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[1] Mid-ocean ridges host vigorous hydrothermal systems that remove large quantities of heat from the
oceanic crust. Inferred Nusselt numbers (Nu), which are the ratios of the total heat flux to the heat flux that
would be transported by conduction alone, range from 8 to several hundred. Such vigorous convection is
not fully described by most numerical models of hydrothermal circulation. A major difficulty arises at high
Nu from the numerical solution of the temperature equation. To avoid classical numerical artifacts such as
nonphysical oscillatory behavior and artificial diffusion, we implement the Multidimensional Positive
Definite Advection Transport Algorithm (MPDATA) technique, which solves the temperature equation
using an iterated upwind corrected scheme. We first validate the method by comparing results for models
with uniform fluid properties in closed- and open-top systems to existing solutions with Nu < ~20. We
then incorporate realistic fluid properties and run models for Nu up to 50—60. Solutions are characterized
by an unstable bottom thermal boundary layer where thermal instabilities arise locally. The pattern of heat
extraction is periodic to chaotic. At any Nu > ~13 the venting temperatures in a given plume are chaotic
and oscillate from ~350° to 450°C. Individual plumes can temporarily stop short of the surface for
intervals ranging from tens to hundreds of years at times when other plumes vent with an increased flow
rate. The solutions also display significant recirculation, and as a result large areas of downflow are
relatively warm with temperatures commonly exceeding 150°C at middepths. Our results have important
implications for mid-ocean ridge hydrothermal systems and suggest the following: (1) The reaction zones
of mid-ocean ridge hydrothermal systems are enlarged by thermal instabilities that migrate laterally toward
upflow zones. This will substantially increase the volume of rock involved in chemical reactions compared
to steady state configurations. (2) Hydrothermal discharge can stop temporarily as zones of venting are
dynamically replaced by zones of seawater recharge. (3) Anhydrite precipitation occurring at temperatures
exceeding ~150°C will likely occur throughout a large portion of recharge zone and will not necessarily
clog downflow pathways as efficiently as has been recently inferred.

Components: 10,028 words, 6 figures, 1 table.
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1. Introduction

[2] Mid-ocean ridges hydrothermal systems are
the primary means for cooling newly formed
ocean crust. Seawater sinks into the crust and is
heated as it moves down toward the base of the
system. Fluid-rock interactions alter the seawater
composition and the hydrothermal solutions
achieve chemical equilibrium at about 400°—
450°C in a reaction zone [Seyfried et al., 1991,
Seyfried and Ding, 1995; Butterfield et al., 2003]
before rising quickly to the seafloor to vent in
“smokers” at temperature up to 400°C. Areas of
low-temperature and diffuse fluid emissions often
surround smokers and result from the mixing of a
high-temperature end-member fluid with cold sea-
water [Butterfield et al., 2004; Tivey et al., 1995]
and the conductive heating of seawater in the
shallow crust [Cooper et al., 2000].

[3] The heat that drives convective circulation is
mined from magma chambers at midcrustal depths
(see German and Lin [2004] for a short review)
or from a cracking front that penetrates hot rock
[Lister, 1974, 1983; Wilcock and Delaney, 1996].
Heat flux estimates for large hydrothermal fields
range from hundreds to thousands of MW [e.g.,
Lowell and Germanovich, 2004] with individual
high-temperature vents (smokers) transporting be-
tween 1 and 10 MW [Bemis et al., 1993; Schultz
et al., 1992, MacDonald et al., 1980]. Inferred
Nusselt numbers (Nu), which are the ratios of the
total heat flux to the heat flux that would be
transported by conduction alone, range from
8 [Morgan and Chen, 1993; Henstock et al.,
1993] to several hundreds [Wilcock and Delaney,
1996; Lister, 1983].

[4] Since their discovery in the mid-1970s
[Williams et al., 1974; Corliss et al., 1979], these
systems have been the focus of extensive modeling
efforts. The physical processes are complex in-
volving the vigorous flow of fluids with strongly
nonlinear properties through a heterogeneous frac-
tured porous medium whose permeability structure
is poorly constrained and influenced by both
physical and chemical feedbacks. In many sys-

tems, the flow is further complicated by sub- and/or
super-critical phase separation of saline water and
segregation of the resulting phases [Lowell et
al., 1995; Lowell and Germanovich, 2004, and
references therein]. All models of the dynamics of
these systems, inevitably involve simplifications
[e.g., Lowell, 1991]. One general approach is to
develop cellular convection models for flow
through idealized permeability structures.

[s] Early studies focused on the interpretation of
seafloor heat flow data [e.g., Williams et al.,
1974] using simplified, finite difference based,
two-dimensional models. Ribando et al. [1976]
carried out a series of numerical experiments using
simple fluid properties (constant viscosity, linear
density). Comparisons with data from the Galapa-
gos spreading center [Williams et al., 1974] led to a
crustal permeability estimate of 4.5 x 107 m?.
Fehn and Cathles [1979] used pure water proper-
ties to model hydrothermal circulation across the
axis of slow-spreading axis and advanced a model
in which downflow occurs in wide areas while
upflow concentrates in narrow zones (faults) of
much higher permeability. Fehn et al. [1983]
modeled the hydrothermal fields at the Galapagos
spreading center and suggested that hydrothermal
cells could move with the moving plate preventing
the crust from reheating. Rosenberg and Spera
[1990] and Rosenberg et al. [1993] used linear
fluid properties to study the role of anisotropic
and/or layered permeability in hydrothermal con-
vection. Travis et al. [1991] developed the first
three-dimensional models of mid-ocean ridge
hydrothermal convection using linear fluid proper-
ties. More recently, Wilcock [1997] and Cherkaoui
etal. [1997] used linear fluid properties to develop a
model for event plumes and explain the decay of
heat and venting temperature following a dike
injection, respectively.

[¢] About a decade ago, models started to incor-
porate more realistic, seawater-based fluid proper-
ties. Rabinowicz et al. [1998, 1999] used an
equation of state for seawater (3.2 wt% NaCl)
derived by Potter and Brown [1977] to compute
single-phase, two- and three-dimensional models
of circulation at sedimented and unsedimented
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axes. Using the same equation of state, Fontaine et
al. [2001] studied the effects of mineral precipita-
tion/dissolution on the dynamics of mid-ocean
ridge hydrothermal systems. Wilcock [1998] pre-
sented solutions obtained using an equation of state
for seawater derived from Pitzer et al. [1984]
and Anderko and Pitzer [1993], showing that the
maximum venting temperature reaches ~65%
of the bottom temperature instead of the 50%
obtained when linear properties are used. Using
this equation of state, Cherkaoui et al. [2003]
modeled hydrothermal cooling at fast spreading
ridges and Fontaine and Wilcock [2006] developed
a model for the storage and dynamics of brines in
mid-ocean ridges. Schoofs and Hansen [2000]
employed temperature, pressure and salinity de-
pendent fluid properties to describe the depletion of
a brine layer at the base of mid-ocean ridge
hydrothermal systems.

[7] Until quite recently limitations in computation-
al capabilities and the lack of a well behaved
equation of state for salt water restricted models
to low Rayleigh numbers and single-phase flow.
However, it is now possible to start develop models
which overcome these limitations. Using linear
fluid properties and the Boussinesq approximation,
Cherkaoui and Wilcock [1999] present a series
of two-dimensional numerical experiments of hy-
drothermal convection in open-top systems for
Rayleigh numbers up to 1100 and show the devel-
opment of periodic to chaotic circulation. Xu and
Lowell [2000] study the dynamics of two-phase
hydrothermal activity near a cooling dyke using
pure water properties. Kawada et al. [2004] use an
equation of state derived from Anderko and Pitzer
[1993] to build a two-phase flow model at low
Rayleigh numbers but their model does not include
a full description of the segregation of the brine
and vapor phases. Geiger et al. [2005] use finite
element techniques and their own equation of state
[Geiger et al., 2006] to develop two-phase flow
models of high permeability magmatic hydrother-
mal systems. Their work represents an important
step in reducing the level of simplification in
numerical models of mid-ocean ridge hydrothermal
systems. Using the same numerical techniques but
an equation of state for pure water at supercritical
pressures, Coumou et al. [2006] model single
phase h;/drothermal activity for permeabilities up
to 10~ " m?. They show that hydrothermal circu-
lation is unstable for permeabilities exceeding
~10~"" m? with venting temperatures oscillating
on timescales of tens to hundreds of years. They
also describe the splitting of hot, buoyant rising

plumes as they encounter cold, high viscosity
downwelling fluids.

[8] A major difficulty in modeling thermal con-
vection at high Rayleigh/Nusselt numbers arises
from the numerical solution of the temperature
equation. As the Rayleigh/Nusselt number increases,
the characteristic time for advection keeps decreas-
ing and may be considerably lower than the time
for diffusion, leading to nonphysical oscillations
near temperature fronts when classical centered
finite difference methods are used [e.g., Dubuffet
et al., 2000]. Upwind schemes can be used to avoid
these problems but such techniques introduce nu-
merical diffusion that artificially stabilizes the flow
[e.g., Dubuffet et al., 2000]. Many techniques
involving higher-order in space and time schemes
have been developed to reduce these artifacts
including the Total Variation Diminishing (TVD)
[Bell et al., 1986; Durlofsky et al., 1992; Geiger et
al., 2004, 2006, and reference therein], the Flux-
Corrected Transport (FCT) [Zalesak, 1979], the
Essentially Non-Oscillatory (ENO) [Harten et al.,
1987] and the Multidimensional Positive Definite
Advection Transport (MPDATA) [Smolarkiewicz,
1984] numerical algorithms. In this paper, we
describe the application of the MPDATA technique
to avoid these numerical artifacts. We first bench-
mark the technique using uniform fluid properties.
We then present two-dimensional, single-phase
models of hydrothermal convection with realistic,
seawater-based fluid properties for Rayleigh numb-
ers, Nusselt numbers and permeabilities up to
5000, 60, and 1071 mz, respectively. Our results
reproduce features observed by Coumou et al.
[2006] such as the unstable flow and venting
temperature fluctuations. They also have important
implications for the thermal structure of the down-
flow zone and for the volume of rock in the
reaction zone.

2. Modeling High-Nu Hydrothermal
Circulation

[¢] We adopt a porous flow model to describe the
single-phase flow driven by a vertical temperature
difference of AT across a two-dimensional vertical
domain of dimensions H x H (Figure 1). The base
of the system is impermeable and isothermal. For
the purpose of benchmarking, we consider systems
with open and closed tops but only open-top
systems are considered when modeling mid-ocean
ridges. In open-top systems, the top interface is at a
constant pressure which results in vertical flow at
the interface with the fluid being free to enter at a
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constant temperature (2°C for mid-ocean ridge
models) and leave the system with a zero cooling
rate (0T/0z = 0). In close-top systems, the upper
interface is impermeable and no flow crosses the
interface. The vertical sides of the system are
impermeable and are planes of symmetry for the
temperature and flow fields which results in no
fluid or heat flow across the boundary.

2.1. Continuity and Flow Equations
[10] Neglecting transient density variations the
continuity equation is

9(pu)

apv) _
Ox +T70 (1)

and we assume the flow obeys Darcy’s law

_ kop

Yo @
_ k(op
W—*;(&*:%) 3)

Here x and z (positive downward) designate the
Cartesian coordinates, ¥ and w are the horizontal
and vertical components of the Darcy velocity, p is
the fluid pressure, g is the gravitational accelera-
tion, p and p are the fluid density and viscosity,
respectively, and £ is the permeability of the
system.

[11] We define the stream function y

ov

o M (4a)
ov
el (4b)

Eliminating pressure by taking the curl of equa-
tions (1) and (2) leads to

a(p
Long (2 (yov o yony o)
R Ox\R) Ox 0z \R) Oz Ox

where R is the hydraulic conductivity R = kpg/ .

[12] The problem is nondimensionalized by scaling
lengths with H, time with H*/k, temperature with
AT, and velocities with x/H where k is the thermal
diffusivity of the porous medium. The dimension-
less form of equation (5) depends on the nature of

(@)
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: / |
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H (1.5 km)
Figure 1. Model setup for (a) closed- and (b) open-top
systems.

the fluid thermodynamic properties. In section 3
we benchmark our models with solutions from
previous studies where simple uniform properties
were used. Here, the viscosity g = . is constant
and the density p decreases linearly with tempera-
ture following p = p,(1 — (T — T,)), where p,,
and T, are the reference density and temperature,
respectively and « is the thermal expansivity. The
dimensionless form of equation (5) is then

0
2\ — 1
VU= Rd (6)

where 6 is the dimensionless temperature (0 =T/AT)
and Ra' is the Rayleigh number (superscript / refers
to the linear fluid properties) which accounts for
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the vigor of the convective circulation and is given
by

_ p,gHaATk
Uk

Rd (7)

[13] In addition to the Rayleigh number we define
the Nusselt number Nu which provides a dimen-
sionless measure of the heat flux across the porous
medium. For a layer heated from below we write

1

00
0

[14] In section 4 we apply our models to mid-ocean
ridge hydrothermal circulation and use temperature
and pressure dependent density and viscosity. The
density is obtained using the equation of state of
Pitzer et al. [1984] at temperatures <300°C and
Anderko and Pitzer [1993] at temperature >300°C.
The viscosity of the hydrothermal fluid is derived
using the relationship of Meyer et al. [1993]. At
the high temperatures (>400°C) and pressures
(>300 bars) typical of mid-ocean ridges hydrother-
mal systems, seawater-based fluid can phase sep-
arate into a high-salinity brine and low-salinity
vapor and the flow becomes two-phase. Modeling
two-phase flow relevant to mid-ocean ridges cur-
rently represents a major challenge mostly because
the equation of state for the H,O-NaCl and the
segregation process (i.e., the way the brines and
vapors physically separate) are poorly known.
Although some recent studies have started to
investigate the characteristics of hydrothermal cir-
culation with models that include the phase sepa-
ration of seawater and the segregation of the
resulting two phases [Geiger et al., 2005; Kissling,
2005], their output still needs to be compared to
results from other codes.

dx (8)
z=0

[15] The development of such two-phase flow
models is out of the scope of this paper. In the
two-phase area we follow the approach adopted by
Wilcock [1998] and assume weighted mean prop-
erties of the brine and vapor phases. This approach
is presumably accurate at least when a relatively
small amount of brine is present in the system and
should provide a reasonable approximation to flow
in a system which is mostly single-phase except in
a thin, super-critical reaction zone at its base.
Vapor-dominated transport in mid-ocean ridge sys-

tems is probably a reasonable assumption as stated
by Geiger et al. [2005]. The dimensionless form of
equation (5) is then

To2, - (O (1\o¥ 9 (1)ov w (O(x(6,11))
er//— (3x<r> E‘)x+é?z<r) 82) +Ra< Ox

(%a)

ApgHk
/jJ() R

Ra" = (9b)

o = (K71

[16] Ra"™ is the Rayleigh number (superscript n/
refers to the nonlinear fluid properties), Ap is the
density contrast between hot and cold fluid, and ,
and p, are the viscosity and density at the bottom
of the system, respectively. When the bottom
temperature is 600°CAp = 910 kg/m’; po = 5 x
107> Pas and p, = 130 kg/m>. The term r = R/R,
(R, = kg/u,) is the dimensionless resistivity and y
is a dimensionless function that scales the density
variations. II is the dimensionless pressure and
satisfies

(%)

ko
H—Moﬂ(p—pagZ) (10)

[17] The stream function is discretized on an X n
points, staggered grid and solved using the follow-
ing spectral decompositions

open top
U(x,z) = Y > Uy sin(imx) cos((2/ + 1) %)

i=ln j=1,1

(I1la)

close top

U(x,z) = >, > ;sin(imx) sin(jnz)
i=ln j=1/

(11b)

[18] These decompositions are valid for a two-
dimensional flow in a box with impermeable verti-
cal boundaries but with an open (equation (11a))
and closed top (equation (11b)) [Rabinowicz et al.,
1999; Fontaine et al., 2001].

2.2. Temperature Equation

[19] Under the assumption that the fluid and the rock
are in thermal equilibrium, the equation governing
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Table 1. Comparisons of Solutions for Various Numerical Experiments in Closed- and Open-Top Systems
Closed-Top Open-Top Source

Ra 800 950 1200 1000 1075

Nu® 9.2 10.9 13.06 12.14 18.2 20.1 this study
f1 275 397 608 490 477
2 200 228 95

Nu 9.14 12.1° 18.35° 20.3° Cherkaoui and
f1 299.7 514+ 5 522 + 4 Wilcock [1999]
2 84 + 2

Nu 9.0° 11° Graham and
fl 285" 404 +2 640 Steen [1994]
2 176 £2 232

Nu 9.3° 11.2° Kimura et al.
f1 280° 4220 [1986]
f2 164°

#When the circulation is unsteady, Nusselt numbers are taken as mean over a typical timescale.

Values read from graphs in the article.

heat transfer in the porous medium is

or .
(pc)qu + (pe), V.(OT) = Mg VAT (12a)

or
& —+ V.(0T) = kV*T

o (12b)

where ¢ is time, (pc),, and A, = 2.5 W/m°K are the
volumetric heat capacities and thermal conductiv-
ity of the fluid saturated porous medium, respec-
tively, (pc)r= 4.2 X 10° J/Km® is the volumetric
heat capacities of the fluid, 7 is the temperature and
V(u, w) is the velocity vector. Considering that the
ratio v = (pc)/(pc)eq 1s close to unity, the thermal
diffusivity of the fluid saturated porous medium is
K = (Neg/(pc)y= 6 X 10~7 m?/s.In its dimension-
less form the temperature (/) equation is

%+vﬁ<w> =V%9 (13)

[20] The temperature equation is discretized on
the n X n points, staggered grid and solved with
the Multidimensional Positive Definite Advection
Transport Algorithm (MPDATA) devised by
Smolarkiewicz [1984]. MPDATA is a finite dif-
ference, second-order accurate, explicit scheme
for approximating the advective terms in fluid

equations. The temperature equation (equation (13))
is an advection-diffusion equation but can be written
as an advection equation following [Smolarkiewicz
and Clark, 1986]

00
T4 VL[(F - Vag)0] =

o (14a)

Vag = év“e (14b)
The first pass of the MPDATA scheme is a simple
upwind approximation that is first-order accurate.
The upwind scheme introduces a coefficient of
artificial diffusion that is proportional to the grid
Peclet number Pe, (i = X, z, Pey = (0 — ugig)/dx,
Peg = (W — Waig)/dz) [Dubuffet et al., 2000]. The
amplitude of the artificial diffusion increases with
the vigor of the convective flow and reduces its
intensity which can eventually stabilize flows that
are inherently unsteady. To avoid this issue, the
MPDATA scheme uses a second pass to estimates
and compensates for the artificial error of the first
pass. Additional passes can be used to increase
further the accuracy of the solution.

3. Test Case: Convection in Open and

Closed Boxes

[21] A number of authors have studied the charac-
teristics of convection in a porous boxes heated
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Figure 2.

time
()
10°
5
% 10 10
o
o
-20
10
0 2000 4000
frequency (f)

(a—c) Unsteady convection in a closed-top system at Ra = 800. (a) Dimensionless temperature field

(shading) and stream function (black lines). (b) Nusselt number as a function of time. (¢) Power spectrum of the
Nusselt number. One fundamental frequency f'= 275 prevails at Ra = 800. (d—f) Same as Figures 2a—2c¢ but for an
open-top system at Ra = 1000. One fundamental frequency /= 490 prevails at Ra = 1000.

from below in closed-top [e.g., Kimura et al., 1986;
Steen and Aidun, 1988; Caltagirone and Fabrie,
1989; Graham and Steen, 1994; Cherkaoui and
Wilcock, 1999] and open-top systems [Cherkaoui
and Wilcock, 1999]. In these studies, the fluid has
uniform thermodynamic properties (i.e., constant
viscosity and expansivity), the density decreases
linearly with temperature, and the Boussinesq
approximation is used. In order to benchmark
our numerical model, we obtained solutions to
equations (6) and (14) for various Ra' and com-
pared them to results from previous studies for

both the open and closed-top conditions. Close-
top and open-top solutions were obtained on grids
composed of 64 x 64 and 128 x 128 points,
respectively.

[22] Our solutions yield Nusselt numbers and fre-
quencies of oscillation, £, that compare reasonably
well with those of Kimura et al. [1986], Graham
and Steen [1994], and Cherkaoui and Wilcock
[1999] (Table 1). For the closed-top systems, our
numerical solution at Ra' = 800 (Figures 2a—2c) is
single-periodic and the mean Nu and frequency

7 of 17
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-
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0 :
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Figure 3. Characteristics of hydrothermal convection
in a system with realistic fluid properties for a
permeability & = 2.25 x 10~'> m? (Ra = 1000). The
temperature at the base of the system is set to 600°C.
(a) Two-dimensional temperature field overprinted with
white lines representing the 100°, 200°, 300°, 400°, and
500°C isotherms. (b) Venting temperature at the axis of
the upflow zone located on the left side of the system.
(c) Nusselt number as a function of time. The circulation
is composed of two upflow and two downflow zones
and reaches steady state. Maximum venting tempera-
tures are about 380°C.

number are in reasonable agreement with previous
studies (Table 1). At Ra' = 1200 we find a chaotic
regime with two oscillation frequencies which
closely match those reported by Graham and Steen
[1994]. For open-top systems, when Ra’ = 550, the
circulation is steady and Nu = 12.15 (Table 1).
When Ra' = 1000, the circulation is unsteady and
single-periodic with a mean Nu and frequency close
to the one obtained by Cherkaoui and Wilcock
[1999] (Figures 2d—2f).

4. Modeling Mid-Ocean Ridge
Hydrothermal Systems

[23] Inorder to simulate mid-ocean ridge hydrother-
mal circulation we incorporated realistic fluid prop-
erties into the models and solved equations (9a)
and (14) in a square box measuring 1.5 km x 1.5 km.
Solutions were obtained on grids with sizes ranging
from 128 x 128 to 384 x 384. The pressure at the
top of the domain is 300 bars and the basal
temperature is set to 600°C. Although the temper-
ature of axial hydrothermal fluids may reach 700°—
750°C [Gillis et al., 2001; Manning et al., 1996] at
the brittle-ductile transition zone [Hirth et al.,
1998], flow at the highest temperatures may not
contribute significantly to large scale circulation as
the permeability and density of throughgoing fis-
sures likely decrease as temperatures approach the
brittle-ductile transition [Nehlig, 1994]. In Figure 3
we show the result of an experiment on a grid
composed of 192 x 192 points for a Rayleigh
number Ra"(equation (9b)) of 1000 which corre-
sponds to a permeability of k =2 x 10~'> m% The
circulation is composed of two upflow and down-
flow areas (Figure 3a) and reaches steady state
with a maximum venting temperature of ~380°C
(Figure 3b) and a Nusselt number of 13 (Figure 3c).
We obtained similar solutions on grids with dimen-
sions ranging from 128 x 128 to 384 x 384.
We used this steady state solution as the initial
condition for experiments with higher Rayleigh
numbers.

[24] Figure 4 shows a solution for Ra"' = 2000 (k =
4 x 107"° m?) obtained with a 256 x 256 grid.
Similar solutions were also obtained on a 128 x
128 grid. The circulation is composed of three
upwelling plumes and two regions of downflow
arecas (Figure 4a). The base of the system is
unstable and thermal instabilities arise in the bot-
tom thermal boundary layer. These instabilities
move horizontally and are collected by robust
upwelling plumes. As a consequence, the Nusselt
fluctuates from ~19 to ~27 (Figure 4c). The power
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Figure 4. (a—c) Same as Figure 3 but for a permeability of k = 4.5 x 10~'> m? (Ra = 2000). The circulation is
composed of three major zones of upwelling that collect the thermal instabilities that form in the thermal boundary
layer at the base of the system. The circulation is unsteady, and maximum venting temperatures vary from ~350°C to
~450°C. Note the sharp drops in temperature when individual upflow zones are temporarily capped by regions of
downflow. These events have typical timescales of a few hundred years. (d) Power spectrum of the Nusselt number.
The Nusselt number fluctuates on timescales of ~650 years.

spectrum of this Nusselt number (Figure 4d) shows
that the circulation has a strong single periodic
component with a peak at a frequency of ~1.5 x
10-3 years™" which corresponds to a periodicity of
~650 years.

[25] Although the spatial distribution of upflow
versus downflow remains stable, individual plumes
often temporarily stop short of the surface, a
phenomenon that was also observed by Coumou
et al. [2006]. This pattern is linked to the advection
of instabilities across the seafloor. When a plume
collects an instability it strengthens and upflow
velocities increase in the vicinity of the instability.
When the instability reaches the surface the out-
flow velocities increase and in order to maintain
the balance of inflow and outflow fluxes, the
outflow velocities in adjacent plumes must de-
crease. In many instances outflow in individual
plumes stops altogether and is replaced by the

inflow of cold seawater for intervals of up to
several hundred years. Eventually, the influx of
hot fluid into the stalled plume makes it suffi-
ciently buoyant to rise through the cold seawater
layer and high temperature venting resumes. This
may or may not result in the cessation of venting
in another plume. This process is illustrated in
Figure 5a, which shows the heat flux across the
seafloor as a function of horizontal position. The
maximum heat flux at any given time ranges from
~50 W/m? to >300 W/m?. Plumes tend to stall
when or shortly before the heat flux exceeds
200 W/m? in another plume.

[26] Venting temperature also oscillates and
their maximum ranges from ~350° to ~450°C
(Figure 4b). The arrival of instabilities at the
surface leads to a spike in the venting temperature
(Figure 4b). However, the timescale of the temper-
ature oscillations are not directly link to the time-
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(a) Temporal variations of the heat flux (W/m?) at different locations on the seafloor for the model of

Figure 4, which has a permeability of k=4.10""> m? (Ra = 2000). The shaded areas correspond to the heat flux of each
individual venting sites; the white areas correspond to zones of downflow. Overprinted white lines represent the 300°C
isotherm. A large part of the fluid vents at temperatures >300°C. Corresponding heat flux ranges from ~50 W/m? to
200 W/m?. Note that when the plume located on the left side stops short of the surface, the heat flux of the “mlddle”
plume increases. (b) Same as Figure 5a but for the model of Figure 6, which has a permeability of 10~'* m? (Ra =

5000). The heat flux ranges from 100 W/m? to >400 W/m?.

scale of Nusselt number oscillations and the tem-
perature oscillations show no clear single period-
icity. This is partly because the thermal instabilities
that form in the bottom boundary layer loose their
higher frequency structure as a result of diffusion
as they move through the upflow zone. More
importantly, the temperatures in a given plume
are only affected by the instabilities that are
advected into it, and it appears that instabilities
are apportioned between plumes in an unpredict-
able manner. This chaotic collecting process cou-
pled with variable rates of upward advection in the
plumes, acts to decorrelate the variations of the
venting temperature in a particular plume from
the oscillations of the Nusselt number. Auxiliary
material Movie S1' illustrates the dynamical be-
havior (e.g., unstable thermal boundary layer, cap-
ping of upwelhngs) of a system in which Ra = 2000
(k =4.10""> m?) over a period of ~1000 years.

'Auxiliary materials are available in the HTML. doi:10.1029/
2007GC001601.

[27] Flgure 6 shows solutions for Ra"’ = 5000 (k =
10~ '* m?) obtained on a grid with 384 x 384 points;
solutions with similar characteristics are obtained
for a 256 x 256 grid. The circulation is composed
of four upwelling and three downwelling regions
(Figure 6a) and the Nusselt oscillates between ~45
and ~60 (Figure 6¢). We note that the increase in
the number of plumes as the Rayleigh increases
from 1000 to 5000 is consistent with a simple scale
analysis which shows that the number of plumes
should scale as (Ra™)""? [Lowell and Germanovich,
2004].

[2s] When Ra™ = 5000, the power spectrum is
much noisier than for Ra" = 2000, but there is a
broad region of hlgh energy for fregluenmes rang-
ing from ~3 x 1072 to ~6 x 107 years ' with
several peaks inside (Figure 6d) which is indicative
of a chaotic behavior [Graham and Steen, 1994].
The maximum venting temperature oscillates
between ~380° and ~450°C (Figure 6b). The
solutions still show intervals when venting ceases
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Figure 6. Same as Figure 4 but for a permeability of k= 1.12 x 10~'* m? (Ra = 5000). The circulation is composed
of four major zones of upwelling. Maximum venting temperatures vary from ~380°C to 450°C. The sharp drops in
venting temperature that delineate intervals when ouflow ceases have typical timescales of tens to one hundred years.
The circulation is unsteady, and the Nusselt number displays weakly chaotic behavior.

at particular sites but on the timescales of only a
few tens of years (Figures 6b and 5b). The max-
imum venting heat flux at a given time ranges from
100—150 W/m? to 400—450 W/m? (Figure 5b).

5. Discussion

[29] Mid-ocean ridge hydrothermal systems remove
large quantities of heat from the oceanic crust.
The Nusselt number Nu which is defined in
equation (8) can be written equivalently as

_ o7

Nu= 2 (15)

where AT(°C) is the temperature contrast in the
system, A = 2.5 W/m°C is the thermal conductivity
of the fluid-filled crust, Q(W/m?) is the average
heat flux per unit area and H(m) is the depth of
circulation. Quantifying the heat flux of a given
system is difficult because it requires an estimate of

the power of the vent field and of the horizontal
dimensions of circulation cell. Power estimates for
individual hydrothermal fields range from hun-
dreds to thousands of MW [e.g., Lowell and
Germanovich, 2004]. Accurate measurements over
the Main Field vent sites on the Endeavour
segment of the Juan de Fuca Ridge indicates a
heat flux of 600 + 50 MW and the ratio of the heat
fluxes from focused and diffuse sources is
estimated to be one [Veirs et al., 2006]. Estimates
for the heat uptake area are typically 10° to 10° m?
[e.g., Lowell and Germanovich, 2004]. At the Main
Endeavour Field, Wilcock and Fisher [2004]
estimate a heat uptake area of 2 km® Dividing
the vent field power estimates by the estimates of
the heat uptake area, and considering that the
systems with the highest powers are likely to have
the highest heat uptake area, yields typical values
for eranging from a few tens to a few hundreds of
W/m~.
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[30] The depth of circulation H varies depending
on the hydrothermal setting. Hydrothermal fluids
circulate in the axis of mid-ocean ridges through a
network of fissures and fractures that result from the
brittle fracturing of the crust under tensional stress.
The depth of fracturing/penetration is controlled by
the brittle-ductile transition which likely occurs at a
temperature of 700°—750°C [Hirth et al., 1998]. At
fast and medium spreading ridges and at least at one
location on slow-spreading axes, the Lucky Strike
volcano on the Mid-Atlantic Ridge [Singh et al.,
2006], seismic reflection studies image a sill-like,
partially of fully molten, magma chamber 1-3 km
below the seafloor [see also German and Lin, 2004,
and references therein]. The brittle-ductile transi-
tion occurs at these depths, in the thin gabbroic
section a few meters to hundreds of meters thick
[Toomey et al., 1994; Singh et al., 1999; Lowell and
Germanovich, 2004] between the base of the dikes
and the melt lens.

[31] Equating AT to the difference between the
temperature at the brittle-ductile transition (T ~
750°C [e.g., Hirth et al., 1998]) and the tempera-
ture of cold seawater (2°C), equation (15) yields
Nu ranging from a few tens to a few hundreds. In
this paper we have studied the characteristics of
hydrothermal convection for Nu up to 60 (k =
107" m?), and have been able to check the
consistency of our solutions at two different
grid resolutions. Models with significantly higher
Nusselt number (or permeability) would require a
denser computing grid and their numerical cost is
beyond the scope of this study.

[32] Coumou et al. [2006] succeed in running
experiments for hydrothermal convection in a me-
dium with permeabilities up to 10~"* m? but used
properties for pure water at supercritical temper-
atures. It is difficult to determine whether their
ability to obtain these high-permeability solutions
reflects the differences in numerical techniques and
available computational power or the different fluid
properties. At supercritical pressures the properties
of pure water vary more smoothly with temperature
and pressure than those of seawater.

[33] Our models show that for permeabilities k >
2 x 107" m? (Wu > ~13) the pattern of heat
extraction by hydrothermal circulation displays
unsteady behavior. When k = 4 x 10715 m?
(Nu =19 — 27), we find a periodic solution with
a typical periodicity of ~600 years while at k >
10-'* m?> (Nu = 45 — 60), the circulation is
chaotic. Maximum venting temperatures range
from 380°C and up to 450°C. In some ways these

results are similar to previous numerical experi-
ments for open-top systems using both constant
fluid properties [ Cherkaoui and Wilcock, 1999] and
pure water fluid properties [Coumou et al., 2006].
These studies also see an evolution from steady to
periodic to chaotic flow as the Rayleigh number
increases. Coumou et al. [2006] found that there is
a threshold permeability £ = ~107"> m? above
which the circulation is unsteady, a value that is in
good agreement with our results. Our asymptotic
maximum venting temperature of ~380°C is also
in good agreement with theirs for this permeability.

[34] For higher permeabilities at which the circula-
tion is unsteady, our results differ from Coumou et
al. [2006] in a few ways. If we compare solutions for
k =10~ m? (compare our Figure 6 with Figure 2
of Coumou et al. [2006]), our venting temperatures
are higher and fluctuate between 380° and 450°C,
while those of Coumou et al. [2006] range from
380° to ~400°C. One reason for this difference is
the different model setup. Coumou et al. [2006]
obtained solutions for hydrothermal circulation for
different pressure (250—350 bars compared with
300-450 bars) and temperature (2°—1000°C com-
pared with 2°—~600°C). They used pure water prop-
erties as opposed to the seawater-based properties
used here, and considered systems with a larger
aspect ratio (width divided by height). The higher
venting temperature in our solutions may result from
the higher pressure range since maximum upwelling
temperatures increase with pressure [Jupp and
Schultz, 2000].

[35] Another possible reason is that Coumou et al.
[2006] use pure water rather than seawater prop-
erties. Coumou et al. [2006] note that their venting
temperatures are in good agreement with the flux-
ibility theory developed by Jupp and Schultz
[2000]. On the basis of a determination of the
temperature at which plumes transport heat most
efficiently, Jupp and Schultz [2000] argue that for
basal temperature >500°C, plumes of pure water
form naturally at a temperature of ~400°C and that
the venting temperature cannot be higher than this
value. However, they recognize that for seawater
this maximum temperature should increase by
about 30°C. The work of Geiger et al. [2005]
supports this hypothesis and shows that for basal
pressures between 400 and 500 bars, maximum
venting temperatures could range between 420°
and >500°C which is consistent with the range of
temperature we observe.

[36] While we can reconcile our maximum venting
temperatures of ~450°C with other studies, it is
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important to note that temperatures this high have
never been observed in real systems. One expla-
nation for this discrepancy is that the layered
permeability structure of oceanic crust in which
high-permeability pillows overly lower permeabil-
ity sheeted dikes results in a significant decrease in
venting temperatures. Several previous studies have
concluded that the hot fluid cools significantly as it
passes through the high-permeability pillows both
by conduction and by mixing with the seawater
circulating in shallow secondary cells [Pascoe and
Cann, 1995; Wilcock, 1998; Fontaine and Wilcock,
2006]. An alternative explanation is that the effec-
tive basal temperatures in real systems are not as
high as the 600°C used for our solutions, and that
real systems thus do not quite achieve the temper-
atures predicted by the fluxibility argument. For
example if phase separation leads to the building of
a brine layer at the base of the system preventing
seawater from reaching the deepest parts of the
system [e.g., Bischoff and Rosenbauer, 1989;
Fontaine and Wilcock, 2006], the actual bottom
temperature for the seawater-dominated cells would
be lower.

[37] At k = 107" m?, our population of instabil-
ities in the bottom boundary layer is much denser
than that of Coumou et al. [2006]. This may likely
be a result of the differences between the equations
of state and in the assumed height and pressure
range for the models as discussed above. In par-
ticular, our models consider that the ratio  of the
fluid volumetric heat capacity (pcs) by the rock
volumetric heat capacity is close to unity over the
temperature and pressure domain, an assumption
that is reasonably accurate at temperatures lower
than ~450°C which prevail everywhere except in a
thin basal thermal boundary layer which is a few
tens of meters thick. Here temperatures increase
sharply with depth from 450°C to 600°C and ~
drops by about one order of magnitude. Since the
ratio «y appears in the advective part of the tem-
perature equation, our models will overestimate the
efficiency of the advective processes at the base of
the system which may partly account for the fact
that our bottom boundary layer is more buoyant
than the one of Coumou et al. [2006]. We also note
that for this experiment our grid size (~4 x 4 m?)
is smaller than the one used in the experiment of
Coumou et al. [2006] (i.e., 7 x 10 m?). Conse-
quently, the bottom boundary layer is likely better
resolved in our experiment and this may also lead
to differences in the oscillating behavior of the
system.

[38] Our models also neglect the transient density
variations in the mass conservation equation
(equation (1)). A two-phase vapor/brine mixture
at high temperature is compressible [Geiger et al.,
2006] and transient density variation should ideally
be taken into account. By not including this term we
are able to use the stream function with a spectral
decomposition technique that is known to yield a
more accurate solution for the flow at boundary
layers [e.g., Fornberg, 1998]. The solution of a
transient parabolic, pressure-diffusion equation
with dedicated finite difference or finite volume
method would allow the inclusion of transient
density variations, but for a given grid resolution
would lead to a less accurate solution for flow at the
bottom boundary layer. It is unclear if the higher
accuracy achievable in the boundary layer with our
technique outweighs the loss of accuracy due to the
exclusion of transient density terms, although we
note that high resolution in the bottom boundary
layer is particularly important for chaotic flow at
high Rayleigh/Nusselt numbers.

[39] In real systems, the high concentrations of
“soluble” elements such as Li, Rb, Cs and B in
the venting fluids [e.g., Von Damm, 1995] require
an abundance of fresh basaltic rock relative to the
mass of seawater [Seyfried and Ding, 1995]. The
fact that time series analysis of fluid composition
have failed to reveal any significant differences in
the flux of these elements on periods of order a
decade or more [Butterfield and Massoth, 1994;
Von Damm, 2004; Von Damm et al., 2005] have
been interpreted in terms of continuous penetration
of hydrothermal fluids into unaltered/fresh rocks
in the reaction zone at the base of the system
[Seyfried and Ding, 1995]. Our results indicate
that for permeabilities >10"'> m?, the reaction
zone of mid-ocean ridges are unsteady and that
small thermal instabilities arise and move laterally
to be collected by strong plumes. This provides a
means for a hydrothermal system to react at high
temperatures with a much larger volume of rock at
any given time than if the reaction zone were
limited to a thin steady state thermal boundary
layer [e.g., Lowell and Germanovich, 2004] and
thus may lead to fluids compositions that are stable
over longer periods. When Ra = 2000 and k =
410713 mz, the lifetime of the small thermal
instabilities is of the order 50—100 years (Movie
S1"). This lifetime will decrease roughly linearly
with the permeability and will range from a few
years to a few tens of years for more realistic
permeabilities of 10~'*—10""* m?. In this model,
the boundaries of the reaction zone also change
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with time as the instabilities migrate laterally. By
this mechanism, fluid composition might remain
stable without having to invoke the mining of fresh
rock by downward penetration of the hydrothermal
system.

[40] An interesting phenomenon observed in our
solutions and by Coumou et al. [2006] is the
temporary cessation of venting in individual
plumes that occurs when others vent at higher
velocities. These periods of quiescence have typi-
cal timescales that decrease as Nu increases and
last from tens to hundreds of years. The TAG
hydrothermal field is a 5 x 5 km? area located in
the axial valley at 26°08'N on the Mid-Atlantic
Ridge. At least five ~200 m-wide, sulfide mounds,
of which only the southern one is currently active
and emitting black and white smoker fluids at
temperature up to 365°C, lie along a series of
axis-parallel faults [Rona et al., 1993; White et
al., 1998]. Detailed dating of hydrothermal precip-
itates reveals a complex history made of episodes
of venting followed by periods of rest [Lalou et al.,
1995]. Many of the sulfide mounds in the area have
vented at the same time in the past while other
were inactive. During these periods of quiescence,
mounds cool and aragonite forms as seawater
flows in [Lalou et al., 1995]. Classically, this
episodicity has been attributed to episodic volcanic
eruptions in the area [Zomnenshain et al., 1989,
Humphris and Cann, 2000] or to the interplay
between mineral clogging and seismic activity
[White et al., 1998]. On the basis of our experi-
ments, we suggest that the episodic nature of
hydrothermal venting at TAG and its migration
between different sites might be explained at least
in part by the characteristics of the flow in a system
heated steadily from below. However, our inferen-
ces do not take into account the dynamical cou-
pling between magmatic (e.g., convection, freezing
and replenishment) and hydrothermal processes
which are also likely to control the natural vari-
ability of heat output and vent temperature.

[41] Our models also have interesting implications
for the temperature distribution in the crust and the
patterns of mineral precipitation. The solutions
display significant recirculation and areas of down-
flow are relatively warm with temperature com-
monly exceeding 150°C at middepths (Figure 6a).
This temperature distribution contrasts with models
with uniform fluid properties [e.g., Cherkaoui and
Wilcock, 1999] which have downflow zones that
remain cold until the fluids enter the bottom
boundary layer and with the common assumptions

underlying single pass pipe models [e.g., Lowell
and Germanovich, 2004]. It is however, compati-
ble with the temperature distribution inferred from
the study of the mineral assemblages found at
different levels in oceanic crust [4/t, 1995]. For
example, the initial stages of recharge up to a few
hundreds of meters below the seafloor are charac-
terized by oxidation, alkali and Mg fixation in the
crust. These processes lead to alteration products
such as celadonite, nontronite and saponite which
form at temperatures up to ~150°C. Deeper in the
recharge zone, anhydrite forms at temperatures
>150°C as basaltic calcium is added to the circu-
lating fluids and the loss of magnesium from the
circulating fluids occurs when chlorite forms at
temperature >200°C.

[42] It has been argued that anhydrite precipitation
can clog downflow pathways near the reaction zone
so efficiently that black smoker activity cannot be
maintained for periods exceeding 100 years unless
recharge area are 10 to 100 times wider than
discharge area [Lowell and Yao, 2002]. Lowell
and Yao [2002] argue that, when recharge zones
are broader, the lower specific mass flux (in kg/s/m?)
allows the 150°C isotherm to reach much higher
levels in the crust. The region of the recharge area
with temperatures >150°C is then larger and anhy-
drite precipitation occurs over a much greater ver-
tical extent. The temperature structure in our models
imply that anhydrite precipitation will not be limited
to the deepest parts of the downflow zone even when
recharge areas are only a few times wider than
discharge areas. We infer that black smoker systems
with relatively narrow recharge zones may not be as
susceptible to clogging by anhydrite as Lowell and
Yao [2002] infer. However, this inference has to be
tempered by the fact that our models do not actually
include anhydrite precipitation and the dynamical
feedback between the permeability reduction and
the convective flow are difficult to predict.

6. Conclusions

[43] In this paper we present two-dimensional nu-
merical experiments to simulate hydrothermal circu-
lation at mid-ocean ridges at high Rayleigh and
Nusselt numbers. To avoid classical numerical issues
such as the artificial diffusion of the temperature
field or the development of nonphysical oscillatory
behavior close to thermal fronts, we use the
MPDATA technique devised by Smolarkiewicz
[1984]. We solve the temperature equation using a
classical upwind scheme which artificially diffuses
the temperature field. We then estimate the artificial
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diffusion and correct the solutions, iteratively. We
benchmark our technique with previous studies that
use constant fluid properties and the Boussinesq
approximation and we then apply our models to
hydrothermal circulation in mid-ocean ridges incor-
porating realistic fluid properties into the models.
Our solutions for high Rayleigh/Nusselt number
flow at mid-ocean ridges are reasonably consistent
with those obtained recently with a different tech-
nique for a similar model configuration [Coumou et
al., 2006].

[44] Although our simulations describe very sim-
plified geological configurations, they have impor-
tant first-order implications for mid-ocean ridge
hydrothermal systems:

[+s] 1.For permeability >~10""> m?, corresponding
to Nu > ~13, hydrothermal circulation is unsteady
and heat extraction from the crust evolves from
periodic to chaotic behavior.

[46] 2. The reaction zones of mid-ocean ridge
hydrothermal systems are not steady state and
temperatures oscillate substantially with the pas-
sage of thermal instabilities. This increases the
volume of rock that is available to the reaction
zone over time and may explain the stability of
vent chemistry without having to invoke a model in
which hydrothermal fluids continually penetrate
downward into fresh rock.

[47] 3. Hydrothermal discharge can stop temporar-
ily as zones of venting are dynamically replaced by
zones of seawater recharge

[4s] 4. A large portion of the downflow zone
exceeds 150°C and therefore we infer that anhy-
drite precipitation will occur over a large range of
depths and will not necessarily clog downflow
pathways as has recently been inferred [Lowell
and Yao, 2002].

[49] Future work should build upon these models
by employing alternative numerical techniques to
verify the results, considering more realistic perme-
ability distributions, and investigating the effects of
phase separation and segregation on the patterns of
flow at high Rayleigh numbers.
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