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Abstract: The general subject of this article deals with the term salt. Salt deposits usually contain
chlorides, sulphates/gypsum, borates, carbonates, etc., that are seemingly part of the same system.
Even though this article mainly presents data and observations on chlorides, which are not easily
explained by the present paradigm, it should also prove relevant for the formation of sulphates and
other types of salts observed in major salt deposits. The paradigm explaining large salt deposits rests
on two pillars governing salt formation and salt deformation. Salt formation is thought to occur
vis solar evaporation of seawater in restricted basins. Salt deformation and forming of salt diapirs
is thought to occur due to gravity-induced movements. Our review presents peer-reviewed and
published data and observations from different authors within different disciplines that challenge
the present evaporite paradigm. The current theory/paradigm rests on numerous observations and
interpretations in support of it. Adding more observational interpretations in support of the paradigm
will not nullify even one observation that contradicts or remains unexplained by the theory. The
contradicting evidence must be explained within the present paradigm for it to survive. Significant
observations of and within salt deposits are presented, as well as visual and geophysical observations
of salinity in crusts and mantles in relevant tectonic settings. In our view, the omnipresent salinity
observed in the subsurface needs to be understood and included in the description of a new salt
formation mechanism in order to fully explain all features presented herein.

Keywords: salt accumulations; gypsum; diapirism; brines; heat flow; biostratigraphy; isostasy;
salinity; magnetotellurics; conductivity; crust; mantle

1. Introduction

The scientific method rests on some basic tenets that were introduced to move science
away from being a belief-system. Science is the act of producing knowledge by using
the scientific method. An eloquent introduction to what this implies was presented by
Prof. Richard Feynman and shown here: https://youtu.be/EYPapE-3FRw (accessed on
13 February 2024).

Ref. [1] was the first to introduce the principle of falsification in natural science. From
his writing, it follows that no theory within natural science can be proven correct. It can only
be proven incorrect or insufficient by presenting observations and data that are inconsistent
with the theory. If and when this happens, the observations might be “explained away” by
adding ad hoc theories to the main paradigm. If this is not possible, the theory is wrong
and should be replaced with a new theory that is capable of encompassing all data and
observations from all relevant disciplines.

The paradigm covering large salt deposits rests on two pillars governing salt formation
and salt deformation. Solid salt formation is thought to be the result of solar evaporation of
saline water with subsequent deposition of the salts in (restricted) sections of the sea. Salt
deformation and formation of salt domes/diapirs are thought to occur due to differential
loading or gravity-driven salt flow/deformation. Brines and salts are observed during
exploration for oil and minerals of economic interest and during research and mapping
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of the Earth, using geological, geophysical, chemical, and physical means. Their presence
within a certain geological context and their composition are not always explained in a
convincing way within the present paradigm.

There is consensus that the large salt accumulations observed on Earth are the result
of processes in which saline waters or seawater has undergone separation of salt and water.
Nevertheless, two seemingly conflicting observations related to the need for vast amounts
of evaporation energy are apparently not readily available from sources other than the
sun, including the observation of massive layers of salts in the deep oceans, where the sun
does not shine. Starting with seawater, the sun can provide the needed energy within the
appropriate timeframe, but only if the saline waters are allowed to precipitate solid salts
that are not immediately dissolved/diluted by the influx of water.

To explain the observed salt thicknesses, an explanation based on solar evaporation of
seawater will often rely on unrealistic tectonic processes for the re-filling of the evaporating
basin with seawater, involving the opening and closing of oceanic basins, up to more than
fifty consecutive times. Even then, the composition of the observed salts is not as might be
expected from an oceanic seawater composition. Observations of salts formed in various
environments should be proven consistent with isostatic considerations before adherence
to a specific formation process is declared.

Furthermore, many salt deposits contain minerals that need high temperature for their
formation and many salt deposits are devoid of marine fossils. Both facts point in another
direction than an ocean with all its marine life, evaporating at temperatures well below
100 °C.

Dense brines are observed in crustal rocks during mining, drilling, and geophysical
mapping, where their presence is not always compatible with the current evaporite theory.
Thus, several observations indicate that other processes might be involved in brine and salt
formation. This calls for the introduction of a new theory explaining the formation of large
salt deposits including associated minerals.

Relevant observations are presented herein that might prove vital in a new theory for
the formation of large salt deposits.

2. Observations from Solid Salt Deposits
2.1. Observations from the Mediterranean

The Messinian salts of the Mediterranean are probably the best studied salt deposits
in the world and in essence form the basis for the present conventional evaporite model [2].

Ref. [3] present a state-of-the-art example from this scientific theme. Numerous
observations from the Mediterranean are presented in an attempt to document a consistent
history of the development of sedimentary deposits, including evaporites. Data from
onshore and offshore sources have been assembled for this purpose. In summary, these data
show that several basic questions related to the formation of salt still remain unanswered,
such as certain mineralogical compositions of salt; biological questions related to the
evaporation of seawater; and observation of erosion surfaces that indicate different water
levels than those assumed. A difficult issue for many works on the Messinian salts is to
balance the assumed water input from the Atlantic Ocean with observations of water level
indicators to provide conditions that would promote precipitation of salts in the various
basins where thick salts are observed [4].

Ref. [5] came to the following conclusion: “. .. the very last phase of the salinity crisis in the
Mediterranean Sea did not experience desiccation, but that deposition took place under permanent
subaqueous conditions”. This implies that salt formed on the sea floor without the water
drying out. The authors refrain from stating what other mechanisms might have caused
the solid salt to form.

Furthermore, a study by [6] states that the sea level drawdown of the Messinian is still
under debate. Their work concentrates on erosional patterns around Ibiza and Orosei in
the Tyrrhenian Basin. Their conclusion is that there must have been at least one low-stand
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sea level during the Messinian Salinity Crisis and possibly evaporite basins in the area to
explain the salt deposits.

Ref. [7] studied the Lago Mare stage of the Messinian era within marginal basins in
Spain. Based on the geochemical and sedimentological evidence, they conclude that during
this phase of salt deposition, the Mediterranean must have been nearly full and close to the
level of the Atlantic Ocean, with maybe a few hundred metres difference.

Ref. [8] investigated the flow of fluids through the Betic corridor, now the Guadalquivir
Basin, from the Mediterranean to the Atlantic during the Messinian Salinity Crisis (MSC).
Using high-resolution geochemical data (XRF) and stable isotope data from both the
Mediterranean side and the Atlantic side, they conclude that there must have been transport
of fluids even during the MSC. This might be indicative of a rather high water level in the
Mediterranean during the MSC.

Ref. [9] present work from the eastern Mediterranean, specifically the Levant basin.
Based on the material from recent commercial oil wells, they present some rather surprising
conclusions: “Thus salt precipitation took place in a non-desiccated deep basin, having a restricted
but often open connection with the Atlantic Ocean”. They also conclude the following: “However,
the Levant record indicates that salt started to deposit in deep waters, so that deep-water settings
occurred during at least a part of the salt emplacement. This calls for a different mechanism other
than substantial desiccation for explaining the deep-basin deposition of halite”.

It is evident from the literature cited above that even within the well-studied area of
the Mediterranean, the processes involved in the formation of salt deposits are not yet fully
understood.

Based on the presented observations, one might even question the central argument
for the desiccation of The Mediterranean during the MSC.

2.2. Biostratigraphy of Salt Beds without Marine Species

Ref. [10] applied the concepts of biostratigraphy to salt accumulations. This was
performed by sampling sections of salts/anhydrite and carefully dissolving the salts in
order to observe what living organisms have been trapped in different layers of the salt.
The examined locations were as follows:

e  Loulé salt mine in southern Portugal, which is in Early Jurassic mobile salt. Impure
halite, coaly shales, and dolomitised/silicified gypsum were sampled.

e  Souss-Massa salt mine in Morocco—an Early Jurassic non-mobile salt, where core
samples from halite and shales were obtained.

o  Wieliczka salt mine in southern Poland, which comprises Miocene mobile salt. Several
types of salt and interbedded shales were sampled.

e  Zechstein salt in northern Poland, where red and grey shales, impure black halite,
dolomites, and black shales were sampled.

e Santana gypsum quarry in central Portugal, where outcrop samples of recrystallised
and re-precipitated gypsum and primary gypsum were obtained.

The conclusion from this study is as follows: “Ouverall, assemblages are dominated by spores
and pollen and other terrestrially-derived organic particles. This suggests that the salt was being
deposited or formed in a terrestrial environment or that sea water was only sporadically present”.

This conclusion is highly surprising if evaporation of the sea was the source for these
major and varied salt accumulations. The results from their studies, therefore, confirm
that other processes might have been involved—for example, hydrothermal processes. To
maintain the current paradigm for salt giant formation, one would have to explain why
major salt deposits are devoid of marine organisms.

2.3. Anomalous Features in Zechstein and Messinian Salts

Ref. [11] lists the occurrence of talc, talc/serpentinite, amenite, and penninite in
Zechstein salt deposits in Germany. All of these minerals are associated with relatively
high temperatures (talc > 300 °C) and environments rich in magnesium and aluminium.
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The formation of these minerals is not to be expected when considering the composition of
and conditions for solar-evaporating seawater.

Ref. [11] also lists the occurrence of different gases that are encountered in salt deposits.
Among these are hydrogen, helium, neon, and radon, i.e., gases that are rare in the normal
atmosphere and in the ocean, but even so, they occur within deposited salts. These
occurrences, again, may point in the direction of hydrothermal processes being intimately
associated with salt formation.

An investigation by [12] deals with noble gas contents of brine inclusions in bedded
salts from the Permian Salado formation in New Mexico. This formation and the brine
inclusions are in the order of 200 Ma years old, and the brine inclusions were found to be
enriched in both argon and helium relative to atmospheric values. Helium was enriched up
to 250 times. Helium is present in the atmosphere as a trace gas (~five parts per million) and
is rather insoluble in seawater (two nano-moles per kg seawater). Ref. [12] also measured
the content of nitrogen mixed with the helium (*He). The ratio of helium to nitrogen in
these inclusions was in the order of 1:250. Knowing that nitrogen constitutes 78% of the
Earth’s atmosphere and helium only 5 ppm, the observed ratios in the inclusions are way
too high to reflect salt formation in contact with seawater and atmosphere.

The content of He is said to be due to the alpha decay of naturally occurring radioac-
tive elements, e.g., argon from the decay of K. While this explanation may well be valid,
the question of why helium ended up being concentrated relative to nitrogen in brine
inclusions in salts is still intriguing. A viable explanation is that both gases were trapped
simultaneously inside the inclusions, thus excluding both the atmosphere and the ocean
as their source. As argon and helium are known to occur in the deep Earth, including the
mantle, their presence and concentrations trapped in inclusions indicate that hydrothermal
processes might be involved.

Ref. [3] report on the observation of unusually large selenite crystals (i.e., gypsum) in
the Primary Lower Gypsum of the Messinian salts. They state that such crystals are not
observed in modern natural environments, or even in man-made salt works. However,
gypsum crystals may develop into huge dimensions, like the ones in the ‘Naica.Cave
of Crystals’, Mexico. According to [13] such crystals can only develop in hydrothermal
environments. Thus, the observation by [3] of large selenite crystals in Messinian salts
might indicate hydrothermal formation as opposed to solar evaporation. Recently, new
theories have emerged, highlighting the possibility of gypsum precipitation trigged by
microbiological activity, and accordingly, these are somewhat in disagreement with the
theory on solar evaporation as the only source of crystal formation [14-16].

Ref. [17] reported a physical experiment involving a perforated and sand-filled electric
water heater submerged slightly above the bottom in a large seawater-filled tank. The object
of this experiment was to see if precipitates from seawater could be produced below sea
level. This was verified as the heating element became surrounded by anhydrite and halite.
A layer of gypsum was also observed on the bottom of the large tank, beneath the test
apparatus. Presumably, this gypsum had precipitated after contacting the exterior surface
of the water heater via retrograde precipitation. This experiment indicates that seawater
may precipitate gypsum at low temperatures and anhydrite at higher temperatures during
hydrothermal circulation of seawater into hot seabeds.

Within the present paradigm, one would have to present a mechanism involving solar
evaporation of seawater in contact with the atmosphere that would lead to the observed
gas concentrations, concentration ratios of different gases, high-temperature minerals, and
observed sulphate crystals.

2.4. Coloured Salts in the Klodawa Salt Stock, Poland

Ref. [18] reports on a peculiar property of the fluid inclusions in the salts of the
Klodawa salt dome: a Polish section of the Zechstein salt deposits. One of the most striking
aspects of the Klodawa salts is the occurrence of coloured salts, in blue and red, associated
with doubly terminated quartz crystals and pyrite. Ref. [18] suggests that this phenomenon
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of blue salts is associated with the combined effect of high temperature, volcanic rocks, and
magmatic fluids.

Temperature measurements based on inclusions in anhydrite crystals embedded in
the halite salt showed homogenisation temperatures in the range of 350 °C to 450 °C, while
inclusions in anhydrite crystals embedded in a boracite layer were found to vary between
197.8 °C and 473.8 °C [19]

Ref. [18] also observed euhedral, doubly terminated quartz crystals embedded in both
halite and anhydrite. Such quartz crystals are believed to have crystallised from silica-
saturated aqueous solutions in the salt and are commonly found in zones with anhydrite
or dolomite matrix. However, such quartz crystals are never observed if aragonite is
present [20] and aragonite is the most common shell-building mineral in marine fauna.
Silica is also relatively sparse in normal seawater.

Ref. [18] also made observations of inherent pressures and fluid phases during the
entrapment of inclusions, concluding that the large variation is consistent with a hydrother-
mal system and that hydrothermalism and fluid flow are partially responsible for the
deformation and distribution of the various salts.

Tobola and [19] conclude that the Klodawa salt dome and other salt domes in Poland
have mineral beds and homogenisation temperatures that are difficult to explain by sedi-
mentary or diagenetic processes. Their observations are not consistent with the hypothesis
that the salts and other minerals (e.g., quartz, pyrite, and marcasite) were formed by
seawater evaporation. The observations presented above are not consistent with solar
evaporation as the observed temperatures are much too high. Later processes involving
mantle heat might provide an explanation in some cases; however, if this is always the case,
the primary salt formation mechanism might indeed be questioned.

2.5. Soluble Salts Deposited in Humid Environments

Ref. [21] studied the deposition of highly soluble salts like tachyhydrite and bischofite
during the Aptian in the South Atlantic and during the Messinian Salinity Crisis. These
salts are claimed to be inconsistent with the wet and warm paleoclimate reconstructed for
these periods. Ref. [21] performed a numerical simulation of mineral reactions involving
serpentinisation by seawater. According to these simulations, brines formed during serpen-
tinisation would mimic the observed composition of salts from natural environments, as
described above.

Ref. [22] also concluded that abyssal serpentinites might be the source of large salt
accumulations. Serpentinites concentrate brines and produce heat over extended periods.
The subsequent ascent of hot, saline brines to the surface or seafloor may be a long-lasting
process, mainly occurring in areas characterised by tectonic and/or magmatic activity.

If brines containing highly soluble salts are reduced in water content, i.e., by water-
absorbing serpentinisation, the remaining brine may solidify upon cooling below ca.
120 °C, albeit still incorporating crystal water, as in tachyhydrite.

The observations presented above provide a possible link between common min-
eral reactions, common thermodynamical properties, and common salt deposit compo-
sition. It provides an additional route to salt formation; however, it does not exclude
other mechanisms.

2.6. Diapiric or Extrusive Salt in the Northern Red Sea

In the northern Red Sea, ref. [23] describe up to 40 km long salt ridges that rise up to
250 m above the seafloor. Ref. [23] concluded the following: “We suggest that development of
diapirs under these minimal overburden conditions was made possible by the high thermal gradients
in the area, resulting from the underlying attenuated continental crust and ascending mantle, that
prevail in the rift system of the northern Red Sea” .

Salt diapirs in the Northern Red Sea rise above the seabed, even though they are
not pushed up by the weight of the surrounding sediments and even though the basin is
extending and therefore providing no sideways push on the diapirs. Even after assuming
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that the salts were originally deposited as a result of solar evaporation, their further
development remains enigmatic. As indicated by [23] other processes could be involved
that might explain both the presence and deformation of the salts.

Ref. [24] have presented a new model for the development of oceanic crust in the Red
Sea. They conclude that the Red Sea axis is completely underlain by oceanic crust as far
north as the Red Sea—Dead Sea transform fault. This implies that the salt diapirs, observed
by [23], might be located directly on top of the spreading oceanic crust, a situation which
also supports the hypothesis of a mantle-sourced magmatic brine for the salt ridges.

Ref. [25] have interpreted two seismic transects west of Brothers Island in the northern
Red Sea. They state that the area has not undergone tectonic activity since salt deposition.
The absence of tectonic activity, minor tilting of the underlying basement, and little sediment
loading above the observed salts are not consistent with the observation of diapiric salts.
Even so, diapiric salt structures were identified, underlying layered salts with no sediments
in between the two that might have induced differential loading (see Figure 1).

IL S [iE R A R fie e A s

io-Plei: i i Continental crust with
[ | Plio-Pleistocene sediments Halite Loninants siis W
Layered evaporites [ 7] Pre-Evaporites Fault

Figure 1. Seismic section from the Red Sea, west of Brothers Island, showing diapiric structures and
bedded salt formed independently of tectonic movements or sediment loading (modified from [25].
Encircled area shows a diapiric structure below the point of higher sediment loading, inconsistent
with the formation of diapiric salt structures due to sediment loading. The interpreted features (faults,
etc.) are all by [25] They might indicate pathways for precipitating brines.

In a more recent article by [26], the same area is investigated further using more recent
information. This includes both seismic profiles and data from three wells drilled through
varying amounts of salts and sediments, down to the basement. These data are particularly
valuable as they provide both correct stratigraphy and true vertical depths. It appears
that some of the diapirs observed by [25] are in fact elongated salt ridges located along
basement faults caused by the expanding Red Sea basin. The interpretation by [26] is that
the salt has been pushed upwards by differential loading into the weak zones caused by
these faults.

They also stated that salt deposition occurred during two consecutive phases. The
first deposited salts created salt diapirs on top of faults penetrating into the basement. Only
the first deposited salt (interpreted as Belayim and South Garib Fms) seems to be involved
in the diapir building, although there is a thick, evenly distributed layer of salt of younger
origin (interpreted as Zeit Fm.) on top of that. This layer of salt is substantially thicker than
the one that caused the diapirism and it does not seem to be affected by the diapirism.
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The situation prior to and during the first deposition of salt has not been presented.
Without showing initial conditions with presumably stratified salts only, it is difficult to
understand how [26] arrived at their first stage description.

Many salt diapirs are shown by [26] to be located on top of basement highs with
basement faults inside the basement highs. This raises a question on the nature of the
basement highs and the nature of these faults.

A process involving salt deposition from evaporating seawater would initially pro-
duce layered salts and no diapirs. Mechanical sculpting of the diapirs prior to layered salt
deposition is conceivable, although not very likely without sediment loading because defor-
mational forces would have been small then. Diapiric movements without the presence of
later arriving salts are not very likely as this would have left the diapirs unsupported and
unstable in whatever water was present. The diapiric movements caused by differential
loading presumably would have involved the deformation of the entire salt body and not
just salt inside the diapirs, especially since the salt thicknesses became a lot greater during
later salt deposition. Bedded salts and diapiric salts, therefore, might have formed more or
less simultaneously by some common process different from plain seawater evaporation
followed by later differential loading.

2.7. Isostasy and Salt Basins

If salt basins deposit salts from solar evaporation of seawater, this will lead to an
increasing load carried by the underlying mantle. This would lead to seabed subsidence
that might be calculated and thus determine the level of the seabed before and after salt
deposition. In an attempt to match observations, several models have been suggested
regarding initial conditions. Ref. [27] argue against initially deep desiccated basins by
stating that due to isostatic adjustment, an initially shallow basin with a controlled influx of
evaporating seawater will deepen under the load of precipitating salts and possibly explain
the observed salt thicknesses. This might also explain why such salt basins in their opinion
lack deep- water sediments.

However, according to [3], the hypothesis of the shallow Mediterranean throughout
the Messinian is disproved by observations of deep-water sediments below, within, and
above the basinal evaporites.

One of the wells in the Red Sea presented by [26] the Quseir B-1X, was drilled in
ca. 620 m water depth, down to 4214 m. It penetrated unrecovered sediments between the
seabed and ca. 940 m depth. Thereafter, it penetrated salts with sediment stringers nearly
all the way down to the basement at 4200 m. An anhydrite layer was penetrated between
3640 m and 3850 m. In other words, except for the sediments on top, the well penetrated
evaporitic layers all the way to the basement.

As a side note, one might question what evaporative process would selectively lay
down 210 m of anhydrite in between halite layers locally, in just one well, showing no sign
of diapiric movements.

If the salt deposition was caused by solar evaporation, this would imply shallow water
conditions with a sub-aerial basement at the time of deposition. Because the stratigraphy is
known, isostatic calculations in Quseir B-1X may uncover whether this is possible.

In general, water-filled sediments with 30% porosity will have roughly the same
density as salts—ca. 2.15 g/cm3. Therefore, when carrying out back-of-the-envelope
calculations, no distinction between the two is necessary. Mantle density may be estimated
at ca.3.3 g/cm3.

Loading the mantle with ca. 620 m seawater and salts/sediments down to 4200 m
depth would make the original seabed /basement of Quseir B-1X sink in by ca. 2520 m. To
end up at 4200 m, the initial salt deposition on the basement would have had to occur at
4200 m — 2520 m = 1680 m deeper than the present surface.

In Quseir A-1X, the lowermost salt is located at 3200 m depth. The seabed is located
at ca. 600 m depth. An isostasy calculation produces a depth at the start of deposition at
1325 m below the surface in this well. In the third well, RSO-B 96-1, the base of the salt is
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located at ca. 2040 m. The well penetrated 500 m water plus sediments and salts down
to the pre-salt sediments. A calculation on this well shows that the top of the pre-salt
sediments would have had to be located at 1155 m below the present surface to end up at
2040 m.

The observations in all three wells are incompatible with solar evaporation when
isostasy is taken into account.

Although it is possible to envision salts flowing from one location to another after
initial deposition, the scale and areal extent of this would have had to be massive to explain
the isostatic conditions in the three wells.

Ref. [26] repeat an observation from the Red Sea made by several previous authors.
They observe a major unconformity on top of the Zeit formation indicating that the entire
Red Sea basin became sub-aerially exposed at the end of the Miocene.

This implies that the erosional surface would then have been located ca. 940 m higher
than present in Quseir B-1X, ca. 850 m higher in Quseir A-1X, and ca. 680 m higher in
RSO-B 96-1. To lift the surface by 940 m due to uplift caused by erosion would imply
the removal of ca. 940 x 3.3/2.15 m = ca. 1440 m of sediments above the unconfor-
mity. Similar calculations for the two remaining wells require the removal of 1300 m and
1040 m, respectively.

Figure 4 in [26] shows a global sea level of 70 m above the present level at the start
of salt deposition and ca. 50 m above the present level at the end of the Miocene, where
deposition ended. The start of salt deposition and the sub-aerial exposure at the end of
the Miocene are therefore hard to explain by sea level alone as the salt deposition was
occurring at the highest sea level of the entire Miocene.

Uplift of the entire basin by mantle movements is an available mechanism that might
fit isostatic calculations and explain the erosional surface.

Ref. [28] used observations of ancient shorelines in the Mediterranean and calculated
their original depth during the Messinian Salinity Crisis, accounting for flexural isostasy
and sediment compaction. According to their results, halite deposition began in the Central
Mallorca Depression at 1300-1500 m water depth. This is consistent with the paradigm-
contradictory observations made by [26] and therefore proves an important point that is
not confined to one region only.

Ref. [29] has studied the development of the salt basins of the South Atlantic and
the Gulf of Mexico. He concludes that salt deposition occurred during or immediately
after 2-3 km subsidence of the basins. Without other mechanisms causing subsidence, salt
deposition of 3—4.5 km thickness would have been required to inflict this subsidence, if
deposited by evaporation of seawater. This would place the salt surface 1-1.5 km above
the existing sea level, as pre-salt strata were found to be located at sea level at the time of
their deposition.

In another study from the South Atlantic, ref. [30] concluded that salt deposition in
the Gabon basin occurred at the time of mantle exhumation: “This is direct proof that salt
was deposited during mantle exhumation. Salt deposition is interpreted to have occurred at variable
depths”. Ref. [30] also conclude that salt deposition must have occurred at water depths
exceeding those expected during salt deposition due to solar evaporation.

Ref. [31] have documented an apparently universal and significant uplift of the crust
due to mantle uplift prior to rifting, and the initiation of salt deposition appears to occur
when the terrain is uplifted, a process occurring today in The East African Rift Valley at an
altitude of more than 1000 metres. This confirms the importance of mantle movements and
indicates that fluid content might act as a prime reason for such movements.

Maintaining isostatic balance in basins dictates that the capacity to accumulate salt
thicknesses depends upon the initial depth of the basin to receive the salts. As explained
by [27], a basin will deepen further from this depth when filled with salts, as the salts have
a density larger than water.

However, as salts are less dense than the mantle, the build-up of salts will exceed
the subsidence of the mantle. According to the current theory for salt deposition, salt
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deposition will end when the salt surface reaches the surface of the sea. The implication
of this is that thick layers of salt in isostatic equilibrium can only be produced in deep
basins—according to the current theory.

Assuming that a suitable supply of seawater is available and solar evaporation is
occurring, any basin may end up being filled with solid salts of greater thickness than the
initial basin depth (albeit not without traces of marine life).

A current example where this process might be occurring is found in Kara-Bogaz-Gol
in The Caspian Sea. According to [32], the bottom of the bay was no more than 7 metres
below The Caspian Sea which in turn was ca. 30 metres below sea level in 2020. Under the
assumption that the sea is capable of leaking into Kara-Bogaz-Gol, a total of ca. 40 metres of
basin depth is available for salt deposition before isostatic adjustments due to the increased
weight of the salts that sets in. With the density of salts being roughly 2/3 of the density
of the mantle, the isostatic balance would be reached at a salt thickness of ca. 60 metres
and the top of salt at sea level. To accumulate very thick layers of salt, the initial depth of
an evaporative basin must be a lot deeper unless the basin deepens during the process for
other reasons than salt loading (mantle movements, the ascent of brines from below, etc.).

In both the Gulf of Mexico, the South Atlantic, the Red Sea, and in the Mediterranean,
isostatic evidence suggests that salt deposition did occur under circumstances not com-
patible with the current theory for the formation of giant salt deposits. The formation of
massive layers of solid salts in the deep ocean by solar evaporation remains unexplained
and indicates that there are serious issues with the current evaporite theory and/or un-
derstanding of basin behaviour. Forming thick layers of salts in shallow basins is also
not possible without additional movements of the basin floor by other mechanisms than
salt loading.

3. Brines Sampled from Crust and Mantle
3.1. The Significance of Brines in the Subsurface

The presence of salinity and salts in the deep crust and mantle may prove to be a
precursor for the formation of large salt deposits. A hydrothermal origin of large salt
accumulations by the circulation of seawater into the crust/mantle is negated by the
amount of energy required to evaporite vast amounts of dilute seawater. This objection
is invalidated if it can be substantiated that the formation of solid salts is possible from
existing, deep, hot fluid sources. Deep-sourced fluids in a hot, pressurised environment
do not require heat input to produce the salts. They have all the internal energy needed to
separate salts from the water phase.

Brines are commonly observed directly in rocks from the crust and mantle, or indirectly
using geophysical tools. Many giant salt deposits are located on the continental crust or
on the remains of rifted continental crust. What is missing is an established link between
the deep-seated brines, their origin, and giant salt deposits. In order to prepare for the
formulation of an alternative to the evaporite theory, a better understanding is required
on the nature and quantity of subsurface brines. A selection of observations of saline
brines from different regions, different depths, and using different tools of observation is
presented in the following chapters.

3.2. Saline Brines collected from the Continental Crust

Several studies have attempted to explain the origin of the well-known hypersaline
brines within the Canadian Precambrian shield. Ref. [33] studied chemical and isotopic data
from deep-seated calcium chloride brine in the Miramar Con gold mine near Yellowknife,
in the Northwest Territory. The objective was to determine whether the composition of the
brines could be explained by a surface evaporative process, or a cryogenic process. The
results strongly suggest that the brine salinity is of marine origin. The mechanism respon-
sible for concentrating the hypersaline brine was not clear, as evidence exists to support
both evaporative and cryogenic processes. Regardless of the concentrative mechanism, the
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chemical data indicate that the Yellowknife parent brine was concentrated 28- to 30-fold
relative to seawater.

A study by [34] on the origin of saline ground waters of the Canadian and Fennoscan-
dian shields tested the hypothesis of freezing as the main reason for the salinity of deep-
seated fluids. Only the brackish waters of upper sections down to 1000 m were found to be
affected by freezing. Based on the isotopic analysis and geochemical data, the following
was concluded: “Physical and geochemical data do not support the hypothesis that shield brines
formed cryogenically in glacial marginal troughs”. The formation of methane hydrates as part
of the process was also considered, but not found to fit the data. A deep origin of the
brine was not considered, but the presence of hypersaline brines in the upper crust remains
a fact.

Ref. [35] investigated the origin of the salinity of crustal fluids in the Black Forest
basement in Germany. Two fluid systems have been studied: deep thermal waters and
more shallow mineral waters. An interesting observation is made on the composition of
the two fluid systems. The shallow fluids are enriched in bicarbonates and depleted in
chloride, relative to the deeper sourced thermal waters, indicating that they are the result
of different processes.

Springs producing thermal waters in the Black Forest are normally found in granites,
whereas mineral waters are located predominantly in gneiss. By observing the ratio of
Cl versus Br in the thermal waters, ref. [35] concluded that they are not the result of the
dissolution of nearby evaporitic halite deposits, but rather a result of seawater dilution.
The conclusion regarding their final composition was found to be a result of surface waters
equilibrating with rocks and then mixing with deep, stagnant, saline fluids within the crust.

The ratio between Cl and Br was shown by [36] to resemble that of seawater, even
within inclusions from eclogites. This is a very important observation as it may indicate
that mantle-derived brines might easily be interpreted as ocean-derived brines. Ref. [37]
reached a similar conclusion. The source for the stagnant, saline fluids in the Black Forest
might, therefore, be very deep and old, even if they share similarities with present seawater.

3.3. Fluids Observed in Deep Wells

The German superdeep KTB well was drilled down to 9.1 km in the vicinity of an
extinct subduction zone. A bottom-hole temperature of 265 °C was encountered. Pump
tests reported by [38] confirmed that pressures of less than 1 MPa (10 bar) above hydro-
static were sufficient to fracture the rocks and create microearthquakes, just above 9 km
depth. The conclusion was that the well had been drilled down to the brittle-ductile
transition zone.

Before drilling this well, a pilot hole was drilled down to 4 km depth, distanced
200 m away. This enabled the testing of permeability between the two wells. The com-
position of the fluids varied systematically with depth: groundwater in the upper 650 m,
NaCl-dominated fluids of low salinity at intermediate depths, and highly saline (up to
48 wt% CaCl,-NaCl brines) basement brines below about 3200 m. Fluids were mostly
confined to faults and fractures, and these were encountered, even at bottom-hole depths in
numerous distinct zones up to several tens of metres thick. According to [38], the KTB well
encountered three main lithological units: paragneisses, metabasites, and a “variegated”
series of gneisses and amphibolites. The rocks were found to have been subducted to
at least 40 km depth, before being lifted rapidly to cooler crustal levels. All three units
had suffered a pervasive Barrovian-type metamorphism under upper amphibolite facies
conditions, 6-8 kbar and 720 °C, under peak conditions of the paragneisses.

Formation pressures determined in brine-containing zones showed a nonlinear in-
crease with depth, probably due to stepwise increases in salinity. The formation pressure
of 103 MPa at 9 km was found to be near-hydrostatic. This, and the fact that experiments
proved a hydraulic connection between the pilot hole and the main hole, indicates that
fluid pathways were highly interconnected.
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The Russian superdeep well drilled in the Kola Peninsula reached more than 12.2 km
depth [39]). It differs from the KTB well in penetrating an intracratonic setting including
Precambrian rocks. As observed in the KTB well, the Kola well encountered rocks contain-
ing saline fluids and dissolved gases. The temperature at the bottom of the well was 180 °C.
Rocks were found to be highly fractured below ca. 7 km depth [39].

The expectation of the scientists before drilling was an encounter with dry granitic
rocks at depth. This proved to be wrong. The metamorphic facies observed at depth in the
well changed from greenschist facies at the top to epidote-amphibolite and amphibolite
facies below 9 km depth. Brines escaping from fractures or released after being mobilised
from the mineral structure showed increasing content of magnesium, sodium, calcium, and
chloride ions, with depth. A substantial amount of He, H,, and CO, was also liberated
from the drilled rock.

Hence, both superdeep wells, in different tectonic settings, documented that the deeper
crust is highly fractured, filled with brines or chemically bound brine components.

In fact, ref. [39] claims that, based on their observations, a new model for hydro-
physical zonality was developed. He states that “This model not only explains the nature of
hydrothermal fluids unrelated to intrusions, but also the mechanism of rock foliation in zones of
disagqregation and formation of some tectonic faults, etc., but also radically changes the theory of
the process of water circulation in the continental crust”.

Several wells have been drilled deep into the Fennoscandian shield in relation to
mining activities. Ref. [40] studied data from several wells and noted three common types
of saline groundwaters.

(1)  Anuppermost layer of brackish and saline water from 300-900 m depth.

(2) Saline water and brines from 1000-2000 m depth.

(38) Superdeep brines which have been observed to a depth of at least 11 km in the drill
hole on the Kola Peninsula, U.S.S.R.

Electrical and seismic studies in shield areas suggest that such brines are commonly
present at even greater depths.

In the academic dissertation by [41] on deep ground waters in eastern Finland, a
2.5 km deep drill hole has been investigated. The salinity of ground waters was found to
be moderate (less than 15 g/L) down to approximately 1.5 km and more than 60 g/L in the
deeper sections below 2 km. The main solutes are CaCl, and NaCl. A deep source for this
salinity was not considered.

Based on the observations presented above, it is suggested that the hypersaline fluids
observed at crustal depths are not the result of solar evaporation of surface waters. The
works presented above also prove that deep crustal rocks might indeed contain large
amounts of salts.

3.4. Fluids Observed in Rocks Originating from the Lower Crust and Mantle

Many authors have confirmed the presence of saline fluids in metamorphic and
igneous rocks that have deep origins. A few examples are presented here.

Ref. [42] present data from fluid inclusions embedded in a serpentinite involved in
the Alpine subduction. The inclusions formed at 2.5 GPa and 550-600 °C during partial
devolatilisation and eclogitisation. The inclusions are salt-saturated and contain up to
50 wt% Cl, Na, K, Mg, and Fe.

Ref. [42] concluded the following: “The data presented suggest that the seafloor hydrother-
mal signature was inherited by the eclogitic fluid due to partitioning of chlorine and alkalis into
the fluid phase”. This means that the presence of brines in eclogitised hydrous peridotites
indicates deep recycling of seawater-derived fluids and that those hydrous ultramafic
systems may act as large-scale carriers of seawater into the mantle.

Ref. [43] have analysed the subduction-related coesite-bearing eclogites of the Tso
Morari Complex, Himalaya. These eclogites contain five major types of fluids, including
high-salinity brines and low-salinity aqueous fluids. The coesite-bearing rocks are inferred
to have been buried to a depth of >120 km, where they experienced ultrahigh-pressure
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metamorphism at ca. 750 °C and 39 kbar. The different fluid systems were created dur-
ing the subduction phase of the observed rocks, as well as their later rise towards the
present surface.

Ref. [44] made a study of primary fluid inclusions hosted in quartz and topaz from
the Beauvoir granite (Massif central, France) and the metasomatised stockwork surround-
ing the granite. They concluded that the following: “Microthermometric and Raman spec-
trometry data show that the earliest fluid is of high temperature (500 to >600 °C), high salinity
(17-28 wt% NaCl eq.), and Li-rich (Te < —70 °C) with Na/Li ratios ~5”. This study demon-
strates that primary fluid inclusions not only preserved the pristine signature of the
magmatic-hydrothermal fluids in the Beauvoir granite but also in the stockwork rocks.

Ref. [44], therefore, document the presence of abundant brines within the ascending,
molten granite body. As also reported by [45], this likely means that rising granite bodies
(diapirs) are surrounded by high-density brines.

Ref. [36] studied the halogen content in fluid inclusions derived from eclogites within
the gneiss region of western Norway. Salinities of 15-25 wt% NaCl equivalent were
observed in omphasite- and garnet-hosted inclusions. They made an important observation
regarding the apparent nature of the analysed fluids: “The CI/Br vs. Br characteristics of the
fluid inclusions resemble the chemical evolution of evaporating seawater, which might provide a
basis for studying halogen mineral-fluid fractionation even at high P-T conditions”.

In other words, brines from depth in subducting systems, might be interpreted as
evaporited seawater if only the ratio between Cl and Br is considered.

Ref. [46] present the first direct determinations of the composition of fluid inclusions
in diamonds from eclogite xenoliths in the Udachnaya kimberlite pipe. The xenoliths had
been exposed to 1150 °C at 50 kbar. The xenoliths were examined and fluid inclusions in
clinopyroxene and garnet were analysed. High values of Cl (15-25 wt%) and K (10-20 wt%),
carbonates, and small amounts of water were observed.

The work presented in this chapter also confirms the presence of salts and water in
the deep crust that were not sourced directly from the surface.

4. Geophysical Observations of Salinity at Depth in the Crust and Mantle
4.1. Observations from the Cascadia Subduction Zone

Ref. [47] present geophysical data from the Western US, including the Southern Wash-
ington Cascades Conductor (SWCC). They identify low-resistivity zones at slab depths of
35-40 km starting ca. 100 km west of the volcanic arc in all conductivity profiles along the
western US. This is interpreted as being a result of prograde metamorphic fluid release
from the subducting slab because of eclogitisation at estimated temperatures of 500-550 °C.
The fluids rise to Moho levels and even crustal levels not far from the arc and are thought
to have broken through the brittle crustal domain in a fracture mesh. Since this apparent
fluid release is close to where low-frequency earthquakes are located, a connection between
the two is likely. Ref. [47] also discuss the role of salinity in the observed conductive zones.
A saline fluid content as low as 0.2% might produce the observed response, although it
was not believed that the subducting slab would release saline fluids, the salinity might
possibly increase during ascent in the mantle wedge. [47] believe the ascending fluid to be
responsible for the extensive serpentinisation of the upper mantle wedge.

In the deeper segments, within the mantle wedge, a large and deep zone of increased
conductivity is observed. Ref. [47] interpret this to be due to chlorite mineral breakdown
and fluid release down to 800 °C. This zone is assumed to represent flux melting and it
ascends nearly vertically towards the surface where it combines with the conductive zone
arising from eclogitisation, just in front of the volcanic arc. However, the assumption about
melting might not be valid. Ref. [48] state that depleted peridotite solidus is at 1050 °C,
implying that saline fluids rather than melts were observed by [47].

Ref. [49] used seismic information to constrain the magneto-telluric inversion, from
the SWCC. As shown in Figures 2 and 3, this resulted in a clearer impression of the
conductive zones.
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Figure 2. Conductive zones around the Cascadia subduction zone near Mount Rainier. Warm colours
indicate high conductivity. Conductive fluids and melts are seen rising from above the cold, non-
conducting, subducting, slab. Observed earthquakes around 20 km depth are indicated by black
circles. Modified from [50].
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Figure 3. Seismic image from the Cascadia region. Horizontal distance from the US east coast is
shown. Blue colours represent fast propagating seismic waves and red colours represent slower
propagating waves. Earthquake regions are indicated with black circles. A zone of lower seismic
velocity is observed above the zone where the earthquakes are located. Mount Rainier volcano is
indicated with a red triangle. Modified from [50].

A conductive zone is shown above the subducting slab, from 120 km depth and
nearly to the surface some kilometres away from the volcanic centre at Mount Rainier. The
supposed zone, near the horizontal shear zone identified by [47] is more prominent in the
results presented by [49] They identify this seismogenic zone below 20 km depth as being
associated with fluids from the dehydration of hydrated metabasalt in the upper-crustal
layer of the descending slab. Earthquakes are observed along the path of fluids moving
from this dehydration zone. They are seemingly all located at ca. 20 km depth and just
below the upper limit of the conductive zone. A temperature of 400 °C to 500 °C, at 20 km
to 30 km depth, is too low to induce melting. A depth of 20-30 km would likely be within
the ductile section of the lower crust.

The combination of hydration, distinct seismicity, and location of the conductive zone,
resembles the situation observed by [51] in the Chilean Altiplano. Earthquakes might be
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the result of movement along a shear zone at ca. 20 km depth, as suggested by [47] Like the
observation by [51] in the Altiplano, [48] also observe the perturbation in seismic velocity
from high to low. The localising of earthquakes by [49] at and below 20 km depth, but
not above, might also indicate the presence of strain-hardening minerals, capable of brittle
behaviour even at this depth.

Ref. [49] indicate Moho at ca. 40 km depth. Low conductivity is observed to the east
of and below the Mount Rainier volcano (Figure 2). No theory is presented to explain
this observation.

4.2. Observations from the Altiplano, Lake Uyuni Area

The Altiplano of the Chilean and Bolivian Andes have been studied extensively by
several authors: [51-56]. Seismic data are combined with MT data between the Pacific
Ocean and the Altiplano region, between ca. 20°S and 21°S. (Figures 4 and 5).
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Figure 4. Magneto-telluric (MT) networks in the Altiplano, Lake Uyuni area (modified from [53]).
The red rectangle shows the location of Figure 5.
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Figure 5. Measured electric conductivity below the Altiplano along the ANCORP network. Warm
colours indicate zones of high electric conductivity (low resistivity). Seismic activity is indicated by
black dots (Earthquakes). White, dotted lines indicate the zone of diverging seismic velocity (ALVZ)
(modified from [53]).
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One MT network is named ANCORP, where sensors are placed along the southern
banks of the largest salt-lake on Earth, Lake Uyuni. Another network (PICA) is located
further north and extends to the northwestern corner of Lake Uyuni. The Altiplano region is
situated above a section with low-angle subduction by the Nazca plate. These investigations
clearly indicate the presence of major conductive zones below the Lake Uyuni area. A zone
of diverging seismic velocities (ALVZ) is observed on top of the large conductor. The upper
part of the conductive region is situated below ca. 20 km depth and temperatures around
500 °C (see Figure 5).

Ref. [53] concluded the following: “This highly conductive domain also coincides with low
seismic velocities and a zone of an elevated vp/vs ratio and, although not well resolved, with low
Qp seismic quality factors. Taking into account the enhanced heat flow and a derived temperature
model, the most probable explanation lies in the assumption of granitic partial melts”.

The observation of an anomalous heat-flow of up to 40 mW/m? more than the expected
value is not consistent with available radioactive elements in the area. Simulations on melt
fractions and melt configurations have not been successful in recreating the appearance
of the conductive zone. Although partial melts might explain the observations at depth
and at elevated temperatures, low temperatures at ca. 20 km depth are not consistent with
extensive melting. Ref. [55] point to the petrological evidence for high oxygen fugacity in
ignimbrites from the area. This would argue against reduced carbon or graphite in the
crust as being the cause of enhanced conductivity. Furthermore, graphite alone, or any
other conductive minerals such as ores, would not cause the reduction in seismic velocities
and damping of seismic waves as observed.

Ref. [51] summarised some of the observations of the ALVZ-reflector: “It remains
enigmatic, however, why seismology sees the top of the fluid accumulation zone significantly lower
than our MT model”. Seismology is sensitive to pore pressures and fluid content of the
rocks, whereas elevated conductivity can also be the result of mineral type and fluids.
The combination of depth, seismic activity, high Vp/Vs ratios, and temperature/heat
production indicates that the invasion of high-pressure fluids from below and the presence
of certain minerals might be the cause.

One surprising observation by [51] is the lack of conductivity directly below the
volcanic arc. Similar observations are made in many other volcanic systems. Because
volcanoes are driven by water, this tells us something about the non-conducting properties
of some water-rich melts. A possible explanation for this phenomenon is presented by [57]
where conductivity is claimed to be caused by three factors: melt conductivity, solid
conductivity, and conductivity in a melt volatile phase (MVP) [58]. Ref. [57] claim that
the more silicic melts are more conductive and that the types of dissolved minerals in the
MVP are important for the total conductivity. Na-ions are regarded as important current
carriers and their ability to move freely in the melt/fluid /rock-system is important for the
observed conductivity. According to [57] adding one wt% of dissolved H,O to a melt leads
to a 1.3 to 2.5-fold increase in the melt’s electrical conductivity. The implication of this is
increasing conductivity with an increased content of minerals incorporating sodium and
silica in volcanic melts.

Our conclusion is that deep-seated and shallow saline fluids are the most obvious cause
of the observed conductivity in the Lake Uyuni area. This conclusion is also supported by
photographic evidence from the surface of Lake Uyuni, showing numerous pockmarks or
saline springs (see Figure 6a,b).
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Figure 6. (a) Section of Lake Uyuni, Bolivia, showing numerous pockmark-like, saline springs on
the surface. Central pockmark is located at 20°17'40.78" S, 67°38/09.28" W. (b) Enlarged view of the
central pockmark. Yellow line is 180 metres long. Images obtained from Google Earth 2024.

4.3. Observations from the Altiplano-Puna Area, Bolivia

Above the Altiplano-Puna Magma Body (APMB), near the Uturuncu volcano, ref. [58]
measured the electrical conductivity at depth. They also studied the Southern Washington
Cascades Conductor (SWCC), using MT methods. Their objective was to estimate the
apparent water content in these volcanic systems. Their estimates of water content in
APMB and SWCC were based on calibrations from crystal-liquid equilibria and rock
melt—H,O solubility experiments. Ref. [59] measured conductivity, performed laboratory
experiments on the observed mineralogy, and calculated the effect of varying degrees of
melt fraction and water content. Their conclusion on the conditions within the APMB was
as follows: “These independent constraints strongly indicate that the magma body at 15 to 30 km
bsl contains 10-20 vol% of HyO (£CO;) -saturated andesitic melts at a temperature close to 980 °C
within a solid matrix”. In addition, the minimum melt water content must be eight wt%.
Ref. [58] estimated the total volume of this water-rich magma body to be 500,000 km?3.

Obviously, other substances might contribute to the observed conductivity, for instance,
salts. Salts, if present, would reduce the estimated water content and still produce the
observed conductivity. Ref. [59] also discuss the possibility that saline fluids could generate
the high conductivity of the APMB. In our opinion, subducted salts might be contributing to
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the observed conductivity. Thus, saline fluids may create interconnected pores in magmatic
systems and become visible in MT measurements.

Because of a mass balance calculation on the amount of subducted water in the
region, [59] concluded that their estimate for water content within this subduction zone
was unusually high compared to an average subduction zone. This might also be an
indication that less water and more salts are involved.

Ref. [60] report data collected from the MT network in APMB in more detail. Clear
indications of conductivity below 20 km depth (below sea level) were observed, with
diapiric sections from this level up to ca. 5 km depth. Ref. [60] interpret the conductive
zones beneath the volcanic centre to be andesitic melts. This is also in accordance with
observations by [57] for andesitic melts with salinity and high silica content.

Ref. [60] interpret other shallow, high-conductivity zones as partial melts or fluids.
Figure 7 shows parts of the Uturuncu region, above the APMB. The image clearly shows
salt lakes and large pockmark fields, indicating the escape of saline, and perhaps less-saline
fluids, from subsurface sources.

Uturune

Figure 7. Image from the Uturuncu volcano in Bolivia (22°17'24.27" S, 64°04'39.10"” W) above the
APMB (Altiplano-Puna Magma Body). Salt lakes are observed to the east and south of the volcanic
centre. Pockmarks, indicating fluid flow from below, are observed in the image (upper right corner).
Yellow line represents 10 km (Image obtained from Google Earth 2024).

Ref. [61] performed numerical simulations of fluid behaviour in volcanic porphyry
copper systems. The simulations include variations in brittle/ductile properties and
permeability, hydraulic fracturing, and different salinities. Ref. [61] presents results from
simulating a volcanic system including an influx of meteoric, colder water from above. He
demonstrates that this leads to a self-organising permeability reduction in the mixing zone
between magmatic and meteoric fluids around the magma chamber. In this situation, the
expelled fluids from crystallising magma would follow a path to the surface, up to 7 km
away from the volcanic centre, which is analogous to observations around the Uturuncu
volcano. An illustration of this is shown in Figure 8.
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Figure 8. Simulation of the saline fluid system around a volcanic magma chamber after 30,000 years.

Saline fluids (green arrows) are directed laterally by precipitating solids in the flow path due to
mixing with colder meteoric water (blue arrows) from above. Modified from [61].

Observations of high conductivity around volcanic centres, rather than directly below,
might therefore be an indication of saline fluids forced into following the path of highest
permeability after being expelled from the crystallised, outer parts of a magma chamber.

Similar to the Lake Uyuni area, salts escaping from the active subduction zone in
the APMB area are observed from depth to surface. If we are to believe the conclusions
made by [59] and [60], the salt lakes in the Uturuncu area probably represent just a minor
part of the salt stored in the APMB. A later rifting in the area might release the full salt-
producing potential.

4.4. Observations from China and Tibet

All continents are the result of tectonic processes involving subduction, in periods.
Therefore, one should expect to find inherited structures from such events in the crust
and mantle of stable continents. Of special interest to this study would be observations
indicating salinity still exists in the mantle and crust from fossil subduction zones.

The continental crust and mantle of the Himalayan orogeny have been investigated
in several studies utilising independent MT networks. A few results will be mentioned
here to illustrate that even for this area, with a very thick crust (50-70 km in places), the
observation of conductive zones shows what seems to be the result of a common, general
process located above Moho in the lower crust.

Thus, ref. [62] performed an MT study of the northern Tibetan Plateau. Several, large
and independent conductive zones are observed in less conductive zones, all along the
magneto-telluric network. The more prominent conductive zones are all located beneath
depths of 20 km to 30 km. Several smaller conductive zones rise higher than 10 km,
and some seem to go all the way to the surface. Among the larger conductive zones,
some go very deep. Zones of high conductivity are found in connection with well-known
suture zones. Based on conductivity measurements alone, this association might be due to
weaknesses created by fluids, or vice versa. Some conductive zones continue down to the
depth limit of the investigation (100 km).

Ref. [62] concluded that a “. .. pervasively high conductance suggests that partial melt
and/or aqueous fluids are widespread within the Tibetan crust”. They further conclude that
in southern Tibet, the high-conductivity layer at 15 to 20 kilometres is probably due to
partial melt and aqueous fluids in the crust. In northern Tibet, the conductive layer at 30 to
40 kilometres is likely due to partial melting. Zones of fluid may represent weaker areas
that could accommodate deformation and lower crustal flow. However, it is not self-evident
that melts exist at 20 km depth, as the temperatures of this depth normally do not exceed
5-600 °C.

Ref. [63] report results from an 800 km long MT network in a different region of the
eastern Tibetan Plateau. Also, conductive zones are detected between 20 km and 30 km
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depth. These data indicate a physical link between other conductive zones and deep faults
reaching well beyond Moho depth. A large-scale conductor is located below 20 km depth
in the lower crust beneath the Songpan-Ganze Block. According to [63], it might act as a
guiding channel that facilitates the eastward escaping movement of crustal materials from
the Tibetan Plateau.

This observation strongly indicates that the zone below 20 km depth has a fault-
localising capability and brittle behaviour.

Ref. [64] collected MT data to obtain a continuous image of the lithospheric electrical
conductivity across the southeastern Tibetan Plateau margin. The resulting conductivity
model reveals two major conductive features in the middle-lower crust beneath south-
eastern Tibet and the Chuxiong basin, both of which are consistent with the presence of
fluids and likely enhanced by shear deformation along large faults. An anomalously high
conductive zone was observed beneath the Chuxiong basin and was interpreted to contain
substantial amounts of saline aqueous fluids.

As presented above, in studies performed on the Tibetan plateau, associations between
faulting, suture zones, and zones of high conductivity are common. In a study of a fossil
(Neoproterozoic to the end of the Paleozoic) interoceanic subduction and accretion zone in
western Junggar, China, [65] made several important observations related to this subject.
Data from conductivity measurements along an MT network show the presence of solute-
rich fluids above the fossil subduction zone (Figure 9).
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Figure 9. MT image of the fossil subduction zone (Neoproterozoic to the end of the Paleozoic)
in western Junggar, China. Numbers indicate distance in km on both axes. Solute-rich fluids are
observed at ca. 20 km depth around deep fault zones (red). Regions with confirmed serpentinisation
at/near the surface have low conductivity (blue). Modified from [65] Text in the figure has been
enlarged for clarity.

Surprisingly, serpentinites observed in the area by [65] show up as non-conducting,
although studies have shown that serpentinisation by saline fluids produces serpentinites
that contain substantial amounts of salts, e.g., ref. [22] Commonly, the measured conduc-
tivity of serpentinised, subducting slabs is also often low. Ref. [48] made observations of
structurally bound chlorine, separated from sodium. Hence, the observation of reduced
conductance by [65] might be due to the loss of mobile ions.
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4.5. Observations from the Canadian Shield

Incidentally, the region where fluid samples from mines were analysed by [33] has
also been subject to deep geophysical investigations. The 3D MT conductivity models
established by [66] of the Archean Superior Province in Canada reveal the presence of
high-conductivity zones in the —-mid-lower crust. These were interpreted to reflect a pro-
tracted history of magmatic-hydrothermal activity contemporaneous with the construction
and collapse of the crust. Sub-vertical zones of high conductivity in the -mid-upper crust
represent corridors of paleo-fluid flow along crustal-scale structural networks and faults de-
veloped in response to terrane amalgamations. The subsequent orogenic collapse resulted
in widespread lateral flow within the lower crust accommodated by sub-horizontal shear
zones and included magmatic refertilisation. Figure 10 shows conductivity measurements
in the Malartic region of the Abitibi sub-province in Eastern Canada.
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Figure 10. Conductivity measurements in ca. 2.7 Ga old craton in the Superior Province of Eastern
Canada. The depicted section is located in the Malartic region of the Abitibi sub-province. Deep
crustal conductivity is observed in zones below 20 km depth. Sub-vertical, conductive zones extend
all the way to the surface, along major fault zones. LCC: lower crustal conductive zone. VC4,
VC5, and VC6 indicate sub-vertical conductive zones. Modified from [66]. Ref. [66] conclude
that the preserved high-conductivity anomalies in the mid-lower crust represent an amalgamation
of magmatic-hydrothermal and deformational processes that occurred during construction, peak
orogenesis, and collapse in the Archean. Conductive zones, extending all the way to the surface, are
very likely caused by brines like those sampled by [33] from the Canadian Shield.

4.6. Commonalities of Geophysical Observations in Deep Crust and Mantle

Using different geophysical methods in different tectonic settings, a set of common
observations emerge:

e  Similar conductive patterns caused by saline fluids emerge in regions with ongoing
subduction, and within old cratons where melting can be excluded as the cause.

e  Saline fluids are observed during ascent from subducting slabs, through the mantle
wedge, towards a trench parallel zone ca. 30 km from the volcanic arc, in the direction
of the subduction trench.

e  Saline fluids seem to remain in the mantle and lower crust, although some fluids may
invade the upper crust via deep faults and weakness zones.

e  Trench parallel zones of conductivity, showing anomalous seismic velocities, ductile-
brittle behaviour, and seismicity, are located at ca. 20 km depth and below, indicating
certain mineralogical and mechanical properties of this zone caused by fluids.

e In conclusion, the observations presented in chapter 4 provide evidence for the pres-
ence of saline fluids extending both shallow and deep environments under most
continents and regions that have been subject to subduction.

e Continental rifting in the vicinity of subduction zones, therefore, has the capacity to
release vast amounts of salts.
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5. Discussion

The salts dissolved in seawater today ended up there because water on the Earth
dissolved them from the early crust and mantle via water—rock interaction. There is nothing
to indicate an end to this process. As long as water is contacting the mantle and old
cratonic crust, there is still a possibility for more salts to be leached out. During this process,
there is also the possibility for ion-exchange between fluids and rocks, slightly altering the
composition of the fluids.

The most common process where water approaches the mantle is subduction. This
water is bound to be seawater because the subducting slabs are always made up of the
oceanic crust and eventually some sediments. The oceanic crust can only be created and
exist in the deep ocean and, therefore, must bring with it seawater components in pores
and fractures during subduction. A large part of the subducted water is transported in the
form of hydroxylated minerals. This would increase the salinity of the slab, relative to the
initial salinity of the incorporated seawater. Some of this seawater is able to make it back to
the continental crust and even higher. This has been proven to be directly observable in
deep wells and mines. In addition, it has proven possible to indirectly observe saline fluids
using geophysical means, bearing in mind that other mineralogical phenomena might also
produce conductance anomalies similar to those created by saline fluids.

Observations of different phenomena and substances in salts and crustal brines that
are inconsistent with solar evaporation do not exclude that this might still be an important
process. However, a large number of observations deviate from what is to be expected. To
explain these, ad hoc theories have to be introduced within the present evaporite paradigm.
Processes occurring after the deposition of salts might explain some phenomena, but many
of them cannot be explained in this way. Occam’s Razor, therefore, calls for a new theory
to explain observations of both dense brines and major solid salt deposits that seem to
be related to deeper, mantle-related processes. Explaining these processes and presenting
thermodynamics and observations supporting a new model/explanation should be the
main objective of future work in this area.

6. Conclusions

Over the past twenty years, many works have been published that have expressed
doubts about several aspects of the current paradigm for salt formation via solar evapora-
tion of seawater. The work presented here is a review of peer-reviewed published literature
where several issues are documented that are NOT compatible with the current paradigm
for the formation of salt giants via solar evaporation alone. This also includes observations
of minerals that have been formed together with the salt by the same processes, such as
sulphates, carbonates, borates, and silicates. Another important observation is that the
large salt deposits do not contain marine fossils but instead traces of terrestrial plants (e.g.,
pollen). This observation alone significantly weakens any claims that major salt deposits
were formed via direct evaporation of seawater.

Observations indicate a clear connection between salt accumulations, high heat flow,
tectonics, and magmatic and hydrothermal activities. The latter is confirmed by the content
of hydrothermally associated minerals in salt deposits (talc, penninite, congolite, borasite,
etc.), which suggests that the salt formation includes processes at elevated temperatures,
well above temperatures caused by solar energy alone. These observations do not exclude
that heat from the sun may be involved in the evaporation of salt water from hydrothermal
sources, e.g., the evaporation of the hydrothermal brine that flows out on the Salar de
Uyuni in Bolivia.

The documentation of salinity within the deep crust and mantle associated with
subduction zones has received too little attention from the geological community, even
though it is associated with large salt accumulations. Subduction of oceanic crust is a key
concept for the transport of marine salt down into the mantle. Such processes go on for
tens of millions of years and involve thousands of kilometres of salty oceanic crust that are
brought down into the mantle.
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Although salt deposits do not share the exact composition of seawater, the similarity
between seawater and deep-seated brines in the crust indicates that the ocean is somehow
involved in the formation of these brines and salt deposits. The release of previously
subducted and accumulated seawater following mantle upwelling might provide an expla-
nation for this similarity.

Different gases that are clearly related to the mantle, very rare in seawater, are found
in salt deposits, including mantle minerals themselves. This further strengthens a link
between salt deposits and the mantle

A seemingly universal and significant uplift due to mantle upwelling before continen-
tal rifting has been documented. Salt deposition during mantle exhumation occurred in
Gabon salt deposits. In the East African Rift, the initiation of salt deposition seems to occur
when the terrain is elevated above sea level. This seriously questions solar evaporation of
massive amounts of seawater as the sole salt-forming process.

The current salt forming theory in combination with isostatic considerations dic-
tates that thick layers of salt can only be produced in basins that were deep prior to
salt deposition.

By conducting this review, we were aiming to integrate facts regarding the entire
process of salt formation, including the confusing isostatic results that arise when applying
the evaporite theory. This includes endogenous processes, where hydrothermal brines
rise to the surface, causing the original surface to sink without additional stress being
placed on the mantle. It is suggested that a new approach must be taken to explain all the
inconsistencies and ambiguities concerning the processes that are taking place in typical
salt basins. We have started this process by presenting observations that are incompatible
with the current salt formation paradigm. True science, therefore, requires the development
of a new model for the formation of large salt accumulations, in which all processes are
included and are compatible with the new paradigm.
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