluid enters at T= 2°C, exits with ?)_T= 0
14

u=0 Homogeneous and isotropic u=0
ermeabilit
B_T =0 y -15 ?:4 a—T =
ax— k=10""m2or 10" m? ox
Lz=1500 m

T=600°C, v=0, Lx=1500m

Fig. 7 Model setup used in Section 3.2
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Table 3 Parameters used in all simulations

Symbol  Physical parameter Value Unit

af Fluid expansivity — i % lp °C!

B Fluid compressibility ﬁ % T Pa~!

Aeft Thermal conductivity 2.0 Jmls~lec!

e Fluid viscosity EOS Pas

0t Fluid density EOS kgm™3

Pr Rock density 2,700 kgm™3

ct Fluid isobaric heat EOS Jkg=lec!
capacity

r Rock isobaric heat 880 Jkg=lec!
capacity

1) Porosity 0.1 -

g Gravitational 9.81 ms?
acceleration

k Intrinsic Variable m?
permeability

of the intrinsic permeability: k = 107> m? and k =
10~'* m?2. The parameters of the model are given in
Table 3.

Figure 81 and II displays the temperature and ve-
locity fields obtained with a homogeneous perme-
ability, equal to 10~'* and 10~ m?, respectively. In
both cases, as already mentioned, a constant tem-
perature equal to 600 °C is imposed at the bottom
boundary of the domain. Although this temperature is
lower than the 1,000 °C imposed in Coumou et al. [16],
we found very similar behaviors. For k = 107! m?, the
temperature and velocity fields are unsteady (Fig. 8I).
The number of main plumes varies from 3 to 4 with
time. The upward flow zones are narrow, from 100
to 300 m wide, and thin near the venting surface to
between 50 and 150 m wide. Maximum venting temper-
atures oscillate between 335 and 365 °C with a period
on the order of decades. These values are lower than
the one published in Fontaine and Wilcock [24], but
in agreement with Coumou et al. [16] who imposed
a much higher bottom temperature, a higher enter-
ing fluid temperature (10 °C rather than 2 °C), and
a lower model thickness. For k = 10~'* m?, Fontaine
and Wilcock [24] argued that the difference between
their results and those published in Coumou et al. [16]
was probably due to the higher pressure range (300-
450 bars) explored and to the seawater properties used.
The strongest velocity values are obtained from the
upward flow zones where they are equal on average to
1.5%1077 ms~!. The thinning of the flow section near
the exiting zone is concomitant with the rise of the
velocity value to about 4.5x10~7 ms~!. In the recharge
zone, values of the Peclet number are always less than 2.
On the contrary, near the heat source and in the upward
zone, where the fluid flow focuses, the Peclet number
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Fig. 8 Snapshots of the fields of (a) temperature, (b) velocity, and (c) Peclet number for (I) k=10"'% m? and for (/1) k=10~ m?. A
constant temperature (600 °C) is imposed at the bottom of a 1,500-m-deep square domain (Section 3.2)

becomes greater than 2, reaching a maximum value of
about 9.

For k = 10715 m? (Fig. 8I1), although new plumes are
forming in a period varying from 40 to 100 years at
the middle of the bottom boundary, temperature and
velocity fields are less unsteady than those obtained for
k =10~'* m?. Here again, the upward flow zones are
narrow and get narrower similar to the venting surface.
The two main plumes stay along the side boundaries.
Close to the venting temperature published in Coumou
et al. [16] and Fontaine and Wilcock [24], maximum
venting temperatures stabilize at 370+5 °C and maxi-
mum velocities reach values of about 6x1078 ms~!. As
the Peclet number is always less than 1.5, the numerical
scheme is everywhere second-order in space.

For a flat bottom boundary, Jupp and Schultz [40]
showed that for identical pressures as those used in
the present paper, plumes of pure water form at about
400 °C when a temperature greater than 500 °C is
imposed at the bottom of a 1,000-m-deep domain. They
also argued that isotherms higher than 400 °C are
confined to the thin bottom boundary layer. This be-
havior also has been observed in previous papers [16].

This result is still true in the case of the H,O-NaCl
system where phase separation can occur [19]. Figure 81
and II shows that in our calculations, regardless of the
permeability value, the isotherm 7 =400 °C is also
very close to the bottom boundary.

Although our model setup differs slightly from
that of Coumou et al. [16] and coarse meshes are
used, the results of the simulations we performed
with the Cast3M code are fully consistent with their
findings [16]. The fact that all the numerical simulations
presented in Section 3 give results similar to those
already published allows us to conclude that our numer-
ical tool behaves satisfactorily and can be used safely
for further applications.

4 Application: modeling of the Rainbow vent site
4.1 The Rainbow site: available data
The Rainbow vent field is located at 36°13.8'N-

33°54.15W at a depth of about 2,275-2,335 m. It is
100 m long and 200 m wide [20, 27]. Since its discov-
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ery [32] and the first analyses of venting fluid sam-
ples [13], the chemistry and temperature of the vents
have remained stable for more than a decade [12, 13,
20, 63]. All vented fluids exhibit a similar temperature
(between 354 and 367 °C) and a similar geochemical
composition, suggesting that they are probably issued
from a common source [12, 63]. The Rainbow vent site
has an estimated lifetime of about 23,000 years [42]. Ac-
tive and dead smokers are scattered on a sulfide mound
with a small surface area (about 20,000 m?) [12, 50].
This suggests that the site location has been stable for
at least 20,000 years.

Furthermore, all the chlorine end-member concen-
trations in the Rainbow fluids are significantly greater
than in local ambient seawater (4.42 to 4.69 wt% NaCl
at Rainbow versus 3.2 wt% for seawater). The stability
of high-Cl fluid venting at Rainbow over more than
10 years may be interpreted as the result of a deep brine
layer, formed by phase separation, that is supplying salt
to the circulating hydrothermal fluid. This hypothesis
is in agreement with recent multiphase simulations of
brine—vapor interactions at mid-ocean ridge hydrother-
mal systems [19]. Indeed, Coumou et al. [19] showed
that venting of exclusively high-salinity fluids can only
be achieved by mining a previously formed brine layer
with a single-phase fluid (NB. according to Coumou
et al. [19], two-phase upflow zones are likely to form
only for shallow ocean depths ~1,500 m). This is in
line with the conclusions of Schoofs and Hansen [62]
who show that venting of fluid with salinity higher than
seawater is possible when the brine layer mixes with
seawater convecting above it. Charlou et al. [12] used
the high chlorinity of Rainbow vents to calculate the
pressure and temperature at which a brine with a sim-
ilar salinity would be produced from phase separation
of seawater. The fluid is then assumed to travel in the
single-phase area during upflow and to be vented at
the seafloor. Charlou et al. [12] estimate from P-T-x
diagram that this high-salinity fluid can be produced by
the phase separation at 7 ~430 °C and P ~370 bars.
This pressure is ~140 bars greater than the seafloor
pressure, thus corresponding to a depth of 1,400 m. To
which extent this depth can be used to constrain the
thickness of the hydrothermal system is difficult to say.
Phase separation may indeed occur deeper, producing
a higher salinity brine, whose salinity may subsequently
decrease by diffusion/mixing during upflow. How much
deeper is difficult to constrain, because it depends on
the efficiency of diffusion in the upflow zone, which is
largely unknown. In a recent paper, Seyfried et al. [63]
emphasized this lack of knowledge of the hydrothermal
characteristics of the Rainbow site and stated that the
temperature and pressure of the subseafloor reaction
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zone at Rainbow cannot be determined unambigu-
ously. Hence, they arbitrary assumed a subseafloor
temperature and pressure of 400 °C and 500 bars,
respectively, which allowed them to use the experi-
mental study of Saccocia and Seyfried [61] performed
at a pressure of 500 bars. In our study, we assume a
1,400-m-thick system. A sensitivity analysis is made
(see Section 4.3.1) that shows that this uncertainty on
the thickness of the domain has a limited impact on the
results and conclusions of our study.

Based on the *He budget of the site, the estimated
mass flux of hot seawater exiting at the Rainbow vent
field is 4904220 kgs~' [33, 38]. The active chimneys
of the Rainbow vent site lay on a 200-m-long and
100-m-wide field. Hence, the estimated mass flux per
square meters, denoted Qs, verifies

1.35 x 107%kgs ' m™2 < Qy < 3.55 x 10" kgs™'m~2.
(20)

The aim of the following sections is to build 2D-model
setups that can simulate the measured maximum tem-
peratures and fluxes of the Rainbow site.

4.2 Initial model setup

Many different model configurations would be able to
reproduce the venting characteristics observed in situ.
However, we tried to constrain as much as possible the
model setup from field data.

As already mentioned, the aim of our work is not to
construct a precise model of the Rainbow hydrother-
mal site but rather to use a conceptual model of the
site in order to identify the first-order physical con-
trols of fluid convection at such black smoker systems.
From chemistry and temperature data discussed in
Section 4.1, we assumed that the fluid is in the single-
phase regime and we used the [APWS formulation for
pure-water properties [35]. As the critical point of pure
water is at 7 =373.976 °C and P = 220.6 bars [35],
the simulated pressures are always larger than the
critical point, and the assumption of a single-phase
fluid is justified. Such assumptions have also been done
and discussed by Coumou et al. [18] to perform 3D
simulations of mid-ocean ridge hydrothermal systems.
Furthermore, by comparing results of advanced models
such as CSMP++ [29, 30] or FISHES [45, 46] con-
sidering the systems H,O-NaCl or only pure water,
simulated temperature and flux values are close in the
two cases. Using the model setup of Coumou [19],
Driesner [21] showed that for an imposed pressure
P =250 bars at the top of their 2D model, simulation
of hydrothermal circulation using pure-water or sea-
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water properties exhibits similar venting temperatures.
Hence, in the context of the Rainbow site, we assume
that our simplifications have only minor consequences
on the final results (see Sections 4.4 and 4.5).

In the case of a homogeneous permeability field
and a flat bottom boundary, the 400 °C isotherm is
confined to a thin (50 m deep) boundary layer, very
close to the cutoff (see Section 3.2). Thus, as discussed
in the previous section, the pressure P ~ 370 bars and
the temperature 7 ~ 430 °C were used to estimate
the depth of water circulation, giving a result of L, =
1,400 m. However, if we consider the formation of brine
due to phase separation, the uncertainty on the depth
value might be about 200 m [19]. Thus, as the first
step, we investigated the sensitivity of the system to
the domain thickness in the range 1,200-1,600 m (see
Section 4.3.1).

We first took permeability values on the order of
10~ m?, because the Peclet number is less than 2
(see Section 3.2); thus, our numerical scheme is second
order. Furthermore, in Section 3.2, we showed that our
simulation for k = 10~ m? was in good agreement
with published results [16, 24]. For these two main rea-
sons, we can rely on this permeability value to study the
consequences of the change of the temperature bound-
ary condition (see Figs. 7 and 9) and the consequences
of the variation of the domain thickness. Nevertheless,
estimated high values of mass fluxes at the Rainbow
vent site require an investigation of greater permeabil-
ity values [25, 45, 47, 48]. Hence, as the second step, we
performed a sensitivity test for permeability with three
values of k: k = 107", k = 1073, and k = 1072 m? (see
Section 4.3.2). For symmetry reasons, in all simulations,
only half of the domain is simulated.

240 bars, fluid enters at T= 2°C, exits with Ei—T= 0

u=0 Homogeneous and isotropic u=0
oT permeability oT _
o k= 19"5 m?, 10"24 m2, ox
13 12,
L2=1200 m, 107" m?or 107" m’
1400 m,
or 1600 m. 7
(I
T =600 °C v=0 T =2°C
or 1200 °C Lx= Lic =1500m
or 2500m

Fig. 9 Modeling of the Rainbow site. First model setup uses
L= 1,500 m, in Sections 4.3.1 and 4.3.2, for simulations 1-6
(see Table 4). The second uses Ly= 2,500 m, in Sections 4.3.3
and 4.3.4, for simulations 7-9 (see Table 4)

The geological context of slow-spreading ridges does
not fit with the layered crust model that is commonly
representative of fast-spreading ridge geology [52].
Furthermore, the detailed mechanisms by which hy-
drothermal heat transfer occurs are not well con-
strained. Although several previous papers described
the bottom boundary of their model realistically [18, 25,
26], we assumed a single-fluid source for all smokers
(see Section 4.1) and imposed a Dirichlet boundary
condition at the bottom of the domain: the bottom
temperature decreases linearly from 7 = Ty from
the lower left side of the domain to 7' = Ty, along a
distance L. (see Fig. 9). The values of Tiax, Tmin, and
Ly are strongly linked. In the first step, the temperature
Tmax Was fixed equal to the cutoff value 600 °C [54, 73].
We present a brief study of the influence of this choice
of Thax in Section 4.3.4. Ty, Was fixed at 2 °C (temper-
ature of ambient seawater). Imposing a decreasing tem-
perature from the cutoff value to the ambient seawater
value and a no-flow boundary at the bottom of the
domain remains a conceptual choice. However, this is
the simplest way to organize a single-plume hydrother-
mal circulation while restraining the numerical frame-
work changes from the one of the validation cases.
Furthermore, by doing this, cold water coming from
the right side of the porous domain can horizontally
displace along the bottom boundary, whereas a no-flow
boundary is imposed at the right side. This allows us to
observe the formation of the boundary layer and the
temperature at which destabilization begins. Clearly,
the no-flow condition of the bottom boundary takes
a much more geological sense when we set Tyax to
1,200 °C (see Section 4.3.4). A preliminary study with a
3,000-m-wide domain allowed us to observe that more
than 85 % of the fluid moved in the area located
directly above the bottom boundary where increasing
temperature was imposed. Hence, we limited the width
of the domain L, to Lj. Lj is equal to 1,500 m in
Sections 4.3.1 and 4.3.2 (see Fig. 9) and is fixed to
2,500 m in Sections 4.3.3 and 4.3.4 (see Fig. 9). All
other parameter values are the same as those already
used in previous sections (see Table 2). In Sections
4.3.1 and 4.3.2, the mesh is made of 300-m? square
cells. In Sections 4.3.3 and 4.3.4, the mesh is heteroge-
neous and made of 6,400 rectangular cells. The mesh
is coarse at the top right corner where the greatest
cell surface area is ~2,000 m?. The grid fines towards
the bottom and left-side boundary where the smallest
surface area is 100 m?. However, the high-permeability
values, such as k = 1072 m?, of simulations 6 and 9 are
numerically demanding to be realistically described as
the system becomes purely convective. Thus, in order
to investigate the consequences of the use of a coarse
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Table 4 Modeling of the Rainbow hydrothermal site

No. L, (m) L, (m) k (mz) Tmax (°C)
1 1,500 1,200 10-13 600

2 - 1,400 - -

3 - 1,600 - -

4 - 1,400 1014 -

5 - - 1013 -

6 - - 10-12 -

7 2,500 - 10-13 -

8 - - - 1,200

9 - - 10-12 -

Parameters of the model setups for nine simulations: L, and L,
are the domain width and thickness, respectively, k is the intrinsic
permeability, and Tax is the maximum temperature imposed at
the lower left side of the domain

mesh, we also calculated simulations 6 and 9 using a
very high-resolution mesh made of 16,000 and 19,200
grid elements, respectively. The surface value remains
lower than 70 m? in a large zone above the bottom
boundary. These surface values are much lower than
the 25 mx25 m used by Lewis and Germanovich [46],
and such a grid made of 75 m? elements is considered
to be a high-resolution grid in Coumou et al. [16]. We
refined the grid near the base of the domain. Thus, the
boundary layer is supposed to develop in a grid made
of 4-m? surface elements at the bottom left corner. This
surface area increases to a value of 60 m? at the bot-
tom right corner. Along the left boundary, the surface
area of the elements increases from 4 to 100 m>. This
high-resolution grid is regular and made of rectangular
elements. It is adapted to the numerical scheme we
used and ensures its stability [44]. Characteristics of all
configurations are summarized in Table 4.

Finally, we will demonstrate and discuss the fact that
high exiting temperatures and high values of fluxes,
such as those measured at the Rainbow site, are con-

1400 -
1200 1

Z (m)
Z(m)

Fig. 10 Temperature fields for three various values of the do-
main thickness: a L,=1,200 m, b L,= 1,400 m, and ¢ L,=
1,600 m. In all three cases, Ly= 1,500 m and k =10~15 m? (Sec-
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straints leading us to develop a more complex model in
Sections 4.4 and 4.5.

4.3 Results

All simulations presented in this section started with
a constant temperature field equal to Tnin and were
pursued until the time-averaged venting temperature
stabilized.

4.3.1 Influence of the domain thickness

We first investigated the sensitivity of the venting tem-
perature to the thickness of the domain. We performed
three simulations with three thicknesses: L, = 1,200,
1,400, and 1,600 m (simulations 1-3 in Table 4). In
all cases, the permeability of the porous medium is
assumed homogeneous and equal to 1075 m?. After
some time, all simulations show the same global behav-
ior: cold water enters into the domain through the top
boundary facing the colder area of the bottom bound-
ary (Fig. 10). This water travels downward, warms up
near the bottom boundary layer, and finally returns
to the top of the domain along the left boundary. We
observed no clear influence of the thickness of the
domain on the maximum fluid velocity value. In all
cases, the velocity reaches its maximum value in the
discharge zone, at a few hundred meters above the
bottom boundary layer. This maximum value is about
5x10~% ms~!. Finally, the density increases due to the
cooling of the fluid as it moves upwards to the top
boundary. As a consequence, velocity decreases.
Time-averaged temperature of exiting fluid de-
creases slightly as thickness increases: it is equal to 355,
350, and 346 °C for the 1,200-, 1,400-, and 1,600-m-thick

T (°C)

ISZO

395

|270

tion 4.3.1). A linearly decreasing temperature (from 600 to 2 °C
from the left side to the right side) is imposed at the bottom of
the domain
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Fig. 11 Maximum temperature of the exiting hydrothermal fluid
versus time for three various values of the domain thickness: L,=
1,200 m (dashed line), L= 1,400 m (solid line), and L,= 1,600 m
(dotted line). In all three cases, Ly= 1,500 m and k=101 m?. A
linearly decreasing temperature (from 600 to 2 °C from the left
side to the right side) is imposed at the bottom of the domain
(Section 4.3.1)

domain, respectively (Fig. 11). These values are 15 to
24 °C lower than the exiting fluid temperature found
when a constant bottom temperature is imposed (see
Section 3.2). The maximum amplitude of oscillations
also decreases as thickness increases: equal to 12, 8,
and 5 °C for 1,200, 1,400, and 1,600 m, respectively.
In the same way, the period of the oscillations in-
creases: equal to about 20, 50, and 90 years for 1,200,
1,400, and 1,600 m, respectively. These observations are
in agreement with the expected behavior for such a
diffusive system. As depth increases, thermal-diffusion
effects smooth the perturbations that growing plumes
breed. Finally, we conclude that a small uncertainty
on the depth domain has only a slight impact on both
temperatures and fluid velocities. In the following, we
will take L, = 1,400 m, the depth value estimated in
Charlou et al. [12] for the 430 °C isotherm.

4.3.2 Influence of permeability

In this section, we investigated the sensitivity of the
simulated hydrothermal system to the permeability
value. Three simulations were performed with three
various homogeneous permeabilities: k = 107'* m?2,
k=10"" m?, and k = 10> m? (simulations 4-6 in
Table 4). In each case, the thickness of the domain
is equal to 1,400 m. Figure 12 displays the evolution
versus time of the maximum temperature of exiting
fluid at the top of the domain. We clearly observe that
the maximum temperature decreases as permeability
increases. This can be explained by two mechanisms
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Fig. 12 Maximum temperature of the exiting hydrothermal fluid
versus time for three various values of permeability: k =10~'4 m?
(dashed line), k=10"'3 m? (solid line), and k=10"12 m? (dotted
line). In all three cases, L= 1,500 m and L,= 1,400 m. A linearly
decreasing temperature (from 600 to 2 °C from the left side to the
right side) is imposed at the bottom of the domain (Section 4.3.2)

that act in synergy: as the fluid flow becomes stronger,
thermal diffusion at the bottom of the domain becomes
less efficient for the water to warm up (see Fig. 13).
Furthermore, next to the upward flow, the supply of
cold fluid, its dilution in hot fluid, and the loss of heat
by diffusion/dispersion become increasingly important.
Meanwhile, amplitudes of oscillations clearly increase
with permeability from a few degrees for k = 10~1° m?
to a hundred of degrees for k =10""* m? and for
k = 10~'> m?. Maximum fluxes per unit area (and total
mass flux per meter of ridge), denoted Qg in Section 4.1,
are about 2x10™* kgs™!m=2 (~4x1072 kgs~'m™!),
107%  kgs7'm2 (~2x107' kgs'm7!), and
4x1073 kgs'm? (~8x107!' kgs~'m™') for
k=10""* m? k=102 m? and k=10""? m?,
respectively. Regardless of the permeability value,
the simulated fluxes of the exiting fluid are far lower
than values inferred from geochemical data. When
simulation 6 is computed using the 16,000-element grid,
the bottom boundary layer is 0.5 to 2 m thick and is
described by 1 to two horizontal layers of grid elements.
The averaged maximum temperature is about 30 %
higher than the one obtained with the coarse mesh
previously used, but the maximum mass flux is similar
(~5x1073 kgs~! m~2). Even if we strongly refined the
calculation grid, the overall behavior of the system is
close to the one previously described, and the main
conclusions are the same as previously. Mass fluxes
and temperatures are much lower than those expected.

4.3.3 Influence of the width of the domain

We performed a simulation with a 2,500-m-wide do-
main. The thickness of the domain is equal to 1,400 m,
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Fig. 13 Influence of permeability on (/) the temperature field
and (I7) the velocity field for three various values of permeability:
(a) k=10""* m?, (b) k=103 m?, and (¢) k=10""2 m?. In all
cases, Ly=1,500 m and L,= 1,400 m. A linearly decreasing

as in Section 4.3.2, and k =101 m? (Fig. 9, simu-
lation 7 in Table 4). In this case, the upflow zone
remains on the extreme left side of the domain. The
maximum value of the exiting fluid mass flux per unit
areais 1.3x1073 kgs~! m~2. The total mass flux is about
10~ kgs~!' m~!; thus, for a 200-m-long site, mass flux is
of about 3040 kgs~!. Figure 14 displays the evolution

350 ,

£ 300 .|l

(]

2

LW

[

o

£ 250 \ A v

W TV
2005 50 100 150 200 250 300

Time (yrs)

Fig. 14 Maximum temperature of the exiting fluid versus time
for k=10"13 m2, Trhax = 600 °C and L;.= 2,500 m
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temperature (from 600 to 2 °C from the left side to the right side)
is imposed at the bottom of the domain (Section 4.3.2). In group
I, solid lines are isotherms with values increasing from 50 °C by a
50 °Cstep

of the maximum temperature of exiting fluid versus
time. These temperatures range from 220 to 347 °C.
Most of the peak values are about 300 °C. These val-
ues are logically greater than those obtained with a
1,500-m-wide domain (solid line in Fig. 12), because
the heat-exchange surface area at the bottom of the
domain is larger in the former case. However, here
again, temperatures and fluxes remain much lower than
in situ estimations.

4.3.4 Influence of the temperature imposed
at the bottom of the domain

We performed a simulation with the same character-
istics as in Section 4.3.3 except for Ty that we fixed
equal to 1,200 °C which is the liquidus of basalt [65] and
thus the maximum temperature at which hydrothermal
fluids could eventually be exposed. We investigated the
system behavior for k = 107"® m? and k = 107" m?
(simulations 8 and 9 in Table 4). For k = 107" m?,
maximum temperatures of the exiting fluid oscillate
between 340 and 370 °C with a period of about 4 years
(Fig. 15). The discharge zone is situated at the top left
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Fig. 15 Influence of the permeability on the maximum temper-
ature of the exiting fluid versus time for Tmax= 1,200 °C, L=
2,500 m, and for two various values of permeability: k=103 m?
(dashed line) and k=10"'2 m? (solid line)

corner and is 150 m wide; however, the zone through
which the hottest fluids exit is much smaller (about 40 m
wide) and moves with time. Maximum mass fluxes of
fluid per unit area, Qy, are about 3x1073 kgs™' m~2.
The total mass flux is about 2 x 107! kgs~' m~!; thus,
for a 200-m-long site, mass flux is of about 40 kgs~!.
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Fig. 16 Snapshots of the temperature field for k=10"12 m?,
Tmax= 1,200 °C, Lic= 2,500 m (simulation 9 in Table 4), at a
t = 560 years, b t = 800 years, and ¢ t = 880 years. The venting
sites move permanently along the top boundary, and sometimes

These are on the same orders of magnitude as in
Sections 4.3.2 and 4.3.3 despite the strong increase of
fluid temperature. For k = 1072 m?, maximum temper-
atures are still much lower than the measured 365 °C
(Fig. 15). Oscillations of great amplitude (>100 °C)
occur, and the maximum temperatures of exiting fluid
systematically vary by more than 10 °C a year. The
top of the discharge zone displaces continuously along
the top of the domain because of the instability of the
established plume. Some plumes in formation reach
the top of the domain far before the previously es-
tablished plume. Thus, they enhance the latest related
instability and can sometimes lead to the disappearance
of the previously established plume (Fig. 16). Other
simulations performed with L. = 3,500 and 4,500 m
(not shown here) confirmed this unstable behavior. The
maximum total mass flux per meter of ridge is reached
for k= 107! m? and is equal to about 2 kgs~!m~".
This flux corresponds to a mass flux of 400 kgs~! for a
200-m-long site such as the Rainbow site and is thus on
the order of magnitude of the 4904220 kgs~! related
in Jean-Baptiste et al. [38]. However, the number of
venting sites through which fluids exit is often higher
than 1 and venting areas are unstable. Furthermore,
the maximum mass flux value per unit area is about
8x1073 kgs~' m~2, two times lower than the minimum

T (°C)
1400 340
. 220
g
N
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they merge or disappear. The maximum temperature of exiting
fluid oscillates between 150 and 250 °C, and the maximum mass
fluxis 7.3x1073 kgs~ ! m—2
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Fig. 17 Sketch of a simplified T = 365°C, P,y = 240bars
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estimated flux for the focused flow feeding the Rain-
bow venting site. When the 19,200-element grid is used
for simulation 9, the boundary layer is described by
two horizontal layers of grid elements. The average
temperature of venting fluid is about 15 % higher, and
maximum exiting temperatures display similar oscilla-
tion periods and amplitudes. Venting sites fed by the
largest plumes form, merge, disappear, and reappear
at the top boundary. Their number oscillates between
1 and 3. Maximum mass fluxes are identical to those
obtained with the coarser mesh. Thus, here again, for
any type of resolution mesh, the values of mass fluxes,
venting sites location and number, and temperature do
not match to the site descriptions made in the literature
(see Section 4.1).

4.4 Discussion: high fluxes, an evidence
of the necessity of a strong permeability pathway

Regardless of the permeability value, the resolution
of the mesh, the width of the domain, and the bot-
tom imposed temperature, we never obtained a single-
venting site with satisfactory mass fluxes and venting
temperatures. In particular, mass fluxes are always
much lower than the related estimates of the liter-
ature [33, 38]. Even in simulation 8, which exhibits
high venting fluid temperatures, the maximum mass
flux is four times lower than the minimum expected.
Furthermore, even with very high-resolution mesh, for
permeabilities greater than k = 103 m?, the maximum
temperature of exiting fluid we simulated decreases,
whereas both the amplitudes of its oscillations and
mass fluxes grow. With this model setup, we never
reached the in situ estimated mass flux. The decrease
of the maximum temperature with the permeability
increase is in good agreement with Driesner [21]. With
a high-resolution mesh and a second-order accuracy
scheme, Driesner [21] showed that numerical simula-
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tions matched with the fluxibility approach [40]. The
increase of the number of venting sites with the per-
meability value and the decrease of the temperature
at the base of the plume we observed also seem to
be in agreement with this theoretical approach [21].
However, the Dirichlet-type boundary condition we
imposed for the temperature boundary condition does
not allow us to make a clear quantitative comparison.
Finally, it seems difficult to obtain high mass fluxes
and temperatures such as those related in the literature
for the Rainbow vent site by using a 2D-homogeneous
porous domain. A simple analysis using Darcy’s law can
confirm that we cannot obtain both high mass fluxes
and high temperatures with a homogeneous permeabil-
ity. In a simplified hydrothermal circulation, we can
define three main zones, denoted by paths 1, 2, and 3
in Fig. 17. Paths 1, 2, and 3 correspond to the recharge
zone, the bottom zone, and the discharge zone, respec-
tively. Far from the discharge zone, in path 1 where
the velocity of the entering flow is almost zero, we can
assume a hydrostatic profile for the pressure field. At
the bottom of the domain, along path 2, we assume that
the fluid flow is horizontal. Hence, the velocity is only
dependent on the pressure field. Thus, the maximum
pressure at the bottom of the discharge zone at the
beginning of path 3 is the hydrostatic pressure, about
390 bars in the considered case. At the same place,
the maximum temperature is 430 °C and is equal to
the estimated temperature of phase separation given
for the Rainbow vent site [12]. In the discharge zone,
which is denoted by path 3 in Fig. 17, according to
our simulations, the flow is mainly upwards and the
velocity field is vertical. Hence, all along path 3 where
the hydrothermal flow is maximum, mass fluxes per
square meter of hydrothermal water can be considered
to be conservative and expressed as

_pik
1%

— —
Os=pi v (V P+ pfg?z)> : (21)
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Fig. 18 Permeability values deduced from Egs. 21 and 22 when
a constant temperature is imposed all along path 3. Curves cor-
respond to values of the water mass fluxes: from the top to bot-
tom, mass flux Qs is equal to 3.75x 1072, 3.125x1072, 2.5x 1072,
2x1072, and 1.35x1072 kgs~' m~2, respectively. The grayed out
area is the range of expected permeability values corresponding
to the estimated seawater mass fluxes of the Rainbow site

Hence, the pressure gradient is given by
(22)

Using the IAPWS formulation for pure-water prop-
erties and several values of Qg in the range given
by Eq. 20, we calculated the pressure gradients and
thus the pressure along path 3 as a function of the
temperature profile and of the permeability k. The
permeability k is assumed to be constant throughout
the discharge zone. Then, for each temperature profile,
we selected the permeability value that leads to a
pressure reaching 390 bars at the bottom of the 1,400-
m-deep domain. Figure 18 displays the permeability
obtained from various temperature and mass flux val-
ues in path 3. It clearly shows that only a permeabil-
ity of the discharge zone greater than 2.8x107!* m?
gives mass flux greater than the smallest estimated
value (1.35x1072 kgs~'m~2, see Section 4.1). This
permeability must be even greater than 1072 m?

for the greatest estimated value of the mass flux
(3.55x1072 kgs~ ' m~2, see Section 4.1). Furthermore,
the use of an averaged mass flux per square meter to
calculate the pressure gradient minimizes the velocity
value reached in the discharge zone by homogenizing
the velocity field.

As shown in Section 4.3 and its subsections, for such
high permeability, in the case of a homogeneous 2D
permeability field, we did not succeed in obtaining
fluids of high temperature (>340 °C) exiting at the
venting site. Moreover, considering the high velocities
reached in the hot fluid flow zone at such high perme-
abilities and the study of heat generation by serpen-
tinization processes made by Allen and Seyfried [2],
the measured temperature can probably not be reached
and stabilized even if we take into account the heat
production of serpentinization.

Thus, to model such a productive venting site as
the Rainbow site, it is first necessary to assume the
presence of a fault or a vertical preferential pathway
that guides the flow of the discharge zone. Adjacent to
this path, the recharge zone has to be of very low per-
meability (<107'> m?) to avoid the cooling of the up-
ward hydrothermal plume. Mineral precipitation could
eventually amplify the isolation of the plume [23, 48].
The recharge zone, near the heat source, also has to be
modeled by a high-permeability path at the bottom of
the domain near the heat source to sustain the exiting
flow. Such a model is very close to the single-pass model
studied in previous papers [45, 47, 48].

4.5 A single-pass geometry to model the Rainbow
vent site system

4.5.1 Model geometry
The purpose of this section is not to present a sensitivity

test but to validate the assumption of the existence of a
permeable channel. The total thickness of the domain

Fig. 19 Configuration of the

single-pass geometry to Discharge zone It —— Recharge zone
model the Rainbow vent site nterior area
Kdis= 1077 m2 s Kreh= 107" m2
K;=10" m?
L=75m L=200m
> >
=)
S
S
<
-
I 150-metre deep channel
- - 12
Ke=10"2 m?
1200°C R
) Ly=4500 m i
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was chosen equal to 1,400 m according to the Rain-
bow vent field data (see Sections 4.1 and 4.3.1). The
length L is fixed equal to 4,500 m (see Fig. 19). This
value is close to that estimated for the hydrothermal
circulation of the Rainbow site by McCaig et al. [51].
No available data were found to constrain the surface
area and permeability field of the recharge zone. Thus,
above the last 200 m, along the right-side boundary,
the recharge zone is schematically modeled by a 200-m-
wide permeable zone. The heterogeneous permeability
field is made of a low permeability zone (k = 10~'5 m?)
at the center of the domain. This zone is surrounded
by a high-permeability path (k = 10~'> m?). The width
of the path, equal to 75 m, is consistent with the vent-
ing surface of the Rainbow site. All along the bot-
tom boundary, a 150-m-deep canal with a permeability
k =102 m? links the recharge zone (right side) to
the discharge zone (left side). Increasing the 150-m
thickness of this canal would increase the amplitude of
maximum temperature oscillations. The mesh is made
of rectangular cells with a surface area of 400 m? at the
top right corner of the domain and gradually decreasing
towards the left side and bottom boundary. A minimum
area of 100 m? is reached at the left bottom boundary.

4.5.2 Results

Figure 20 displays the temperature and mass flux fields
when the hydrothermal circulation is established. The

Fig. 20 Modeling of the
Rainbow vent site with a 1400
single-pass geometry.
Snapshots of the fields of

a temperature and b mass flux
Qs, when the hydrothermal
circulation is established

080

Z (m)
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Fig. 21 Modeling of the Rainbow vent site with a single-pass
geometry. The maximum temperature of the exiting hydrother-
mal fluid versus time, when the hydrothermal circulation is
established

upward flow remains on the left wall of the pathway
and the 350 °C isotherm is located about 30 to 40 m
from the wall (see Fig. 20). This is in good agreement
with the estimated dimensions of the Rainbow venting
site, where the hottest hydrothermal fluids escape from
the crust on a surface area of about 100 mx200 m.
Maximum temperatures of the exiting fluid reach
360+5 °C (Fig. 21). At the top of the discharge zone,
the mass flux values of the hydrothermal flow reach
1.1x1072 kgs~! m~2. This value is lower than expected
(at least 1.35x1072 kgs~! m~2, see Section 4.3) but on
the right order of magnitude.
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- |
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5 Conclusion

We developed a new numerical tool in the Cast3M
software framework to model hydrothermal circula-
tion at ridge axis. We implemented two different al-
gorithms to solve the coupled equations of fluid mass
and energy balance. We employed a first-order im-
plicit time scheme and a second-order finite-volume
method for spatial discretization with the BICGSTAB
solver. The thermodynamic properties of one-phase
pure water are calculated from the IAPWS formula-
tion. This new numerical tool was validated on sev-
eral test cases of convection in closed-top and open-
top boxes. Simulations of hydrothermal circulation
in a homogeneous-permeability porous medium also
gave results in good agreement with already published
simulations.

After having validated our numerical tool, we used it
to construct a geometric and physical conceptual model
of the Rainbow vent site. We showed that high temper-
atures and high mass fluxes measured at the Rainbow
vent site cannot be modeled with a homogeneous-
permeability porous medium. These high values re-
quire the presence of a fault or a preferential pathway
right below the venting site. Hence, we constructed a
single-pass model which is close to that introduced in
previous papers [45, 48]. These conclusions imply that
the hot reactive area of the hydrothermal circulation
could be much smaller than previously expected in the
case of a homogeneous-permeability porous medium.
This smaller hot zone and its high water-rock ratio
may have serious consequences for the current discus-
sions about the source of hydrogen at the Rainbow
vent site [12, 51, 63]. A sensitivity test will have to
be made to provide a set of configurations to be used
for modeling the geochemical behavior of the Rainbow
vent site. Furthermore, other geometries than a 2D will
have to be tested. Indeed, if we represent the Rainbow
hydrothermal system as a quasi-axisymmetric system,
the originally cold flow can concentrate progressively
in the recharge zone as it warms up and reaches the
upward flow. Thus, in this case, in the recharge zone,
velocities required to support the venting flow can be
less than those of the upward flow. This could increase
temperatures and mass fluxes of the hydrothermal hot
flow.

The final purpose of our work is to provide some
keys to understanding the chemical characteristics of
the fluids emitted by the active chimneys at the Rain-
bow vent site such as high concentrations of hydrogen.
This paper will be a reference paper for future use of
this code to model the geochemical behavior of the
Rainbow hydrothermal field.
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