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Abstract: Supercritical water behaves close to that of a non-polar fluid and its ability to dissolve salt ions is very low. In
rifting locations world-wide, where hot vents occur, it has been shown that seawater attains supercritical conditions. We
therefore anticipate that circulation of seawater in hydrothermal systems passing through regions of the supercritical do-
main results in spontaneous precipitation of salt particles. Thus, the hot ‘geysers’ of saturated brines observed in the ‘At-
lantis 1l Deep’ of the Red Sea could result from re-dissolution of salts accumulated in underground fracture systems. Here
we report on an advanced numerical modeling study which demonstrates, for the first time, that there is a forced convec-
tion cell where salts precipitate and accumulate. These combined numerical thermodynamic simulations and basin model-
ling results also demonstrate that hot brines reflux back to surface immediately above the magma chamber located beneath
the axis of the rift. Based on this study, we predict that hydrothermal ‘out-salting’ is the main cause of dense, warm brines
accumulating in the central portion of the Red Sea. Furthermore, the results are relevant for understanding how large vol-
umes of evaporites (salts) accumulate along rifted plate margins.
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INTRODUCTION

Laboratory experiments and industrial practice have
demonstrated that solid salts precipitate from seawater and
brines when the fluids pass beyond their supercritical P-T
points on the boiling curve [1-3]. The process was first
named ‘shock crystallization’, but we prefer the term hydro-
thermal ‘out-salting’ [2, 4]. Physico-chemically, this occurs
because supercritical water behaves like a non-polar, low
density fluid. In contrast to ‘normal’ liquid water, supercriti-
cal water loses its ability to dissolve salts in a certain P-T
window [3]. The complete P-T window of very low solubil-
ity stretches beyond the supercritical region into the gas re-
gion. But what is special about the supercritical region close
to the critical point is the combination of high molecular
mobility and fairly high density compared to gas density,
which increases the rates of nucleation and solid salt crystal
growth dramatically [5]. Numerically, such phase transitions
and out-salting regimes can be handled and modeled by mo-
lecular simulations, like we have demonstrated herein [4, 6].

GEOLOGICAL SETTING/BASIS FOR MODELING

Up to 5 km thick deposits of bedded salts (evaporites),
believed to have formed during the last 5 million years [7]
are found on the flanks of the central Red Sea [8, 9]. In a
study of active hydrothermal processes of the Atlantis Il
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Deep, Ramboz et al. [10] found evidence of boiling brines
and geyser-type discharges on the seafloor at a water depth
of 2,050 m. Liquid inclusions with up to ~33 wt % salts
(NaCl equivalents) were also encountered: “Near-isothermal
long-duration boiling of solutions implies a deep fluid reser-
voir with a limited volume, and heated by magma. The salt-
enriched liquids were injected intermittently on the seafloor,
and then cooled without mixing” [10].

In 1974, the Deep Sea Drilling Project (DSDP) attempted
drilling into the shallow basalt located below the Atlantis 11
Deep. The drilling team encountered very difficult drilling
and sampling conditions and only managed to penetrate 14
m into the seafloor. The two cores obtained, contained Late
Quaternary sediments: mixed montmorillonite, anhydrite
(salt), and goethite-hematite facies in the upper 5 m with
fresh basalt fragments in the lower 9 m [11].

Prior to the drilling, three pools of hot brines (< 70°C)
were found within the Atlantis Il Deep [9]. The sediments
underlying these brines are enriched in heavy metals (e.g.
Cu, Pb, Zn, Ag, and Au). At another drilling site (DSDP Site
225) located 16 km to the east of the Atlantis Il Deep, at
1,228 m water depth, the drill penetrated 230 m and termi-
nated 54 m into the Late Miocene evaporite (salt) sequence.
The deeper sedimentary units consist of anhydrite and halite
inter-bedded with black shales [12]. The dark muds and
shales above the evaporite sequence are occasionally en-
riched with Fe, V (< 1,000 ppm), and Mo (< 500 ppm), indi-
cating a hydrothermal origin.

2007 Bentham Science Publishers Ltd.
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Oceanic Crust and Circulation of Fluids

Extensive studies of buried hydrothermal systems have
clearly demonstrated that seawater circulates deep into sedi-
mentary formations and also the underlying oceanic crust.
For the Atlantis Il Deep hydrothermal system, this means
that seawater probably circulates right down to the magma
chamber (Fig. 1), despite the low-permeability intervening
sediments. According to our new geological model [4, 6], at
least three zones of the Atlantis Il Deep sub-seabed system
possess the potential for being natural salt ‘factories’. The
first of these are the warm brine pools on the seafloor, at a
water depth of 2,100 m, where salt precipitates due to cool-
ing. Then there are two zones in which salt precipitates due
to boiling and transition to the supercritical state. These are
the central reflux and the flanking recharge zones (Fig. 1).

o

Fig. (1). A conceptual sketch (not to scale) illustrating our geologi-
cal model. The sketch is drawn on the basis of inferred sub-surface
conditions below the Atlantis Il Deep, Red Sea [4, 8, 11]. Arrows
indicate movement of fluids and particles, including molten and
precipitating salts, brines, salt slurry (mush) and other mineral par-
ticles and gases. The magma chamber is shown at the bottom, with
an indicated temperature of 1,100°C. R, = Recharge zones. R; =
Reflux zone. The broken lines are isotherms at 130, 400, and 800
degrees C. The temperature at the seafloor is 70 degrees C, and at
the magma chamber 1,100 degrees C. The seafloor is at a general
depth of 2,100 m, and the magma chamber is located 1 km below
seafloor. This 3D-model represents a rectangular section of the
Atlatis 1l Deep which is 2 km wide, 10 km long, and where the
depth to the magma chamber is 1 km below seabed surface.

The main driving force of the convective, circulatory
fluid system is a very high temperature gradient caused by
the shallow magma chamber (temperature range 900-
1,200°C). Its depth is suspected to be 1 km below the seabed
(~ 3 km below mean sea level) (Fig. 1), i.e. well within the
supercritical P and T range for circulating seawater.

Basis for the Numerical Modeling

Observations from the Atlantis Il Deep confirm the exis-
tence of ‘fountains’ occurring on the seafloor immediately
above the magma chamber [13, 14, 15, 16, 17]. However,
these fountains cannot continue to flow unless fluids are re-
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charged into the system from the flanks of the rift. One such
recharge source is the high-density brines in the seafloor
brine-pools of the Atlantis Il Deep. Because these brines are
denser than normal seawater and because surface marine
sediments are known to be of very high porosity, these
brines probably sink down into the sediments, and migrate
downwards along the flanks (Fig. 1). Inferred temperature
distribution and circulation of fluids are indicated in the
sketch (Fig. 1). According to Lewis and Holness [18], per-
meabilities of salt at depths of ~3 km may be similar to those
of sandstones. Consequently, supersaturated brines will eas-
ily be transported through the buried salt formations. When
such brines cool, salt particles are likely to crystallize.

The highest temperatures measured in the Red Sea brine-
pools are < 70°C [13]. This means that brines entering into
the seafloor under forced convection, will have to pass into
higher and higher temperatures, < 1,000°C, near the magma
chamber. The following specific temperature zones are im-
portant in relation to salt formation:

. 130°C (the temperature where anhydrite in seawater
becomes supersaturated),

. 430°C (the temperature where supercritical seawater
precipitates NaCl at pressures > 300 bars),

. 800°C (the melting point for halite).
Description of our Modeled Hydrothermal System

Within the flanking recharge zones the down-going
brines attain temperatures >130°C at shallow depth beneath
the sediment surface. Here, the retrograde solubility of anhy-
drite causes super-saturation, and anhydrite precipitation
(Fig. 1). However, the brines contain many other dissolved
salts including sodium chloride which are prograde and
which continue to move deeper in solution into warmer re-
gions of the system.

When the brines migrate deeper than 2,800 m (p=300
bar) and attain temperatures > 430°C, they are under super-
critical conditions, where auto-precipitation of salts (mainly
halite) occurs [4, 6]. This is the out-salting region where salts
will accumulate in faults, fissures, and fractures. However,
the low-density supercritical water vapor will migrate verti-
cally upwards out of the system. At depths shallower than
2,800 m the water vapor becomes sub-critical, and condenses
[19]. This condensation water is more buoyant than the sur-
rounding brines and may even reach right up to the seafloor
without being able to re-dissolve much salt.

The flow of water through this zone will tend to re-
dissolve the accumulated salt and transport it upwards. This
dissolution/transportation process also involves a refining of
the various salts according to their solubility in hot water,
e.g., magnesium chloride, which is much more soluble than
sodium chloride, is preferably transported further out of the
system than sodium chloride.

The temperatures in the immediate vicinity of the magma
chamber exceed 800°C, which is above the melting point of
most relevant salts. Molten salts that migrate out of this zone
will encounter and mix with supercritical water. This fluid
also migrates vertically in the central reflux zone. Salt will
precipitate due to cooling when passing into regions of pres-
sure and temperature at which solubility limits are exceeded.
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Saturated brines migrating upwards from the central re-
flux zone will feed into the fountains on the seafloor and
accumulate in the brine pools. When these cool down, halite
and other salts precipitate [20].

Boundary Modeling Conditions

We modeled the Atlantis Il Deep hydrothermal system
by choosing a set of predicted boundary conditions and se-
lecting the necessary physical and thermodynamic parame-
ters as simple and realistic prerequisites, based on geophysi-
cal, drilling, and other published results, and from our geo-
logical model for the area [7, 8, 9, 10, 11, 12, 13, 14, 15, 16,
17, 19]. These were fed into the numerical 2D sedimentary
basin model, combined with a numerical molecular model.
The objectives of our simulations were to provide a first or-
der approximation of how salts (mainly anhydrite and halite)
affect the convection cell generated by the buried hot magma
chamber. We used the following prerequisites:

1) Underneath the Atlantis 1l Deep there exists a 3-
dimentional forced convection cell of circulating
seawater and brine, driven by a shallow, strong heat-
source [11,13,19].

2) The heat-source consists of a magma chamber, lo-
cated 1 km sub-seabed (i.e., 3 km total depth below
mean sea-level) [11, 13].

3) The upper zone of the magma chamber has a constant
temperature of 1,100°C [17].

For modeling purposes, the additional constraints were
(based on [9-19]) ‘(Fig. 1):

A. The intervening sediments located between the
magma chamber and seafloor consists of a mixture of
solid sediments, volcanics, and evaporites, i.e. salts.
The inferred composition was: 50% anhydrite, 40%
halite, and 10% volcanics and other rock debris.

B. The size of the surface hydrothermal outflow is 10
km by 4 km, in a rectangular area located directly
above the magma chamber.

C. The upward directed brines flow out of the seafloor
(within this area) at a flux rate of 2 m per year
[10,19].

D. Hydrothermal recharge of seawater occurs in zones

located immediately outside this area.

E. The recharging fluids originate from the water col-
umn, and are sourced equally from high-salinity
brines located within the Atlantis Il Deep (50%), and
from normal seawater (50%).

F. Because the water depth is < 2,800 m, the supercriti-
cal water will start to boil at some stage during verti-
cal ascent, on passing out of the supercritical pressure
regime.

We infer that the magma chamber does not cool down,
despite that it is making contact with seawater. The reason is
that the amount of water making this contact is very small
compared to the size of the inferred magma chamber and
over the small time-frame (hundreds of years) we have used
in the simulation.
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SIMULATION TECHNIQUES
Density, Enthalpy, and Viscosity of Brine

A model geothermal fluid was used to determine the
properties of the hot brines of the Atlantis Il Deep geother-
mal system above the magma chamber. We followed the
approach of Palliser & McKibbin [21] in designing a system
that approximated a pure NaCl—H,O system without per-
fectly matching the data for the pure system; an exact equa-
tion of state for pure water was used when no salt was dis-
solved in the system (condensation water).

A reservoir simulation algorithm called ‘ATHENA’ (see
notes) for multiphase flow in porous media was employed
[22]. The primary variables for this program package are
temperature, pressure and molar masses for each fluid and
solid component. Required density, enthalpy and viscosity of
all phases involved in heat and mass transport throughout the
reservoir were calculated by implementing the correlation
formulae for the gas, liquid and solid phases tabulated in
Palliser and McKibbin [23, 24] and linking them with the
original code.

The model system was treated as potentially consisting of
two phases: fluid and solid. Within the fluid and solid salt
coexistence regions [21], the maximum solubility of NaCl in
either gas or liquid served as the “bubble-point” curve
closely resembling its counterpart in case of gas-liquid equi-
librium. Simulated lithologies included sandstone with a
permeability of 3 mD and porosity of 0.35, and clay (perme-
ability 0.01 mD, porosity 0.1025). These values were chosen
as they are standard for reservoir simulations in the hydro-
carbon industry, and also represent conservative values. The
fluid flow took place in a two-phase system, with relative
permeabilities and capillary pressures specified for each
lithological type. The initial NaCl content of brine was as-
sumed to be 5% molar throughout the formation [25, 26].

The pressure boundary conditions consisted of specified
pressure at the top (22MPa [15]), hydrostatic pressure on the
left- and right-hand sides, as well as absence of vertical fluid
flow at the bottom. Temperatures were held fixed at 340 °K
at the top [16] and 1,400 °K at the magma chamber top.
These boundary conditions were supplemented by setting the
heat flux to zero for the remaining part of the bottom and the
left- and right-hand sides.

The reservoir geometry corresponds to the sketch in Fig.
(1), with the area ranging 2,000 m in width, and 1,000 m
depth (height). Because the model simulates a system that is
very long (the Atlantis Deep system is 70 km long) com-
pared to its width (4 km), the length in the y-direction is con-
sidered constant (2-D simulation). A uniform grid was used
for the simulation, with cell size 25 m x 25 m. Both heat and
fluid flow were considered two-dimensional. A 5 meter-thick
clay layer with an opening of 25 m in the middle separated
the magma chamber from the overlying sandstone and low-
permeability sediment/crustal layers.

Because our first simulation resulted in a rather long time
before the steady state situation was achieved (200 years),
we tested the effect of having relief on the magma chamber.
This test proved that a slight relief on the magma chamber,
whereby it was intrusive into the sand, made the hydrother-
mal system become much more efficient. Two different
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cases were therefore simulated: Case 1, with a 25 m wide
opening between the magma chamber and the sand reservoir,
referred to as ‘flat magma chamber opening’ case, and Case
2, which simulated a magma intrusion into the reservoir,
with an 80 m high magma body protruding into the sand
reservoir, where the hot magma body was sheathed (insu-
lated) by a 25 m thick clay layer. This scenario is referred to
as ‘intrusive magma chamber’ case.

RESULTS AND DISCUSSION
Case 1: Flat Magma Chamber Opening

The numerical simulation calculated the evolution of the
described system over a period of 200 years, after which, the
system reached a steady state. We observed both the appear-
ance and disappearance of the solid salt phase (outsalting
and re-dissolution). It was previously taken for granted that
outsalting significantly lowered the porosity and permeabil-
ity of the cells. This meant that affected cells would experi-
ence decreasing permeability. However, in view of the ex-
perimental evidence [18, 27] that rock salt attains high per-
meability under similar pressure and temperature conditions,
we assumed that neither outsalting nor re-dissolution af-
fected the permeability of the cells.

The steady-state distribution of temperatures after a 200
year simulation run is depicted in Fig. (2a). The temperature
behaves as predicted, without detectable anomalies. Fig. (2b)
shows the corresponding steady-state hydrothermal circula-
tion that developed. Arrows point in the direction of the
Darcy flow, with the arrow length reflecting the flow speed.
The different colors only represent different initial building
blocks and have no physical meaning. As seen in this figure,
our system features a well-defined and predicted flow pat-
tern. Of especial interest are the recharge zones (the down-
ward flow at the sides), as well as vigorous upward flux
above the magma chamber. Thus our simulation manages to
reproduce relevant circulation phenomena without the need
of placing any artificial flux constraints beyond the boundary
conditions.

Assessing the effects of the salt precipitation caused by
either subcritical boiling or supercritical outsalting was one
of the goals of the present study. As discussed previously,
the realistic brine thermodynamics we implemented will
make a second (solid) phase to appear in the system under
certain temperature and pressure conditions. After 200 years,
the Atlantis Il simulation develops a dome-shaped region
with a high concentration of precipitated salt. This “dome”
can be clearly seen in Fig. (2c); it measures ~100 meters in
height and 250 meters at the base, and although the molar
fraction of the solid salt within the dome ranges ~ 8%, its
sheer size translates into huge volumes of salt. Even if the
precipitate mostly consists of sodium chloride, the concen-
tration of rare-metal salts (whose thermodynamics closely
mimics those of common salts) is notably higher than found,
for instance, in the original seawater.

Case 2: Intrusive Magma Chamber

The second scenario involved simulating a sill intrusion
from the magma chamber consisting of an 80-meter high and
25-meters wide magma region with zero permeability and
zero porosity, and insulated from the above sediments by a
25-meters thick clay layer. The steady-state distribution of
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temperatures was now achieved already after a 50 year simu-
lation run (Fig. 3a). Again, the temperature behavior seems
to be quite realistic, with the presence of an upward-pointing
heat-flow. On the other hand, modifications made to the heat
source geometry have notably changed the steady-state hy-
drothermal flow pattern, shown in Fig. (3b). For example,
the Darcy flow in the central area has now become much
more vigorous than in the previous scenario (compare the
length of arrows in Figs. (2b,3b). Another difference is a
somewhat more complicated flow pattern. Note the clear-cut
recharge zones, and that the system still successfully repro-
duces our predicted convective circulation pattern.

Fig. (2). Numerical simulation and modeling results, Case 1 (flat

magma chamber opening) after 200 years.

a) Steady-state temperature distribution. Red colour indicates a
temperature of 1,400 K; blue, 340 K. The dimensions of this
2D-model, is 2 km in width and 1 km in depth.

b) Steady-state Darcy flow pattern of the same case. Arrows indi-
cate the direction of the Darcy flow; arrow length reflects the
flow speed. The same dimensions have been used as in a).

c) Steady-state solid salt content (molar fraction) of the same case.
The same dimensions have been used as in a). See text for de-
tails and discussion.

Fig. (3c) shows the dramatic effect of changing the heat
source geometry on salt precipitation. The steady-state dis-
tribution of solid salt content has tripled in height and more
than doubled in width at the base. But, the salt content is just
one fifth of the previous (Case 1) scenario. This means that
even though the total volume of precipitated salts has in-
creased significantly, the whole amount is spread over a
much larger area (volume) compared to the scenario in Case
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1. This is probably an effect of a much more dynamic con-
vective system.

Fig. (3). Numerical simulation and modeling results, Case 2 (the

magma intrusion) after 50 years.

a) Steady-state temperature distribution. Red colour indicates a
temperature of 1,400 K; blue, 340 K. The dimensions of this
2D-model, is 2 km in width and 1 km in depth.

b) Steady-state Darcy flow pattern for the same case. Arrows indi-
cate the direction of the Darcy flow; arrow length reflects the
flow speed. The same dimensions have been used as in a).

c) Steady-state solid salt content (molar fraction) for the same
case. The same dimensions have been used as in a). See text for
details and discussion.

CONCLUSIONS

Laboratory experiments and theoretical considerations
have demonstrated that supercritical water has extremely low
solubility for normal sea salts. The fact that solid salts pre-
cipitate from seawater in its supercritical state suggests the
possibility that seawater circulating in faults and fractures
near underground heat sources may precipitate large amounts
of salts. For a theoretical examination of this concept, we
selected the Atlantis 11 Deep hydrothermal system in the Red
Sea.

By implementing the Palliser-McKibbin model [21], for
deep geothermal brines within the reservoir simulation algo-
rithm ATHENA, we modeled a hydrothermal out-salting
system analogous to that observed in the Red Sea. With the
initial setup and boundary conditions corresponding to a hot
magma chamber located 1 km beneath the Atlantis Il Deep,
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our simulations show that phase changes brought about by
temperature and pressure variations, produce large-scale
depositions of salt in a dome-shaped bodys. Our simulations
show that the size and salt contents of such domes vary ac-
cording to magma (intrusive) geometry. The domes can
range from 150 m to several hundred meters in height and
width, depending on the magma geometry. The numerically
modeled brine flow patterns closely resembled our hypothe-
sized picture of recharge and reflux zones. Thus, in addition
to confirming our general prediction of the Atlantis Il Deep
hydrothermal out-salting, the numerical simulation results
also show that there probably exists a focused upward reflux
zone on the seafloor immediately above the apex of the
magma chamber. This explains the existence of hot-brine
‘geysers’ observed in the Atlantis Il Deep. Our model shows
that the effects of tectonically induced and hydrothermally-
associated salt production and accumulation are much more
complex and probably more widespread than previously re-
alized.
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NOTES
‘ATHENA’

Control-volume finite-difference space discretization
together with a backward Euler scheme is used for time dis-
cretization of pressure and temperature equation and a se-
quential implicit solver for the balance equations. Both con-
ductive and convective heat exchanges are accounted for.
The missing solid phase data was fixed by matching the
NaCl enthalpy values from Archer [25] to the saturated lig-
uid data for salt [24] at the sodium chloride melting point
(800°C, heat of fusion 30.23 kJ/mole).

Quasi-single phase fluid was used to reproduce the brine
properties in the liquid-gas co-existence region (region 5).
Analytical “flash” calculations (combined mass balance and
phase equilibrium calculations) were performed in the two-
phase gas-liquid region to determine the liquid fraction of
the fluid mixture and subsequently the net density and en-
thalpy [23, 24]. The correlations of Palliser & McKibbin
[23] provided the liquid and the gas fractions and corre-
sponding equilibrium distribution conditions. Temperature,
pressure and concentration dependence of brine’s dynamic
viscosity was calculated from the correlations formulae tabu-
lated in Palliser & McKibbin [24, 26]. As in the case of den-
sities and specific enthalpies, the viscosities were used as
input for the ATHENA reservoir simulator described in the
next section. Solid-state NaCl properties not covered by the
original model were estimated by combining data from sev-
eral other recent sources. To replace a two-phase liquid gas
mixture with an appropriate single-phase fluid, analytical
flash calculations were used.
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