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ABSTRACT
It is well known that seawater that migrates deep into the Earth’s crust will pass into its supercritical domain at
temperatures above 407˚C and pressures above 298 bars. In the oceanic crust, these pressures are attained at
depths of 3 km below sea surface, and sufficiently high temperatures are found near intruding magmas, which
have temperatures in the range of 800˚C to 1200˚C. The physico-chemical behaviour of seawater changes dramatically when passing into the supercritical domain. A supercritical water vapour (ScriW) is formed with a
density of 0.3 g/cc and a strongly reduced dipolar character. This change in polarity is causing the ScriW to lose
its solubility of the common sea salts (chlorides and sulphates) and a spontaneous precipitation of sea salts takes
place in the pore system. However, this is only one of many cases where the very special properties of ScriW affect its surroundings. The objective of this paper is to increase awareness of the many geological processes that
are initiated and governed by ScriW. This includes interactions between ScriW and its geological surroundings
to initiate and drive processes that are of major importance to the dynamics and livelihood of our planet. ScriW
is the driver of volcanism associated with subduction zones, as ScriW deriving from the subduction slab is interacting with the mantle rocks and reducing their melting point. ScriW is also initiating serpentinization processes
where olivines in the mantle rocks (e.g. peridotite) are transformed to serpentine minerals upon the uptake of
OH-groups from hydrolysed water. The simultaneous oxidation of Fe2+ dissolved from iron-bearing pyroxenes
and olivines leads to the formation of magnetite and hydrogen, and consequently, to a very reducing environment. ScriW may also be the potential starter and driver of the poorly understood mud and asphalt volcanism;
both submarine and terrestrial. Furthermore, the lack of polarity of the water molecules in ScriW gives the
ScriW vapour the potential to dissolve organic matter and petroleum. The same applies to supercritical brines
confined in subduction slabs. If these supercritical water vapours migrate upwards to reach the critical point, the
supercritical vapour is condensed into steam and dissolved petroleum is partitioned from the water phase to become a separate fluid phase. This opens up the possibility of transporting petroleum long distances when mixed
with ScriW. Therefore, we may, popularly, say that ScriW drives a gigantic underground refinery system and
also a salt factory. It is suggested that the result of these processes is that ScriW is rejuvenating the world’s ocean
waters, as all of the ocean water circulates into the porous oceanic crust and out again in cycles of less than a
million years. In summary, we suggest that ScriW participates in and is partly responsible for: 1) Ocean water
rejuvenation and formation; 2) Fundamental geological processes, such as volcanism, earthquakes, and metamorphism (including serpentinization); 3) Solid salt production, accumulation, transportation, and (salt) dome
formation; 4) The initiation and driving of mud, serpentine, and asphalt volcanoes; 5) Dissolution of organic
matter and petroleum, including transportation and phase separation (fractionation), when passing into the
subcritical domain of (liquid) water.
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1. Introduction
One of the last century’s greatest discoveries was done in
the late 1970s [1] with the direct observation of deep-sea
active hydrothermal venting: “The typical basaltic terrain at the ridge axis is bleak indeed. Monotonous fields
of brown pillows are cut by faults and fissures. One must
examine several square meters to find a single organism.
Yet here was an oasis. Reefs of mussels and fields of giant clams were bathed in the shimmering water, along
with crabs, anemones and large pink fish. The remaining
five hours of ‘bottom time’ passed in something close to
frenzy” [2]. Because the water depth at this location was
only 2500 m, the water inside the observed hydrothermal
chimney was likely boiling as it exited the chimney as
the pressure is not high enough for supercritical seawater
[3]. As the cited narration indicates, it was immediately
realized that deep-sea “phase separation” had profound
and unexpected side-effects, including the fuelling of
chemosynthetic life forms [4,5].
However, what was not realized at that time was that a
few hundred metres away from the observers, was perhaps the most lethal fluid imaginable—supercritical water (ScriW). In this brief article, we will discuss some of
the properties of ScriW, its occurrences and some of its
geological effects and consequences. To us, it seems as if
this clearly under-explored water phase has a central role
in primary geological and thermodynamic, hydrological
processes, not only on our planet, but also on others. It
has newly been determined that mafic arc magmas contain about 4 wt% water [6]. Because water in the mantle
is a supercritical fluid, it influences many geological
processes, including earthquakes and volcanic eruptions
[7].

2. Supercritical Water (ScriW)
The critical point (CP) for distilled water is 374.15˚C and
221.2 bar. Beyond this point, the physical and chemical
properties of water change fundamentally; e.g. the dielectric constant declines from the normal water value of
80 to only 2 at CP [8]. Similarly, the ionic dissociation
constant declines from the normal water value of 10−14
down to 10−23 at CP, and the density of water attains a
value of ~0.3 g/cm3 [8,9]. This strongly influences the
inter-molecular behavior of water, and Raman spectra of
deuterated water in the supercritical region show only
remnants of hydrogen bonding [10,11]. Consequently,
the supercritical water behaves essentially as a non-polar
low-density fluid, with solvation properties resembling
OPEN ACCESS

those of low-polarity organic fluids; e.g., it is fully miscible with petroleum and unable to dissolve common sea
salts [8,9].
However, the physico-chemical properties of ScriW
with its high diffusivity, allows it to permeate into nanoscale voids, fissures, and cracks, and alter the surrounding rocks. These properties of ScriW are important when
studying high temperature hydrothermal systems and the
hydrothermal alteration of rocks. However, it should be
noted that theoretical calculations of the dielectric constant of water at high T and P were just recently achieved
[12]. This lead to the formation of a new numerical
“Deep Earth Water” (DEW) model [7], on which further
exciting results will undoubtedly be based.

2.1. Supercritical Brines
When salt is added to pure water, one more degree of
freedom is added to the system, with the CP changing
along a line connecting the CP of the two pure components (salt and water). Depending on the local salinity,
supercritical conditions in seawater and brines will be
reached at pressures and temperatures that differ significantly from those of pure water. The onset of critical
behaviour in normal seawater with salinity 3.5 wt% occurs at around 300 bars and 407˚C [3]. If boiling takes
place, a higher fluid column (steam and water) is necessary in order to reach a sufficient hydrostatic pressure to
attain the CP. Some experimental studies of supercritical
brines have been reported in the literature; e.g., Tester et
al. [8], who examined the phase behavior of synthetic
brines below and above their CP. The researchers observed the process through a sapphire window in the
pressure chamber, and when the brines were passing into
the supercritical region at a temperature of 407˚C and
298 bar pressure (the CP of seawater), they could see a
“cloud” formed by the onset of “shock crystallization” of
NaCl and Na2SO4 [8,13,14]. The sudden phase transition
occurred as the solubility of the salts declined to nearzero over a temperature range of only a few degrees C.
The resulting solids were found to consist of amorphous
microscopic particles of sizes between 10 and 100 µm.
The reason for the observed shock crystallization is discussed below.

2.2. Supercritical Brines in Nature
Natural occurrences of supercritical water and associated
processes are well hidden from direct observation, deep
below the Earth surface and inside the deep sea hot vents
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[15]. In the ocean, the critical pressure for seawater corresponds to a depth of ~2940 m [16]. Given that the
world average ocean depth is more than 3600 m, there is
a great potential for the formation of ScriW in hot and
fractured oceanic crust. Scientific deep sea drilling of
oceanic crust has also shown regional porosities of up to
25% [17,18], and consequently, a large potential for the
circulation of huge volumes of fluids. At these depths,
the exposure of circulating seawater to strong heat sources; e.g. intrusive basalts of typically 800˚C - 1200˚C,
will potentially cause the water to become supercritical
[14]. A fundamental knowledge of the behavior of water
and salt at various temperatures and pressures encountered in the Earth’s crust must be the starting point for
understanding the natural processes associated with supercritical water.
The ability of water to dissolve salts is due to the
highly dipolar nature of the water molecules, allowing
the water molecules to form shell-like structures around
the dissociated salt ions. These shells screen the ions’
charges and significantly attenuate their Coulomb interactions with each other. The dipolar moment of water
and its orientational selectivity is directly reflected in the
strength of the hydrogen bonded network. At 5˚S on the
Mid-Atlantic Ridge sampling of fluids occurring above
the critical TP point (CP) was achieved [16].

2.3. Occurrence of ScriW on Earth
It is estimated that about 60% of Earth’s surface is covered by oceanic crust, which has thicknesses in the order
of zero to 10 km. Oceanic crustal plates are highly dynamic, and are known to move at speeds of up to 4 cm
yr−1. The oceanic crust is highly fractured, especially
along the extensive long transform shear faults, like the
well-known Mendocino and Murray transforms in the
eastern Pacific Ocean. Because of the high regional porosity of the oceanic crust (mentioned above) it represents a huge reservoir of brine, located directly on top of
the mantle, which has a minimum temperature of 1100˚C.
The volume of brine residing in the world’s oceanic crust
is of the same magnitude as that of the entire ocean. It
has been calculated that all oceanic water circulates in
and out of the oceanic crust at least once per million
years [18]. This means that the ocean water becomes exposed to the critical or near critical conditions once every
million years. The consequence of such an exposure is
undoubtedly that the seawater becomes rejuvenated, both
with regard to its salt content and interaction with the
rocks of the oceanic crust. Organic components dispersed
in the seawater will also be filtered off, or dissolved in
the super critical domain of the crust. The natural domain
for ScriW on Earth is deep in the sub-surface and inside
deep-sea hot vents [15,19], well hidden from direct observation.
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We here define the Potential Critical Point (PCP) as
being the depth at which the pressure is equivalent to the
critical point for the liquid residing in the crust or at the
particular water depth (Figure 1). As mentioned previously, the PCP for normal seawater will be at 2940 m
[16]. This means that the water has the potential to become supercritical if in contact with a sufficiently strong
heat-source, e.g., a magma chamber or a volcanic sill,
with temperatures higher than 407˚C [16].
One of the most important aspects of ScriW is associated with water that dissipates out of subduction slabs
and lowers the melting point of the surrounding rocks.
This leads to the formation of flowing magma and volcanism in subduction zones and back arc regions. Therefore, volcanism is a direct result of ScriW formation at
depth.
At several locations in the deep ocean, very dense
brines have been documented. These are called “hypersaline brine lakes” or brine pools [21,22]. As the concentration of salt increases, the PCP will change accordingly
and move deeper (towards higher pressure). Consequently, it is concluded that every location on Earth has
its own PCP depth, also on land. In March, 2010, the
scientific “Icealand Deep Drilling Project” succeeded in
performing a brief flow test of transparent superheated
steam at 410˚C (see www.iddp.is). They drilled near the
Krafla geothermal power plant and extinct volcano,
where they located magma at 2104 metres below surface,
at a temperature of ~900˚C. In their next scientific drilling (well IDDP-2), they are planning to generate electric
power at a downhole temperature of 430˚C - 550˚C, a
downhole pressure of 230 - 260 bar, at a rate of 0.67 m3/s.
They expect to produce ~50 mWe, compared to only one
tenth of this amount (~5 mWe) for an equivalent conventional “dry-steam” geothermal system [23].
Mid-Ocean Spreading Ridges and Subduction Zones
A mid-ocean ridge constitutes the boundary between two
tectonic plates. The spreading ridges are characterized by
an uplifted seafloor that results from convection currents
of magma rising in the mantle along a linear weakness in
the oceanic crust. These magma currents emerge as lava
on the seafloor, creating new crust upon cooling. Black
smokers are commonly associated with the mid-ocean
ridges, building up mounds of sulphides and other minerals accumulating from the hydrothermal activity. In the
Red Sea, however, the hydrothermal systems of new
oceanic crust typically occupy depressions, known as
“deeps”. Wherever such systems are active at ocean
depths near 2900 m, ScriW will either be exposed to or
resides close to the seawater column (Figure 1).
There are several types of subduction zones, including
those where serpentinization occurs at depth, westward
of the Mariana trough, where serpentinite mud volcanoes
occur [24]. Thus, we can also say that ScriW causes
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Figure 1. Sketch illustrating that although there is a potential to produce supercritical water (ScriW) due to pressure, the heat
source may be located much deeper, which means that the critical point of any water present, will be at its critical point, CP,
only according to the local heatflow. Blue is water, red indicates above water CP-temperature conditions. “PCP” indicates the
potential critical point for water, according to pressure only. Arrows indicate known occurrences of upward fluid flow. Based
on Hovland and Judd [20].

massive production of clay type particles. In subduction
zones, the PCP will be deflected downwards, because of
cooling by the down-going oceanic plate (Figure 1).

3. Hydrothermal “Outsalting”
The sub-sea salt accumulations of the Red Sea are several km thick [25]. Ever since the discovery of these
enormous accumulations of sea salts, their mode of formation has represented a challenging puzzle to geologists.
The original theory of evaporation was developed on the
basis of observed salt lakes during the early 1900’s and
later modified during the 1970’s and -80’s, into the
“top-down” “evaporite” theory [26-28]. Briefly, the solar
evaporite theory suggests that deep salt water basins with
restricted communication to the open ocean dried out and
filled up several times, causing thick accumulations of
salts.
This “evaporite” explanation may be realistic for salt
thicknesses some tens of metres, however, the accumulation of salt thicknesses of several thousand metres, as
found in the Mediterranean, the Red Sea, and other places world-wide, is difficult to explain with the evaporite
theory [29,30]. It is especially difficult to explain how
large volumes of salt have accumulated in sedimentary
basins such as in South-Western Canada, which contains
volumes of salts approaching those of the entire world
oceans [31].
Lowell and Rona [32] have already suggested that the
magma chamber in a hydrothermal cell may be insulated
from the near surface area by a high density brine: “The
formation of a brine layer at the base of a hydrothermal
system may act as a thermal conductive barrier between
the overlying hydrothermal circulation and the magma
body and be a salinity source for saline vent fluids” [32].
OPEN ACCESS

3.1. The Hydrothermal Salt Model
As mentioned previously, a key to understanding the subsurface accumulation of large salt bodies is linked to how
brines behave in the subsurface when pressurized and
heated beyond their critical point. Above 570˚C, a nearly
pure vapor phase coexists with solid salt, and convection
is driven exclusively by the temperature gradient [33].
The inability of ScriW to dissolve common sea salts results in the accumulation of salt particles in the conduits
whenever brines move into the supercritical domain.
By combining numerical molecular modeling with basin modeling, it was possible to simulate how large
amounts of solid salts could be produced and accumulated hydrothermally by supercritical “out-salting” [14].
The hydrothermal salt model [14] demonstrates how
large masses of halite (and other sea salts) can accumulate by precipitating from supercritical seawater at places
where seawater is exposed to high heat flow in the subsurface. An important aspect of the model is that it allows for the formation of vertical “piercement” salt
structures (“salt domes”) as first suggested by Lewis and
Holness [34]. These vertical salt structures may also be
conduits of hot fluids, including brines, and can therefore
act as giant hydrothermal chimneys, that not only transport inorganic minerals, but also organic molecules, including long-chain hydrocarbons [35]. Salt may also precipitate in subduction zones, when porous rocks containing saline porewater are exposed to sufficiently high
temperature and pressure.
A conceptual digital model of a hydrothermal system
in the Atlantis II Deep of the Red Sea was constructed
[14]. It includes a shallow magma-chamber that causes a
sufficiently high heat-flow to drive a hydrothermal convection cell of seawater through a package of sedimentary rocks (Figure 2). Based on the physical mechanisms
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that govern the supercritical behavior of seawater and
results of laboratory tests on salt crystals at high TPconditions [36], a numerical simulation was performed
for the hydrothermal flow. The simulation model results
in the accumulation of salt that precipitates along the
flow lines within the supercritical region (Figure 2). In
the zone closest to the magma-chamber, temperatures
will be beyond 800˚C which is close to the melting point
of halite (Figure 2). According to these simulation results, the supercritical water vapor will rise vertically in
the central reflux zone, and the flow will have highest
velocity immediately above the magma chamber due to
the buoyancy forces [14].
Tectonically active (rifting) environments with high
sedimentation rates, combined with hot brine pools surrounding the hydrothermal centers, such as in the Red
Sea, may offer the necessary protection to submarine hydrothermally precipitated salts. The Red Sea is also characterized by a relatively high sedimentation rate and has
near tropical climatic conditions with high surface evaporation, which also helps to keep the general salinity
high.

appeared as an anomaly in temperature and salinity in
hydrographic data. Subsequent sampling of the water
column and seafloor also revealed that mid-water acoustic reflections were produced by the impedance contrast
caused by hydrothermal brines containing suspended
metal sulphides [40].
Three pools of hot brines are found within the Atlantis
II Deep [41], and sediments underlying these brines are
enriched in heavy metals. The Atlantis II Deep is defined
by the 2000 m isobath. It is 14 km long, about 5 km wide,
and contains approximately 5 km3 of density-stratified
brines, which are actively accumulating through the discharge of hydrothermal solutions [21]. The temperatures
of the hydrothermal fluids that enter the Deep are variably estimated to range from approximately 210˚C to as
high as ~450˚C. These hot brines have high concentrations of Fe, Mn, Zn, Cu, Pb, Co, Ba, Li, and Si which
precipitate as layers of sulphides and silicates [21]. This
indicates seawater contact with the mantle (peridotite),
also suggesting that some of the circulating seawater may
participate in serpentinization reactions.

3.2. Hot Brine Pools

The process of mud volcanism remains one of the most
enigmatic unresolved active processes in modern marine
and terrestrial sedimentary geology. Over-pressure caused by rapid sedimentation and the escape of formation
water from low permeable sediments during compaction
is suggested to be one of the driving forces behind mud
volcanism [42]. Also, the expulsion of water sourced by
the conversion of smectite to illite in clay-rich sediments
is proposed as a contributor. But mud volcanism is also
recognised as an active process on Mars [43] where such
processes are unlikely to occur. It is therefore important
to find out more on the nature of the driving mechanisms.
The idea that mud volcanoes may represent surface
manifestation of phase separation of water at depth was
first discussed some years ago [13], see Figure 3. Since
then, new data has appeared in the geologic literature,
which tends to support that idea.
Mud volcanoes occur in terrestrial and submarine
sedimentary basins. Where mud volcanoes occur close to
each other, their mud flows may coalesce to cover large
areas of the land surface (e.g. in Azerbaijan [44]) or on
the seabed (e.g. Gelendzhik mud plateau on the Mediterranean Ridge [45]). The main characteristics of mud
volcanoes are summarized as follows: They are vertical
structures in sedimentary basins, which continuously
produce a multi-component mixture consisting of mud
(“mud gel”), water (low and high salinity), and hydrocarbons (liquid and gaseous). They normally have two
modus operandi: quiescent and violent, where the quiescent modus may last tens of years, and be more-or-less in
a steady state situation [46], but sometimes interrupted

Along the centre of the 2000 km long, narrow Red Sea,
there are about 25 local “deeps”. These active spreading
centres [39] are hosting hydrothermal circulation, and the
deepest troughs contain hot brines. According to Lowell
and Germanovich [40], the first evidence of hydrothermal activity at a submerged seafloor spreading centre

Figure 2. A conceptual drawing (not to scale), illustrating
the hydrothermal salt model in the sub-surface. It is based
on the inferred sub-surface conditions below the Atlantis II
Deep in the Red Sea [37,38]. Arrows indicate the forced
convection of water, vapour, and particles, driven by the
strong heat-flow gradient [14]. MC = magma chamber. All
numbers are temperatures in degree C. The depth to seafloor in the Atlantis II Deep is 2100 m, and the sub-surface
depth to top of magma chamber is inferred to be 1.5 - 2 km.
Based on Hovland et al. [14].
OPEN ACCESS

4. Mud Volcanoes

AJAC

M. HOVLAND

(a)

(b)
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Figure 3. The concept of mud volcanism representing the
surface manifestation of point-source phase separation of
H2O at depth (modified from [13]). The sketch is based on
mud volcano studies in Azerbaijan (including Feyzullayev et
al. [50]; Planke et al. [51]), and shows, (a) The inferred section through a ca. 20 km deep mud volcano, which is rooted
in a supercritical water (ScriW) zone at a basement fault
(shown as a dark star-shape); (b) Inferred pressure profile
inside the confined mud volcano conduit. Lower straight line:
hydrostatic pressure gradient; upper line: lithostatic pressure gradient; (c) Inferred temperature profile inside the
conduit. IR = intermediate (gas) reservoir, LH = latent heat
(adiabatic, expansion) zone, RB = retrograde boiling zone,
ScriW = supercritical water zone.

by short bursts of violent eruptions, only lasting for hours
or days [44,47]. They are normally of ambient temperature, but show both lower and much higher temperatures
than the ambient surface sediment (pore-water) temperature. Some mud volcanoes have been in continuous activity for thousands, perhaps millions of years. Thus,
Dimitrov [48] identified reports of 11 eruptive mud volcano events around the world only in the year 2001, eight
of them in Azerbaijan, two in Barbados, and one in New
Zealand [49].
Early publications on mud volcanoes [44,52-54] revealed that the material brought to surface may originate
from depths of up to 20 km. In 1923, the Russian geologist Golubyatnicov, described mud volcanoes as natural
survey “boreholes”—free of charge [48]. But, despite
having been targeted for scientific studies by numerous
researchers over the last century, there are still very few
conceptual models that explain their formation. Hedberg
[55] suggested that mud volcanoes are products of hydrocarbon (oil and gas) generation and over-pressure, at
depth. Researchers have related positively to this proposed mechanism, even though it has been difficult to
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explain the formation of some of the products that are
welling up together with hydrocarbons in most mud volcanoes. Rapid sedimentation, dewatering, and hydrofracturing of over-pressured sediments are also used to
explain the features [55]. However, recently, a link to
hydrothermal processes has been made, mainly based on
temperature considerations and geochemical sampling
results [35,46,56-58].
The most distinct morphological mud volcanoes are
found in Trinidad [59], Venezuela [60], Colombia [61],
Italy [62,63], Azerbaijan [44,59,64,65], the Makran coast
of Iran and Pakistan [66-68], and on Java, Sumatra, and
Borneo/Kalimantan [56]. Besides the Makran coast of
Pakistan and parts of Trinidad, the central regions of
Azerbaijan are the terrestrial areas with the highest density of mud volcanoes. In addition, there are mud volcanoes on the seafloor that are associated with gas hydrate
formation [69].

4.1. Possible Triggers and Propulsion of Mud
Volcanoes
All mud volcanoes are associated with gas venting, and
from this fact it is evident that the generation of gas at
depth is an important and necessary contributor to the
lifting force inside the conduits. The gas may have two
possible sources:
● The thermogenic formation and expulsion of gas from
organic rich sediments in the sedimentary sequence;
● The production of gas by the serpentinization (peridotite hydration) process, in the deep crust/upper
mantle at temperatures 200˚C to 500˚C [70].
If hydrocarbon formation was the main driver of mud
volcanism, then mud volcanoes should perhaps occur
frequently in hydrocarbon producing sedimentary basins.
This is not the case, and this indicates that other processes must be present. It is also observed that the last
eruption of Lokbatan mud volcano (in the Baku area,
Azerbaijan) did not cause any significant pressure kick in
the nearby oil reservoir (Pers. com. Guliyev, 2005). This
observation indicates that the conduits of mud volcanoes
do not necessarily communicate with nearby oil reservoirs; and that another gas source may exist for the mud
volcanoes. This leads us to cautiously suggest that the
main trigger and driving force for mud volcanoes are to
be found in the hydrothermal processes originating from
the underlying crust, and more specifically; from serpentinization processes that also produce gases (methane and
carbon dioxide).
The mere fact that mud volcanoes contain vertical
pipes (conduits) with a regular and stable flow of a mixture of water, gas, oil, and mud, is very special. In order
to obtain such a flow the particles need to be of clay to
silt size; e.g. finer than 10 micron, to avoid sorting inside
the conduit. Furthermore, the water (dispersion agent)
AJAC
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should be fresh, to avoid flocculation of the clay during
transportation. Based on this, it is also inferred that sediments with saline formation water would not easily be
eroded by migrating brine with similar salinity in the
conduits of the mud volcano. This also puts restrictions
on the possibility of producing mud from over-pressured
sediments; in that the formation water that is to be expelled must be of low salinity to be able to transport fine
particles in dispersion. Therefore, in our view, there must
be alternative sources for the migrating water that are
capable of eroding and transporting the mud that is seen
venting out of mud volcanoes. Furthermore, for “cold
mud volcanoes” a gas is needed for the last part of the
transportation of mud, when the water vapour condenses
to liquid water and loses its lifting capacity.
Because ScriW also behaves as a non-polar fluid, it is
fully miscible with hydrocarbons, and is therefore capable of also bringing hydrocarbons upwards through the
conduits until the critical point is reached. At the CP, a
phase separation of water and hydrocarbons will occur,
where the water will continue to migrate upwards as a
sub-critical steam, and upon further cooling it will condense to distilled water. This fresh-water—driven by
“gas-lift”—will easily erode silicate particles from the
sidewalls of the conduit(s) and transport them in suspension up to the surface. It is observed that mud venting at
the surface of mud volcanoes (forming gryphons and
mud gel deposits) is always a fresh-water suspension
[65]. There are often three types of vents associated with
terrestrial mud volcanoes: fresh-water mud-producing
structures, called “gryphons”; salt-water pools, called
“salses”, and oil-dominated pools, forming crude oil
ponds, often along the outer sides of major mud volcanic
craters or calderas, e.g. at Dashgil, Azerbaijan [65].

4.2. The LUSI Mud Volcano, Indonesia
One of the most spectacular and perhaps frightful eruptions of mud, in modern times, took place at Sidoarjo, on
the island of Java on May 29th, 2006. The eruption site
was named LUSI, “Lumpur (mud)—Sidoarjo” [56]. During one year of eruption, the area covered by the terrestrial mud flows reached more than 6.3 km2. The eruption
dynamics of LUSI and an attempt to identify possible
causes were presented by Mazzini et al. [56]. During the
initial phase of eruption, boiling mud containing ~60%
water was ejected several tens of metres above the crater.
An up to 50 m high plume of steam accompanied the
mud and water. The flow rate escalated from 5000 to
120,000 m3/d during the first eleven weeks. “Then the
erupted volume started to pulsate between almost zero
and 120,000 m3/d in the period August 14 to September
10, whereas it increased dramatically following swarms
of earthquakes in September, before reaching almost
180,000 m3/d in December 2006” [56].
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Downhole measurements in a well drilled near the
crater reached a temperature of 138˚C at 2667 m, which
gives a high geothermal gradient of 42˚C/km, suspected
to reflect proximity to a volcanic arc [56]. However, in
the crater, the gradient is likely to be considerably steeper, as the mud is at least 100˚C, at surface and, therefore,
probably much higher at 2667 m. Thus, with a 42˚C/km
temperature gradient, the temperature at this depth
should be an additional 212˚C (Table 1).
The expelled water shows the chloride content, 39%
lower than for seawater. Also the concentration of other
solutes, like SO4 and Mg were lower than in seawater.
However, the following compounds are enriched: B, Ca,
Li, Na, Sr, and Br. Judging from the combined information on biostratigraphy, clay mineralogy, and vitrinite
results, Mazzini et al. [56] conclude that the main source
of the erupted mud is between 1615 and 1828 m below
surface. Although the origin of methane is traced to organic material, the high concentration of CO2 in the gas
phase took the researchers by surprise [56].
However, a new analysis has now totally altered these
conclusions of 2007. The new results suggest that the
roots of LUSI mud volcano is actually part of a much
deeper high heat-flow system associated with subsurface
volcanic sills [57]. On the basis of all the compiled information, Mazzini et al. [57] conclude that the pulsating
activity of LUSI and the high temperatures reflect a
“quasi-hydrothermal” behaviour of the eruptive system:
“These results are consistent with a scenario of deep
seated (>4000 m) magmatic intrusions and hydrothermal
fluids responsible for the enhanced heat that altered
source rocks and/or gas reservoirs. The neighboring
magmatic Arjuno complex and its fluid–pressure system
combined with high seismic activity could have played a
key role in the Lusi genesis and evolution” [57]. However, in this case with such high temperatures, the eruption is driven both by formation of ScriW, the condensation to steam, and expanding gases.
We find no reason to expect a termination of muds at a
depth of 2667 m, although this is the depth reached by
the nearby drilling campaign. From seismic information,
it is shown that the Kajung limestone formation underlies
this “mud source”. In our interpretation of LUSI, we suggest using a gradient as shown in Table 1.
Table 1. A table showing a constructed temperature with
depth distribution for LUSI.
Depth (km)

Temperature (˚C)

Avg. interval gradient
(˚C/km)

0

100

-

2.7

213

42

4

316

45

6

406

45
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In this case (Table 1), the temperature would reach
critical point at a depth of about 6 km below surface,
with the potential of forming ScriW; depending on the
salinity of the formation water at that depth. In this case,
leakages of ScriW vapour from >6 km depth will heat up
the confined conduit to maintain supercritical conditions
up to nearly 3 km depth. Here, the ScriW will turn into
(sub-critical) steam that will continue its flow upwards
and erode and drain the non-consolidated sediments
above the Kajung limestone formation. Condensation of
steam will dilute the salty pore water from the non-consolidated sediments above the Kajung Formation. Thus,
the lifting mechanism is a combined effect of steam and
gases (methane and CO2) that lifts the mud up to the surface.
Poort et al. [71] also found very high heat-flow values
(up to 13,000 mW/m2) in submarine mud volcanoes of
the Sorokin Trough, Black Sea, whereas the heat-flow is
between 35 and 75 mW/m2 in the surrounding area. This
is extreme, and means that mud volcanoes may carry a
lot of heat to the surface, even without influencing the
general background heat-flow values. In this case there is
a concave upwards temperature gradient. Further evidence for mud volcanism associated with extreme heatflow values have also been found in the western Nile
delta, in the Mediterranean Sea. Thus, both the Giza and
the North Alex mud volcanoes had temperature gradients
of up to 4˚C per m in their upper portions. Whereas the
background sediments in the area had a heat-flow of 30
mW/m2, Giza was measured to have a central heat-flow
of 3.5 W/m2 and North Alex one of 16 W/m2, the highest
measured heat-flow of a mud volcano, to date [72]. Elevated temperatures in mud volcanoes, combined with
venting of brines and hydrocarbon bearing fluids have
also been documented above some salt diapirs in the Gulf
of Mexico, as described in Hornbach et al. [73].

4.3. The Chapopote Asphalt Volcano, Gulf of
Mexico
In order to explain how liquefied asphalt could have been
emplaced as a “lava flow” on the seafloor in the southern
deep portion of the Gulf of Mexico [74], the development of ScriW below a salt diapir-associated “asphalt
volcano”, the Chapopote structure, was inferred to have
occurred [35]. In this case, we do not only suggest that
the asphalt volcano is a manifestation of ScriW at depth,
but also that the primary piercement structure, the salt
dome, which harnesses it, has been formed partially by
the aid of ScriW at depth.

4.4. What Are the Driving Mechanisms for
Mud- and Asphalt Volcanoes?
The main questions we have presented, here, are 1) can
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locally extreme heat-flows occurring at the basement of
sedimentary basins, where there may be a juxtaposition
of intersecting deep fractures and faults cause the formation of ScriW trigger and drive mud volcanism; and 2) is
the role of gas lift inside the vertical transport conduits of
mud volcanoes important for lifting the multi-component
material of solids and liquids to the surface? Actually,
the whole question may be simplified as one of sediment
thickness below the mud volcano and the correct temperature gradient. To our knowledge, there exist no drilling- or temperature logging-results that have been performed deeper than about 20 m into any mud volcano, to
date. Therefore, in order to find realistic temperature
gradients throughout the whole depth of mud volcano
conduits, we need to check drilling records into such
systems. The Ocean Drilling Program (ODP) performed
a series of scientific drilling campaigns into “sedimented
ridges”. One of the most remarkable temperature gradients measured by ODP in sediments, was from the “Dead
Dog” site (Hole 858G) on the “Sedimented Ridges II”,
ODP Leg 169, at Middle Valley, Juan de Fuca spreading
ridge in the North-Eastern Pacific Ocean [18]. In this
hole, the highest temperature (272˚C) was measured only
98 metres below seafloor (mbsf), i.e., the temperature
gradient was 2.68˚C/m. From this depth to the bottom of
the hole, at 206 mbsf, the temperature was more-or-less
isothermal, i.e., it had a temperature gradient of 0˚C/km.
Furthermore, a total of eight discrete temperature measurements in four holes within the “Bent Hill” area of the
Middle Valley provided temperature gradients ranging
from 1.24 to 2.18˚C/km. Future investigations on mud
volcanoes should perhaps bear these possibilities in mind
and pay attention to the true geochemical and mineral
signatures contained in the gel muds of mud volcanoes
and what these signatures might tell about the origin of
the material.

5. Summary and Conclusions
Whereas Hovland et al. [14] justified how large accumulations of salt form in the Red Sea, as a direct consequence of ScriW forming in deep, hydrothermal systems,
and the produced salt is transported upwards to the seafloor where it is protected by sediments and high concentration brines, we here refer to observations from the
Dashgil mud volcano, Azerbaijan, together with observations from other terrestrial and submarine mud volcanoes
to suggest that the driving mechanisms for offshore and
terrestrial mud volcanoes are local extreme high heatflows, associated with deep seated ScriW, causing the
formation of mud gel and gases at depth. The main driving forces for mud and asphalt volcanoes are thus inferred to be liquefaction of sediments (clay formation) by
boiling and ScriW, hydro-fracturing and gas lift. Mud
volcanoes are suggested to be located where there is a
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juxtaposition of intersecting deep fractures and faults
with the mud volcanoes representing the end-member of
buried local, long-lived hydrothermal system.
In summary, we suggest that ScriW participates in and
is partly responsible for: 1) Ocean water rejuvenation and
formation; 2) Fundamental geological processes, such as
volcanism, earthquakes, and metamorphism (including
serpentinization); 3) Solid salt production, accumulation,
transportation, and (salt) dome formation; 4) The initiation and driving of mud, serpentine, and asphalt volcanoes; 5) Dissolution of organic matter and petroleum,
including transportation and phase separation (fractionation), when passing into the subcritical domain of (liquid)
water.
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