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Abstract

Solid-rich inclusions at 20°C of the Na-K-Mg-CI-H,O
system, found in euhedral quartz from the top of Zech-
stein 2 salt in the Mors dome, Denmark, were objects
of microthermometrical investigation.

The quartz crystals, all of the long prismatic, slender
type, average length of 750 um, are genetically closely
connected to the intercalated clay in the deck halite
NaZr.

The inclusions are faceted negative crystals, crystal-
lographically orientated with the host quartz. Carnal-
lite (KMgCl,-6H,0) is the main daughter mineral, fol-
lowed by tetrahydrate (MgCl,-4H,0) and minor sylvite
(KCI). Halite (NaCl) is found as grains in suspension in
the trapped solutions. The trapped solutions represent
melts of carnallite or tetrahydrate saturated with NaCl.
The concentrations range from 167 mol MgCl, + 83
mol K,Cl, +3 mol Na,Cl, per 1000 mol H,O to 250 mol
MgCl, + 5 mol K,Cl, + 0 mol Na,Cl, per 1000 mol
H,O, corresponding to salinities from 52 to 62
weight%. Melting temperatures measured, 170-185°C,
and estimated pressures, 80-110 MPa, are minimum
trapping values.

In a few cases highly irregular, “dry” grains of carnal-
lite, containing dissolved high-pressure gas, were ob-
served to have been trapped.

In this study it is shown that the melting temperature
of carnallite in a closed space, where evaporation is
prevented, depends on the prevailing pressure. It is
also shown that high-pressure gas is dissolved in
trapped grains of carnallite or halite, but not in the
solutions.

Finally, the results lead to the proposal of a model,
related to time and space, of the metamorphism of an
original carnallitic potash bed and subsequent K-Mg-Cl
mineralization of the deck halite. The original para-
genesis kieserite-halite-carnallite, sedimented in the
deeper parts of the basin, was altered to the present
kieseritic hard salt by means of progressive geothermal
metamorphism from Upper Triassic to Lower Cretace-
ous. The hanging wall of the potash bed, the deck
halite, was mineralized by the metamorphic solutions,
squeezed out from the potash bed, possibly during the
diapiric penetration phase in Upper Jurassic — Lower
Cretaceous.



Introduction and previous studies

The present work is an amplification of an earlier study
(Fabricius 1987) concerning solid-rich inclusions with
compositions belonging to the Na-K-Mg-CI-H,O sys-
tem.

The main topic of the previous work was microther-
mometrical studies of fluid inclusions in euhedral
quartz crystals found in the deck halite of Zechstein 2
from the well Erslev-1 in the Mors salt dome. These
fluid inclusion contain carnallite as a daughter mineral
at room temperature. The carnallite dissolves congru-
ently during heating runs either under the vapour pres-
sure of the highly saline solution (type I) or in the
interval 0.1 — c. 75 MPa (type II). Both types are small
primary irregular fluid inclusions situated on a crystal-
lographic m-interface. The solid:liquid ratio ranges
from very small (type I) to slightly larger than 1 (type
ID).

The salinity of the equilibrium solution, type I and
I1, at the total dissolution temperature of carnallite, T,
car., obtained in these previous studies, is illustrated in
fig. 1. The shaded area outlines schematically the car-
nallite stability field (fig. 6A). The dots on fig. 1 repre-
sent the concentrations of MgCl, and KCl in inclusions
also containing a cube of sylvite. The outermost left dot
represents 29.2 weight% MgCl, plus 7.4 weight% KCI.
The outermost right dot represents 42.4 weight%
MgCl, plus 9.2 weight% KCI.

Fig. 2 illustrates the concentrations of Na,Cl,, K,Cl,
and MgCl, in mole per cent of the equilibrium solution
at the total dissolution temperature of carnallite in 35
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inclusions. The mean concentrations of type I, type II,
and their mutual mean value are also plotted.

The type II inclusions allow construction of a pro-
posed pressure-dependent melting curve of carnallite,
melting incongruently to sylvite and solution. Some
measurements of the present study support the propos-
al (fig. 11). The proposed melting curve is verified by
autoclave experiments (Fabricius and Rose-Hansen, in
prep., fig. 8).

In the present study only solid inclusions (at room
temperature) are dealt with, fourteen selected solid
inclusions from the previous studies and eleven new
ones.

The previous and the present studies are part of a
paragenesis/geochemistry project concerning K-Mg
zones in the Danish Zechstein salt. The main purpose
of the investigation is to elucidate the relations between
the chemical and mineralogical compositions of the
K-Mg-Cl rocks and the metamorphic pressure-temper-
ature conditions occuring in salt deposits.

Fig. 1. The salinity of the equilibrium solution versus the
dissolving temperature of daughter carnallite, type I and 11
inclusions. The dots represent the concentrations of MgCl, and
KCl ranging from 29.2 wt.% MgCl, + 7.4 wt.% KClI (out-
ermost left) to 42.4 wt.% MgCl, + 9.2 wt.% KCl (outermost
right). After Fabricius (1987, Fig. 7 and Table 2).
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Fig. 2. Estimated compositions of the equilibrium solutions at the temperature of total dissolution of carnallite in 35 inclusions.
Based on measurements from Fabricius (1987).



Geological setting

The Danish Subbasin forms the south-eastern branch
of the Northern Permian Basin (Ziegler 1981, fig. 10).
During Zechstein time 4 evaporite cycles (Z1-Z4) pre-
cipitated in the Danish Subbasin. Fig. 3 shows the
extension of the Zechstein sediments, the main dome
area, and depth contours to the pre-Zechstein reflec-
tor. It is seen that the Mors dome is situated centrally in
the basin and that a 8000 m depth contour is found
close to the Mors dome in a southern direction.

The stratigraphy of the Danish Zechstein evaporites
is given in table 1 and fig. SA. The four Zechstein
cycles correspond to the North German Zechstein 1 -4
cycles. The symbols used in table 1 and fig. 5 are those
proposed by Richter-Bernburg (1953, p. 852) and refer
to the main minerals in the layer: Na — halite, A -
anhydrite, Ca — carbonate, (K) - potassic salt, K —
potash zone (mainly sylvite), T — (Salz-) Ton = salt
clay. The Veggerby Potash Zone K2 corresponds to the
famous German Floz Stassfurt (Richter-Bernburg
1962, p. 71).

The interpretation of the stratigraphy (table 1 and
fig. 5A) is based on the works of Richter-Bernburg
(1962, 1981) and Jacobsen (1984).

Table 1. Stratigraphy of the Danish Zechstein.
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Fig. 3. The Zechstein basin with the halokinesis area.
Simplified after Michelsen et al. (1981, Fig. 1).

Depth
Cycle Symbol m Lithology
74 Na4 20 rock salt, light grey to pale orange, clayey.
T4 3040 salt clay, medium olive brown to olive grey to greyish black, silty clay and claystone, with
rock salt.
Z3 Na3 c.100 rock salt, red to brownish to greyish, coarse crystalline, with disseminated anhydrite and two
thin potash zones and one thin bed of anhydrite.
T3 15-60 salt clay, sand-, silt-, claystone, red and green to greyish black, with rock salt.
Z2 Na2r 15 deck halite, yellowish red to orange red, kieseritic, potassic, with disseminated carnallite and
anhydrite, clayey.
K2 10 hard salt, kieserite, halite, sylvite, and anhydrite, clayey. Veggerby Potash Zone.
Na2(K) 20 rock salt, reddish to brownish red, potassic and kieseritic.
Na2 ¢.600 rock salt, light to medium grey, occ. colourless, translucent, coarse crystalline with dissemi-
nated anhydrite.
Ca2 12-14 anhydrite-dolomite zone, alternating layers of anhydrite, dolomite, and limestone, medium
grey.
Z1 Alr 1 anhydrite, bluish grey, compact.
Nal c.400 rock salt, light to medium grey, occ. colourless, translucent, coarse crystalline with dissemi-

nated anhydrite.




Fig. 4 shows the profile NNE-SSW of the Mors dome
according to seismic measurements (Richter-Bernburg
1981, p. 34). The stratigraphy of the well Erslev-1 is
seen to be very complicated with inverted, interfolded,
and overthrusted layers. The bottom part, shown on
fig. 5B, is even more complicated, especially below the
Veggerby Potash Zone K2 at a depth of ¢. 2690 — c.
2740 m. K2 is not repeated but the deck halite Na2r is
repeated three times, and the salt clay T3 with the rock
salt Na3 four times. At a depth of 3000 m the youngest
cycle Z4 appears, also inverted. Z4 (= T4+Nad) is
repeated twice.

Overburden Depth
in km NNE Erslev 2 Ersievl SSW in kl’d’\
Tertiary -
5 Cretaceous __— ,;’~ ~ -1
14— \ -2
N\ 20— S~
Jurassic
S 1——— ./ -3
2 \I ! —
Triassic ! R -4
1 4 » / \ - -5
0 _L_’-'—'- ----- Zechstein salt —e--—---T

Fig. 4. The Mors dome with the two wells Erslev 1 and 2. The
stratigraphy and tectonics of Erslev I as interpreted by Richter-
Bernburg (1981). Note the depths of the overburden outside
the dome at various times.
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Materials and methods

Abbreviations

T Temperature, °C.

T, Disappearence T of the liquid shrinkage bub-
ble.

T, Melting/dissolving T.

T, Re-formation or formation T.

T, Nucleation T of gas bubble, high-pressure
(HP) or shrinkage.

tot. Totally.

part.  Partly.

inc. Incipient.

HP High-pressure gas bubble.

car. Carnallite, KMgCl;-6H,0.

Sy. Sylvite, KCl.

ha. Halite, NaCl.

tet. Tetrahydrate, MgCl,-4H,0.
hex. Bischofite, MgCl,-6H,0.

oct. Octahydrate, MgCl,-8H,0.
dod. Dodecahydrate, MgCl,-12H,0.
Com. Comments.

Materials

Core No. 30 from the well Erslev-1 drilled at a depth of
2800 m in the Mors dome (fig. 5B and 13) consists of
mixed deck halite Na2r and salt clay T3. From the top
of the core a piece of approximately 500 g salt and clay
was cut. The salt was dissolved and the residue was
examined. The quartz crystals were separated from the
residue by the aid of heavy liquids and by hand picking
with a small brush. The crystals were examined under
the microscope and the usable crystals (1-2%) with
solid inclusions of the Na-K-Mg-Cl-H,O system were
eventually studied by the aid of a ChaixMeca cooling
heating device.

The quartz crystals

The quartz crystals are all of the long-prismatic, doubly
terminated form m + r + z. The length of the crystals
ranges from a few um to 1.2 — 1.4 mm. The average
length of the usable crystals, i.e. longer than 0.3 - 0.5
mm, is approximately 0.7 mm. The number of crystals
per 500 g core material is very great compared with the
number of crystals from the “grey salt” Nal and Na2
(Fabricius 1985, p. 251).
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No twins are found. The m faces are often developed
with a mosaic structure (pl. 111, fig. 4) which is never
found on the r or z faces. The m faces are very rarely
horizontally striated.

As a rule, one large crystal is intergrown with a few
other, much smaller crystals. Alternatively, the crystals
form aggregates of one or two large crystals intergrown
with many small crystals, which occasionally form ir-
regular thin plates similar to the crystal lining in vugs.
The intergrown crystals and the aggregates often pre-
vent a proper study of the inclusions, because the up-
side m face should be perpendicular to the optic axis of
the microscope in order to prevent optical distortion of
the inclusion.

The large number of crystals in the examined core
compared with the grey salt suggests another source of
silica than seawater. Thick sections of the Na2r-T3 salt
very clearly show that the quartz crystals are found
always in connexion with clay, intercalated in the salt.

In many of the crystals a large irregular hole is to be
found in one or both of the pyramids or, rarely, in the
prism (pl. I and II). In connexion with these holes there
is always a “front” of small fluid inclusions (pl. 111, figs.
5, 7). The front follows the contours of the hole at a
distance of 40-75 um, either as a thin waving veil of
extremely small inclusions, or a waving curtain of
larger fluid inclusions a size of up to 30 X 15 um.

The inclusions, the vapour bubble, and
released high-pressure gas

The inclusions studied in the present work are large
and isolated, primary inclusions. A few of the inclu-
stons have 1-3 much smaller neighbouring fluid inclu-
sions.

All the inclusions are classified as solid inclusions at
room temperature with an extremely large solid:liquid
(S:L) ratio. Two of the inclusions — x-29.1 and x-67.1 —
have a S:L ratio of approximately 5:1. These two in-
clusions are the only two that reacted upon freezing,
forming ice and various MgCl, hydrates.

Regular inclusions with shapes ranging from spheroids
over more or less elongated ellipsoids and box-like
forms to negative crystals. Practically all the inclusions
are faceted with crystal faces. Most, or perhaps all, of
the negative crystals actually occur on lineage bounda-



ries, i.e. in the crystallographically orientated mosaic
structure of the m faces (Buerger 1932, p. 229, Skinner
1953, p. 548) (pl. 111, fig. 4). The present shapes of the
inclusions have not necessarily been inherited from the
time of their formation. They may have been irregular
inclusions, which have been modified through geologic
time in the dircction of lowest possible energy level,
i.e. bounded by crystal planes (Tuttle 1949, p. 335,
Roedder 1971, p. 332, 1981b, p. 123).

In H,O-rich inclusions, where the net decrease in
SiO, solubility with temperature allows the precipita-
tion of silica in the edges of pre-existing negative crys-
tals, rounded equilibrium shapes may form (Swanen-
berg 1980, p. 83).

A few of the inclusions terminate in a small “tail” in
the direction of the c-axis of the host quartz. The “tail”
is connected with the main inclusion through a narrow
short tube (pl. 1 and I1). The “tail” was possibly formed
in connexion with the modelling of the faceted in-
clusion, perhaps by liquid “in excess”.

The average size of the inclusions is approximately
35 x 25 x 25 um with the shortest dimension down to c.
15 um and the longest dimension up to c. 100 pm.

The liquid shrinkage vapour bubble is very small at
room temperature compared with the volume of the
inclusion because of the large S:L ratio. The liquid is
concentrated in a small void or hollow formed by the
liquid on the surface of the solids filling up the inclusion
(pl. 111, fig. 2).

In some of the inclusions the bubble is a liquid
shrinkage vapour bubble containing no high-pressure
gas. During heating runs no Brownian bubble move-
ments are observed, indicating highly viscous brines.
The brines are syropy in consistency (Holser 1979, p.
230). The dynamic viscosity of a bischofite solution is c.
5 poises at 20°C, i.e. 500 times higher than the viscosity
of water (Sonnenfeld 1984, pp. 50-51).

It is very important to measure the bubble disappear-
ance temperature T, during the first heating run, be-
cause HP gas is released, as a rule, when trapped grains
of carnallite, sylvite, or halite are totally melted or
dissolved during the run.

During the first heating run, where all solid phases
are melted/dissolved, a certain amount of fluid is re-
leased, and the S:L ratio decreases. The liquid shrink-
age bubble will then be larger, at room temperature,
than before the first heating run. But the disappearence
temperature T, will be the same in the following runs, if
no HP gas is released from the solid phases.

The vapour pressure of a saturated MgCl, solution is
3.4 mm Hg at 20°C, 80.5 mm Hg at 100°C, and 774.5
mm Hg at 160°C (Grube and Briuning 1938, table 1).
As the vapour pressure is high at high temperatures,
the shrinkage bubble contains significant amounts of

MgCl, and KCI (Roedder 1981a, p. 11, Ramboz et al.
1982, p. 38).

Irregular inclusions. Two of the inclusions (x-1.3, pl. II,
fig. 5 and x-33.1, pl. II, fig. 6) are large, highly irreg-
ular. solid inclusions with no vapour bubble before the
first heating run. A grain consisting of carnallite and
intergrown sylvite was trapped during the crystalliza-
tion of the host quartz. As no liquid is visible, the
inclusions are classified as being “dry” in spite of the
presence of a saturated H,O dipole film (Kiihn 1952,
pp- 150, 155).

At the total melting of the carnallite component, HP
gas was released, proving the trapping of solid carnal-
lite. Consequently, the melting temperature T, car.tot.
is a maximum trapping temperature T, , i.e. the maxi-
mum formation temperature of the host quartz.

Also in these two cases more HP gas was released,
when the sylvite component was brought to solution.

Released high-pressure gas. Fluid inclusions and gas
inclusions are frequently present in secondary salt min-
erals which formed deep below the surface under cer-
tain geological conditions, and in recrystallized salt
rocks (Baar 1977, p. 32).

The solubility of gases in salt solutions decreases
rapidly as the salinity increases. The solubility also
decreases with increasing temperature (Discussion). As
the trapping temperature (175-180°C) and the salinities
(50-60 weight%), measured in the present work, are
high, only negligible amounts of gas can dissolve in the
bitterns. Therefore, released gas proves the trapping of
solid salt grains suspended in the solutions. These acci-
dentally trapped salt grains are not daughter minerals.

The gas is bounded interstitially between the salt
crystals (pl. I1I, fig. 6) and/or in the lattice interstices or
where the lattice is disordered or has vacancies (Miiller
and Heymel 1956, p. 315, Baar 1958, p. 139, 1960, p.
132, Giesel 1968, 1972, p. 235).

Carnallite commonly contains a large amount of
gases under high confining pressure in very fine, micro-
scopic pore spaces that are not interconnected. Potash
salts, in general, contain many times the quantity of gas
found in halite (Sonnenfeld 1985, pp. 260-261). There-
fore, if an inclusion before the first heating run contains
grains of carnallite and halite and no gas is released
during the melting of the carnallite grains during the
first heating run, the total melting temperature of the
carnallite grains, T, car.tot., is a minimum trapping
temperature of this particular inclusion. The trapped
grain of halite dissolves totally at a much higher tem-
perature (275-300°C) in the highly saline K-Mg-Cl solu-
tion formed, whereby HP gas is released.
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PLATE 1

The black signature on the quartz crystals at Figs. 2, 4, 5, 8, and 12 illustrates holes in the crystals after now dissolved carnallite.
The solid:liquid ratio in all the inclusions is extremely large, i.e. the solid phase practically fills up the entire inclusion with the
liquid and a shrinkage bubble gathering in a small void in the surface of the solid phase. Note on Figs. 7 and 8 the small “tails” in
the direction of the crystallographic c-axis. The inclusion x-71.1 (Fig. 12) is weakly faceted on the side not shown.
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Plate 1
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PLATE II

Figs. 2, 3, and 6 show holes (black) after now dissolved carnallite. The triangular prisms on both sides of the up-turned m face
refract the vertical beam of light, so no light from these prisms enters the objective of the microscope. The prisms are more or
less opaque. On Fig. 6 we see inclusion x-33.1. When the inclusion is observed through the m face (1010), the m face (1100) is
practically opaque, and the inclusion is almost invisible, Fig. 6, right.

Note the large hole after now dissolved carnallite in the prism at Fig. 6. The inclusion x-33.1 consists of a trapped grain of
carnallite with an intergrown grain of sylvite.

The inclusion x-51.1 (Fig. 1) is very weakly faceted.

Fig. 7 exhibits the inclusion x-67.1 seen through four different prism faces. The inclusion was studied in position C and D,
because the positions A and B were optically distorted by the quartz wedge formed by the rhombohedron faces.

14



Plate II
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Phase diagrams of the Na-K-Mg-CI-H,0O
system

The phase diagram of fig. 6A is a simplified diagram
after d’Ans and Sypiena (1942, fig. 2). The construc-
tion of the diagram is based on results obtained at
atmospheric pressure and the solutions saturated with
NaCl.

The stability fields of KCI, KMgCl,-6H,0,
MgCl,-6H,0, MgCL-4H,0, and MgCL-2H,0 are
marked with thick lines. The isotherms are drawn with
thin full lines. These isotherm curves show a minimum
solubility of KCl in a solution with a concentration of c.
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Fig. 6 A and B. Phase diagram of the system KCI-MgCl,-H,0,
saturated with NaCl at atmospheric pressure. The temperatures
are degrees centigrade. After d’Ans and Sypiena (1942, Fig.
2).
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135 mol MgCl, per 1000 mol H,O. The KCl-isotherms
in the KMgCl;-6H,0 (carnallite), MgCl,-4H,O (tetra-
hydrate), and MgCl,-2H,O (dihydrate) stability fields
are drawn with thin dashed lines, because of lack of
systematic determinations.

The point marked 167.5°C is the temperature of in-
congruent melting of carnallite under atmospheric
pressure as determined by van’t Hoff and Meyerhoffer
(1899). The isotherms in the vicinity of this point in the
carnallite stability field curve around the point. The
melting point 167.5°C is a temperature maximum on
the equilibrium melting curve of KCl and
KMgCl;-6H,0, whereby a KCl-isotherm is a tangent in
the melting point.

In the transition point marked 152.5°C, 120 mol
KMgCl;. 6H,O plus 70 mol MgCl,-4H,0 give 70 mol
KCl plus an equilibrium solution consisting of 25 mol
KCl plus 190 mol MgCl, per 1000 mol H,O (d’Ans and
Sypiena 1942, p. 93).

D’Ans (1961, p. 126) notes that two dissolution
curves intersect in the transition point 152.5°C:

1. Carnallite (s) + MgCl,-4H,0 (1)

2. KClI (s) + MgCl,-4H,0 (1),
where the liquid systems are saturated with NaCl.

It is worth having in mind that the consequences are
that dry carnallite transforms to KCl and MgCl,-4H,0
at 152.5°C during liberation of water vapour, and a
melt must form above 152.5°C, besides the precip-
itates. Serowy and Tittel (1959, p. 24) mention experi-
ments, which confirm these consequences.

Presence of KCl in the solution depresses the tem-
perature of 181.5°C for the tetrahydrate-dihydrate
transition with 1°C per 1.5 mol K,Cl,/1000 mol H,O.
The transition temperature was found to be 157°C,
marked in the diagram at c. 249 mol MgCl, and 40 mol
K,Cl, (d’Ans and Sypiena 1942, p. 93).

The upper part of the MgCl,-6H,O (bischofite) sta-
bility field is shown on fig. 6B. The transition temper-
ature bischofite-tetrahydrate is 116.7°C. With 1.5 mol
K,Cl, in solution, this temperature is lowered 1°C to
115.7°C, also given in the diagram.

The block diagram of fig. 7 shows the stability fields
of sylvite, carnallite, and the MgCl, hydrates at atmo-
spheric pressure. The transition temperatures are taken
partly from fig. 6 and partly from table 2. The concen-
trations of MgCl, and K,Cl, are mol per 1000 mol H,O.

Solid phases in the inclusions,
characterizations and identification

As the inclusions derive from metamorphism solutions
penetrating the deck halite Na2r, the solutions must be
saturated with NaCl at the moment of trapping by the
quartz crystals.

The daughter minerals and trapped minerals noted
below are found in the inclusions. The refractive in-
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K, Cl2

Fig. 7. Three-dimensional phase diagram of the system KCI-
MgCl,-H,0, saturated with NaCl, atmospheric pressure. The
numbers in the open squares refer to the various MgCl, hy-
drates. Note the vaulted surface of the carnallite stability field.
After Findlay (1907).

dices are measured at 20°C, except for dodecahydrate:
-25°C. The indices at the actual, much higher dissolv-
ing/melting temperatures are unknown.

Simple salts

Halite, NaCl, is cubic and isotropic with a refractive
index of 1.5443, very close to n, of quartz: 1.5442. D =
2.168 g/cm®. The Temperature Coefficient of Solubility
TCS = 0.015 (Borisenko 1978, table 2).

A solution with a concentration of 36 weight%
MgCl, contains only 0.33 wt.% NaCl at 35°C (Meyer et
al. 1949, p. 1237).

Zdanovskij (1949, p. 585, fig. 5) found at 105°C that
the solubility of NaCl decreased dramatically from c. 28
wt.% to very small values close to zero, when the
concentration of MgCl, increased from zero to c¢. 43
wt.%, equals c. 140 mol/1000 mol H,O.

Fig. 8 shows the NaCl polytherms at fixed MgCl,
concentrations, after d’Ans and Sypiena (1942, fig. 5,
table 2). 166 2/3 mol MgCl,/1000 mol H,O correspond
to the concentration of MgCl, in carnallite (6 mol
H,0). The concentration of Na,Cl, is 4.4 mol/1000 mol
H,O at 180°C in a solution containing 166 2/3 mol
MgClL,/1000 mol H,O, corresponding to 1.5 wt.% NaCl
and 46.2 wt.% MgCl,. At 20°C the concentration of
Na,Cl, is extremely small, so the daughter halite repre-
sents 1.5 wt.% NaCl. The halite precipitates on the
surface of the trapped grain of halite and no cube of
daughter halite is visible.

The curve of 166 2/3 mol MgC(l, is extrapolated to
300°C, the approximate dissolving temperature of ha-
lite in suspension in solutions of the present work. The
concentration of Na,Cl, at 300°C is between 25 and 30
mol/1000 mol H,O, giving a concentration of 8-9 wt.%
NaCl and 43-42 wt.% MgCl,. Therefore, the trapped
grain of halite represents 6-7 wt.% NaCl or 20-25 mol
Na,Cl,/1000 mol H,O at 180°C. But the actual solutions
contain an appreciable amount of dissolved KCl (c. 30
mol K,Cl, at 180°C), which diminishes the solubility of
NaCl due to the “common ion effect” and to the fact
that KCI being much more soluble than NaCl in MgCl,
solutions. Consequently, the trapped grain of halite is
somewhat overestimated.

The solubility of NaCl increases by 10 per cent in the
system NaCl-H,O during an increase of pressure from
atmospheric pressure to 70 MPa, corresponding to the
hydrostatic pressure at a depth of 5000 m (Holser 1979,
p. 242-243). It is assumed that the pressure-dependent
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Fig. 8. NaCl-polytherms at fixed MgCl, concentrations. After d’Ans and Sypiena (1942, Fig. 5).

17



solubility of NaCl in the actual highly concentrated
bitterns is of the same order of magnitude.

The grains of halite in the inclusions were trapped
under pressures of 75 — 125 MPa (table 15). The pres-
sure in the inclusions at room temperature equals the
vapour pressure of the bitterns. Consequently, the sol-
ubility of NaCl drops more than 10 per cent, resulting
in precipitation of NaCl on the surfaces of the trapped
grain of halite. Therefore, the pressure effect causes an
overestimate of the size of the trapped grain of halite.

The volumetric expansion of halite is 2.3 % from
25°C to 200°C (Skinner 1966, p. 80). This pressure
increase is negligible, because NaCl dissolves with a
small volume reduction, and because the solubility in-
creases with increasing pressure.

In the vast majority of the inclusions, small grains of
halite were suspended in the solutions during the trap-
ping. These grains normally dissolved totally within a
temperature interval of 275-300°C. High-pressure gas is
released after total dissolution, which, in connexion
with the high dissolving temperatures, proves the trap-
ping of solid grains of halite, i.e. the halite is not a
daughter mineral. During a test run the dissolved NaCl
re-forms spontaneously, being the first solid phase dur-
ing the following cooling period. The re-formation tem-
perature Tha is normally within the range of
160-140°C, i.e. the solution is strongly supercooled.
The formation of crystallization seeds calls for super-
saturation with NaCl (Buckley 1934, p. 228, Tollert
1956, p. 247).

Halite re-forms characteristically in a reticulate pat-
tern (pl. II1, figs. 11, 12), which recrystallizes to one or
two oblate grains, rarely to cubes or octahedrons. In
strongly supersaturated solutions, NaCl crystallizes as
octahedrons, not as cubes (Hartman 1979, p. 146).
Comment No. 6 on table 13.

Sylvite, KCl, is cubic and isotropic with a refractive
index of 1.490, close to n, of carnallite: 1.494. D = 1.99
g/em’. TCS = 0.16, much greater than TCS of halite
(Holser 1979, p. 284). Because of their significantly
different solubilities, sylvite and halite are easily diffe-
rentiated during heating tests. During heating of the
ternary system from room temperature to 100°C, KCl
solubility increases rapidly, whereas NaCl solubility ac-
tually decreases a small amount (Sterner and Bodnar
1984, p. 2661). Sylvite is more cryophilic than halite in
a MgCl, solution (Borchert and Muir 1964, fig. 7.2).

In the present work, in very few cases a suspended
grain of sylvite was accidentally trapped with the solu-
tion. The total melting temperature T, sy.tot. of these
grains is within the interval of 290 — 300°C. These grains
are not daughter minerals.

In inclusions, containing solutions with a MgCl, -con-
centration higher than 190 mol/1000 mol H,O, cubes of
KCl are often found at room temperature. These cubes
are true daughter minerals, because T,, sy.tot. of the
cubes vary from c. 120°C up to the trapping temper-
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atures. T, sy combined with the final melting temper-
ature T tet.tot. of the MgCl,-4H,O gives the concen-
tration of KCI of the trapped solution, fig. 10.

With a concentration of 166 2/3 mol MgCl,/1000 mol
H,O in the solution, the concentration of K,Cl, drops
approximately 25 mol at a temperature decrease from
180°C to 20°C, corresponding to c. 10 wt.% KCI (fig.
6A).

During a heating run sylvite re-forms during the
cooling period after total melting of the last solid phase
in connexion with the re-formation of halite. Sylvite
forms instantaneously as small round grains (“pearls™),
much less supercooled (20-40°C) than the halite
(130-150°C). This feature is caused by the much higher
TCS value of sylvite than that of halite (Kithn 1950/51,
p. 112). The “pearls” recrystallize slowly into a few
large round grains. This recrystallization is not as fast
as the recrystallization of halite, which may be due to
the higher solubility of sylvite than that of halite.

Finally, sylvite is formed during the incongruent
melting of carnallite, which is the main identification of
carnallite in contrast to MgCl,-4H,O. This incongru-
ently formed sylvite dissolves in the interval 185-215°C.

Magnesium chloride hydrates. MgCl,-nH,O

Rising brine temperatures cause a progressive dehydra-
tion of hydrated solute species (Sonnenfeld 1984, p.
73). Stability fields for hydrates in the MgCl,-H,O sys-
tem are given in table 2.

Table 2. Temperature (°C) stability fields of MgCl, - nH,0.

van’t Hoff und
MgCl, - nH,O Meyerhoffer Strakhov
1898 1962
MgCl, - 12H,0 -33.6 - —16.4 —33.6- —16.4
MgCl, - 8H,0 (B) -17.4 - —9.6 —40.0- —15.0
MgCl, - 8H,0 (a) -164 - -34 -15.0- -34
MgCl, - 6H,0, metastable / -15.0- =5.0
MgCl, - 6H,O -3.4 - 116.67 +0-116.0
MgCl, - 4H,0 116.67- 181 116.0- 181.5
MgCl, - 2H,0 >181 - (182) 181.5- 300.0

Fig. 9 shows the temperature-solubility curve of the
MgCl,-H,O system below zero °C based on measure-
ments by Bergman and Luzhnaya (1951). The transi-
tion temperatures deviate very little from the temper-
atures of van’t Hoff and Meyerhoffer (table 2).

Dodecahydrate, MgCl,-12H,0, crystallizes in the
monoclinic system. D=1.241 g/cm® (Sasvari and Jeffrey
1966, p. 875). The refractive indices n, = 1.423, n, =
1.427, n, = 1.432 are lower than the indices of carnal-
lite. TCS=2.2 (Borisenko 1978, table 2).

The dodecahydrate is well known combined with
CaCl, hydrates from fluid inclusions in quartz crystals
from the grey salt Nal and Na2 (Fabricius 1984, fig. 6).
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Fig. 9. The temperature-solubility curve of the MgClL-H,O
system below zero °C. The numbers in the open squares refer
to the hydrate. After Strakhov (1962, Fig. 117).

The freezing point depression of the dodecahydrate
gives the CaCl,:MgCl, ratio (weight%) of the NaCl
saturated solution (Luzhnaya and Verescetina 1964,
figs. 3, 5, and 7).

Octahydrate, MgCl,-8H,0, is dimorphic (van’t Hoft
and Meyerhoffer 1898). According to Grube and
Bréauning (1938, p. 134) MgCl,-8H,0 may form an
unstable phase between -17.4°C and -9.6°C. The refrac-
tive indices of a-octahydrate are smaller than 1.5442, n,
of quartz.

Bischofite, hexahydrate, MgCl,-6H,0, crystallizes in
the monoclinic system, pseudotrigonal. Colourless, vit-
reous. The refractive indices n, = 1.495, n, = 1.507, n,
= 1.528 are higher than the indices of carnallite and
sylvite. D = 1.604 g/cm®, (e.g. Braitsch 1962, 1971,
table 3). TCS = 0.2 (Borisenko 1978, table 2).

According to Dietzel and Serowy (1959, p. 9), Derby
and Ingve (1916) have measured the upper limit of the
stability field to be 117.2°C, by means of vapour pres-
sure measurements. Dietzel and Serowy (1959, p. 16)
observed the same temperature by a radiographic
method and different solubility methods. The equilib-
rium solution contains 164.9 mol MgCl,/1000 mol H,O,
equals 46.6 wt.%, having a density of 1.4325 g/cm?® at
117.25°C (fig. 10). And at 25°C with 35.54 wt.% MgCl,
the density is 1.341 g/cm® (Lee and Egerton 1923, table
I11).

At a temperature of about 117°C (depending on wa-
ter content and impurity level) bischofite melts incon-
gruently into a saturated solution of tetrahydrate,
MgCl,-4H,0, with about 1 wt.% tetrahydrate in the
solid phase. These crystals of tetrahydrate dissolve at
129°C (van Eekelen et al. 1981, p. 390).

Under atmospheric pressure, the melting point
(116.7°C) is lowered 1°C per 1.5 mol K,Cl,/1000 mol
H,O in the solution (d’Ans and Sypiena 1942, p. 93).

The melting temperature of bischofite is pressure-
dependent with an increase of 1°C per 10 MPa. The
pressure-dependent melting curve is practically linear
up to 500 MPa (Geller 1930, p. 151).

During the cooling in a closed system after total
melting of bischofite the vapour pressure above 117°C
is the vapour pressure of a solution saturated with
tetrahydrate. Below 117°C, the vapour pressure is at
first the pressure of a solution supersaturated with te-
trahydrate. But at 102°C the tetrahydrate in excess
suddenly precipitates, resulting in a dilution of the solu-
tion from its supersaturated equilibrium to a normal
saturation, now having the vapour pressure of a solu-
tion saturated with bischofite. Eventually, bischofite
precipitates, coating the precipitated tetrahydrate and
thereby preventing the tetrahydrate from forming bis-
chofite (Haug 1933, p. 19). Urai (1983, p. 126) ob-
served that molten bischofite, when cooled from above
130°C, between 120°C and 117°C becomes saturated
with MgCl,-4H,0. Precipitation of this phase occured
very unpredictably in the form of a few vol. % of needle
shaped crystals.

Through vapour pressure measurements of pure bis-
chofite, Grube and Brauning (1938, p. 138) observed
that bischofite re-formed spontaneously at 98.5°C,
forming a wet crystal mush. Between 117°C and 98.5°C
the system is unstable and the vapour pressure is higher
than the vapour pressure of the stable bischofite at
98.5°C. The vapour pressure of the saturated solution
at 98.5°C increases from 93.8 to 167.0 mm Hg within
several days. During heating of bischofite, the vapour
pressure has its maximum at 110°C, resulting in a rap-
idly increasing solubility.

Bischofite forms by alteration of carnallite in water
(Sonnenfeld 1984, p. 456). In the Stassfurt potash zone
(K2), Germany, d’Ans and Kiihn (1960, p. 79) and
Richter and Klarr (1984, p. 98) have observed second-
ary bischofite deriving from the high-temperature in-
congruent decomposition of carnallite. This secondary
bischofite is found intergrown in the carnallite masses
(Herrmann 1980, p. 442).

Bischofite was not observed in any inclusion of the
present work before the first heating run. But after
total melting of the carnallite, secondary bischofite was
observed in most of the inclusions. The bischofite re-
forms spontaneously but incomplete as diffuse clouds
and coatings on the inclusion walls or, very rarely, as a
wet crystal mush. The re-formation temperature is al-
ways below 100°C and the crystallization continues sev-
eral degrees below the re-formation temperature. This
behaviour may be due to the consuming of heat (-19.19
KJ/ecm?) during the crystallization contrary to halite
(+11.64 KJ/cm?), sylvite (+36.91 KJ/cm?), and carnal-
lite (+20.76 KJ/cm®) (Sonnenfeld 1984, table 3-1).

Identification of bischofite:
i. Optical properties: anisotropic; refractive indices

19



larger than the indices of carnallite, but smaller
than the indices of quartz within the stability field
of bischofite.

ii. Precipitation properties: after re-formation of car-
nallite, precipitation below 100°C.

iii. Melting properties: melts incongruently at 117°C +
depending on pressure and concentration of KCI.

Tetrahydrate, MgCl,-4H,0. Crystal system and refrac-
tive indices are unknown. Dietzel and Serowy (1959, p.
15) measured the transition temperature tetrahydrate-
dihydrate to be 181.0°C in a MgCl, solution with a
concentration of 237.5 mol MgCl,/1000 mol H,O. Fig.
10 shows the concentration of the equilibrium solution
versus the temperature from 70°C to 200°C (Dietzel
1959, Annex I), combined with the density of the solu-
tion (Dietzel 1959, fig. 2).

The MgCl, polytherm of the equilibrium solution
(fig. 10) changes markedly above 152.5°C (the dashed
curve), when KCl is present in the solution, because
KCl strongly lowers the transition temperature tetra-
hydrate-dihydrate (d’Ans and Sypiena 1942, p. 93). In
the point marked 152.5°C the solution consists of 25
mol K,Cl,, 190 mol MgCl, , and 1000 mol H,O and in
the point marked 157.0°C: 40 mol K,Cl,, 249 mol
MgCl, , and 1000 mol H,O (d’Ans and Sypiena 1942, p.
93, fig. 3).

A concentration of 1.5 mol K,Cl, lowers the transi-
tion temperature by 1°C in accordance with the low-
ering of the melting temperature of bischofite.

The dashed curve of fig. 10 corresponds to the line
152.5°-157° on fig. 6A.
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Fig. 10. Concentration and density of the equilibrium solution
of the MgCl,-H,O system. After Dietzel (1959). The dashed
curve shows the influence of KCl in the solution, see text. The
density scale is only valid for the full curve — the pure

MgCl,-H,O system.
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Due to the high concentrations of MgCl, and the
moderate temperatures, the full curve of fig. 10 is also
valid for the NaCl-MgCl,-H,O system (Dietzel and Se-
rowy 1959, p. 8).

If a melt of carnallite in a natural salt body is
squeezed away from contact with the reaction sylvite
from the incongruent melting of carnallite, the solution
(MgCl, + 0.25KCl + 6H,0) first precipitates carnal-
lite, when cooled down. Reaching a temperature of c.
130°C also tetrahydrate may form, which below 117°C
is transformed to bischofite (Braitsch 1962, 1971, p.
192, Knipping and Herrmann 1985, p. 115). This proc-
ess is seen in the inclusions of group C (table 9).

The re-formation after total melting of the tetra-
hydrate takes place in the temperature interval
135-125°C, 20-25°C lower than the re-formation tem-
peratures of carnallite. And the re-formation is not as
spontaneous as carnallite, and is only partial. The re-
formed grains are larger and precipitation and recry-
stallization take place down to c. 115°C. Tetrahydrate is
found as a daughter mineral only.

Identification of tetrahydrate:

i. Re-formation properties after total melting: re-
forms after supercooling to 135 — 125°C, c. 20°C
lower than the re-formation temperature of carnal-
lite in the same inclusion.

ii. Stability properties: metastable below 117°C, form-
ing bischofite below 100°C.

Dihydrate, MgCl,-2H,0, is not observed with certainty
in the present study.

The double salt carnallite

Carnallite, KMgCl,-6H,0, crystallizes in the ortho-
rhombic system, pseudotrigonal. D = 1.60 g/cm®. Col-
ourless to white, greasy. The refractive indices n, =
1.466, n, = 1.475, n, = 1.494 are smaller than the
indices of bischofite, (e.g. Borchert and Muir 1964,
table 1). Polysynthetic twinning after {001} is common.
Sometimes carnallite forms hexagonal tablets parallel
to {001}.

The upper stability limit of carnallite under atmo-
spheric pressure is 167.5°C (van’t Hoff and Meyer-
hoffer 1899). The lower stability limit is -21°C (d’Ans
1933, Kiihn 1952, p. 160).

When carnallite is heated in a closed system, where
formation of vapour is prevented, an incongruent melt-
ing takes place, forming sylvite and a concentrated
MgCl, solution (Janecke 1915, pp. 41-42). Under these
conditions at 167.5°C, carnallite decomposes into 75%
sylvite and a solute consisting of the MgCl, + 25% KCl
in the water of crystallization (Serowy and Tittel 1959,
p- 12, Braitsch 1962, 1971, table 13). The salinity of this
equilibrium solution is 43 wt.% MgCl, + 8 wt.% KCL.



The KCI solubility (347 g/l, 20°C) is much smaller
than that of carnallite (645 g/l, 20°C) and decreases
with an increasing magnesium chloride content of the
brine (Schwerdtner 1964, p. 1113). During decreasing
temperature sylvite precipitates first, because carnallite
solutions are never congruently saturated (Campbell et
al. 1934, pp. 2508, 2509).

If bischofite is present in solutions of the ternary
system KCI-MgCl,-H,0, carnallite is almost completely
insoluble (Lightfoot and Prutton 1948, p. 4112).

According to Klockmann (1978/1980, p. 492) Na may
replace K to some extent. The melting temperature
may possibly be slightly lowered by such replacement.

The volume of most solutions is less than the sum of
the solute and solvent, so that decrease in pressure may
be expected to cause precipitation of the solute (Bain
1936, p. 515). This is not the case concerning carnallite.
The molecular volume of the double salt carnallite is
4.78% larger than the sum of the molecular volumes of
the starting salts sylvite and bischofite (Lepeschkow
1958, pp. 109-110, table 3). This means that an equiv-
alent pressure drop occurs in the inclusion during the
melting of “dry” carnallite.

In inclusions of the present work containing trapped
grains of carnallite, no vapour bubble or visible liquid is
present before the first heating run. The inclusions are
“dry” with the solid carnallite surrounded by a sat-
urated film of H,O (Kithn 1952, p. 150). The pressure
in these inclusions during the first heating run is tem-
perature-dependent and equals the vapour pressure of
dry carnallite up to the incipient melting temperature.
According to Grube and Brauning (1938, table 4) the
vapour pressure of solid carnallite ranges from 0.8 mm
Hg at 22°C to 547.2 mm Hg at 160°C. The pressure
increases strongly above 140°C (258.7 mm Hg), which
is interpreted as a tighter bond of the water of crystalli-
zation.

After total melting carnallite precipitates spontane-
ously within the interval 155 — 145°C, using most of the
reaction sylvite. The remaining sylvite is sealed off
from the solution by the precipitated carnallite like an
armoured relict. Secondary tetrahydrate then precip-
itates in the interval 135 — 125°C. Bischofite forms

below 100°C.
The reaction sylvite is the main identification of car-

nallite, especially combined with tetrahydrate in the
same inclusion.

Carnallite melts incongruently in a closed system,
where evaporation is prevented, after the formulae
T,°C = 167.5°C + (dT/dP)(P,, — 0.1)°C, where dT/dP
= ().1°C/MPa above 0.1 MPa, or P, MPa = 0.1 MPa +
(dP/AT)(T,, — 167.5) MPa, where dP/dT = 10 MPa/°C
above 167.5°C, (fig. 11) (Fabricius and Rose-Hansen,
in prep., fig. 4).

Identification of carnallite:
i. Optical properties: anisotropic; refractive indices

Pm A ° Carnallite dissolving congruently (Fabricius, 1987 )
MPa u Carnallite dissolving congruently ( This study)
100 A Carnallite melting incongruently ( This study)
63.1 Inclusion no.1 in crystal no- 63
(176.6,741) (Tm"C,Pm MPa)
S0 1
Sl to>1
Salinity 38 to 51wt °/s
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Fig. 11. The lower, practically linear part of the pressure-
dependent melting curve of carnallite melting incongruently in
a closed system.

smaller than n, of quartz at all temperatures within
its stability field.

ii. Melting properties: melts incongruently at pres-
sure-dependent temperatures higher than 167.5°C,
forming a melt and solid KCI.

iii. Re-formation properties after total melting: re-
forms spontaneously after supercooling to 155 —
145°C. In the stability field of bischofite, also bis-
chofite precipitates, even no bischofite was present
before the first heating run.

The mineral almeraite: KCI-NaCl-MgCl,-H,O is very
closely connected to carnallite (Klockmann 1978/1980,
p. 492). Comment No. 4 on table 3.

The chemical combination E

In many inclusions an anisotropic homogeneous chem-
ical combination, named E after the well Erslev-1, was
found before the first heating run. The solid:liquid
ratio is extremely large with a very small shrinkage
vapour bubble (pl. I and II). Normally no liquid is
visible and the solid phase fills up the entire inclusion.
The refractive index is smaller than 1.5442, n, of
quartz.

E melts in the temperature interval approximately
180-195°C. In a few of the inclusions halite and sylvite
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precipitate simultaneously at the total melting tempe-
rature of E. In other inclusions halite and sylvite pre-
cipitate during the succeeding cooling period. Halite
and sylvite are present in all the inclusions and the
concentration of MgCl, is very high — 190 mol per 1000
mol H,O or higher. The grain of halite is a trapped
grain in suspension in the trapped MgCl, solution,
whereas the sylvite is either a daughter mineral or
reaction sylvite after incongruent melting of carnallite.
The MgCl, component of E is carnallite or tetrahydrate
or both carnallite and tetrahydrate.

In very few cases E re-formed during the cooling
period after total melting in the first heating run. Only
in one case (x-82.1) E re-formed in all the cooling
periods.

Other important solid inclusions

Anhydrite, CaSO,, orthorhombic tabular prisms, abun-
dant as inclusions in the quartz crystals and in the water
insoluble residue from the salt. The crystals normally
have rounded corners and edges in contrast to the
euhedral crystals of the grey salt Nal and Na2. The
crystals seem to have suffered a slight dissolution, pos-
sibly from the NaCl solutions from the alteration of the
salt clay before the crystallization of the quartz crystals.

Kieserite, MgSO,-H,O, monoclinic, characteristically
as rounded twins. Kieserite is abundant in the water

insoluble residue, but very rare as inclusions in the
quartz crystals — three cases, e.g. crystal no. 63 with
two dry twins, @ 15 and 17 um. The main mass of
kieserite in the deck halite is of a secondary origin
formed after the formation of the quartz crystals.

Magnesite, breunerite, (Mg,Fe)CO;, trigonal brown
rhombohedrons. Magnesite is not rare, neither in the
residue nor in the quartz crystals. The magnesite pos-
sibly formed by the heavy MgCl, solutions in the
deeper parts of the basin. Magnesite is not found at the
margins of the basin or on barriers (Backmann 1985, p.
136).

Pyrite, FeS,, cubic octahedrons. Pyrite is abundant in
the residue. However, it is extremely rare as inclusions
in the quartz — only one case observed — and therefore
is interpreted as in general postdating the quartz crys-
tals.

Hematite, Fe,O5, red to yellowish red, hexagonal thin
crystals. In places abundant in the residue, but ex-
tremely rare as inclusions in the quartz crystals — one
case, doubtful. The scales of hematite possibly derive
from Ist generation of carnallite in the deck halite.
Petrographic investigations of primary carnallite show
that hematite is intergrown crystallographically orien-
tated with the host carnallite, which is interpreted as an
exsolution process (Marr 1958, p. 89). Hematite is not
found in the inclusions of carnallite, which indicates a
secondary origin of the carnallite (Borchert and Muir
1964, p. 200, Braitsch 1962, 1971 p. 185).

A Fig. 12. Salinity (equivalent wt.% NaCl) vs. dP/dT
dP/dT MPa/°C at the noted melting/dissolving temperatures of
MPa/°C the daughter mineral. The pressure determination factor
dP/dT MPa/°C above the disappearance temperature of
120 the vapour bubble, based on calculations (circles) of
] Naumov (1982) and extrapolations (x) of Fabricius
i (1987). The dot-and-dash curves are based on the mi-
4 crothermometry results of Fabricius and Rose-Hansen
1 (in press).
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Determination of the melting/dissolving
pressure P,

The melting pressure of daughter carnallite melting
incongruently:
P, MPa = 0.1 MPa + 10(T,, — 167.5) MPa.

If a daughter mineral dissolves/melts on a higher tem-
perature T,, than the disappearance temperature T, of
the liquid shrinkage vapour bubble, the pressure is
calculated from

P, MPa = (dP/dT)(T,, - T, ) MPa.
The factor dP/dT MPa/°C is found in the diagram, fig.
12 (Fabricius and Rose-Hansen, in prep., fig. 8).

Stability and metastability

The time spent on the study of the very complicated
natural chemical system Na-K-Mg-Cl-H,O in the in-
clusions is infinitesimal compared with geologic time.
So, a high degree of metastability is to be expected in
the laboratory.

Transformations can go from a metastable phase to
another metastable phase, but never from a stable
phase to a metastable phase (Kihn 1952, p. 149, Holser
1979, p. 248). But the metastable state is a character-

istic feature of the natural processes concerning precip-
itation of salts (Waljaschko 1958, p. 204).

As the inclusions are small, exceedingly clean sys-
tems, both homogeneous and heterogeneous nucle-
ation of new phases are frequently retarded, and a
variety of metastable states may result (Roedder 1971,
p- 327, 1981a, p. 11).

In order to prevent metastability during the runs and
in order not to overstep the many phase change bound-
aries, the heating or cooling rate must be kept very low
(Crawford 1981, p. 77).

During the course of a complete heating run, some
phase transitions can be metastable or, more often,
concern stable but local (partial) equilibirum processes
(Ramboz et al. 1982, p. 31). These phenomenons are
often seen on the transition boundaries bischofite-te-
trahydrate during heating (115-120°C) and during cool-
ing tetrahydrate-bischofite (100-85°C) in the very large
inclusions of the present study.

After the heating runs, an equilibration time of at
least 24 hours is required. In a few cases much longer
time must be spent on the stabilizing of the inclusion.
At pl. 111, figs. 13-15, is shown x-82.1 at 20°C before
the first heating run and after equilibration in 24 and 48
hours after the third run. The demonstrated metastabil-
ity may be caused by the very dense (fig. 10) and highly
viscous tetrahydrate solution (Pichavant et al. 1982, p.
24).
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Measurements and calculations

All the inclusions of this study are solid inclusions at
room temperature before the first heating run. The
solid: liquid ratio is extremely large. The liquid is dis-
closed by the very small liquid shrinkage vapour bub-
ble.

The inclusions are classified by their contents of
daughter minerals at 20°C after total melting/dissolving
of the solid phases:

A.Carnallite + sylvite (+ bischofite).

B. Carnallite + sylvite + bischofite.

C. Carnallite + tetrahydrate + sylvite +
bischofite.

D.Tetrahydrate * sylvite + bischofite.

In many of the inclusions small grains of halite were in
suspension in the trapped, highly saline solutions. In
none of the inclusions bischofite was present before the
first heating run.

In order to obtain the most accurate measurements
of the total dissolving/melting temperatures of the poly-
crystalline daughter minerals, especially of bischofite,
the method of Potter and Clynne (1978, pp. 702-3) was
used: The heating run is interrupted before the last
grain or “cloud” disappears. The inclusion is cooled
slowly, whereby the dissolved mineral precipitates on
the remaining small grain. The measurements are then
continued on a single larger grain.

A. Carnallite + sylvite (+ bischofite)

The inclusion No. x-67.1 is the only one in this group.
The inclusion is a large negative crystal, crystallograph-
ically orientated with the host quartz (pl. II, figs.
7A-D). The most perfect negative crystal is seen
through the m face (1010) or the opposite m face
(1010). Unfortunately, the edge between m face (1010)
and r face (1011) goes right over the inclusion, whereby
the “quartz wedge” formed by the r face and the oppo-
site z face spoils the optical picture of essential parts of
the inclusion. The two pictures not shown are also
poor, whereas the two pictures seen through the m
faces (1100) and (0110), respectively, are of a high
quality, because the main plane of the pictures practi-
cally is perpendicular to the optic axis of the micro-
scope. It is not possible, with the available methods, to
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measure the volumes of the inclusion or the different
phases.

Before the first heating run the inclusion contained
solids and liquid with a ratio of approximately 5:1 (pl.
IV, fig. 1). The main solid phase is carnallite with more
than 90 vol.% of the total amount of solids, which are
exposed during the melting of the carnallite: a crystal of
the chemical combination A and a small grain of syl-
vite. No bischofite or halite is present before the first
heating run. The small vapour bubble is a true liquid
shrinkage bubble with vapour pressure of the equilib-
rium solution at 20°C. No high-pressure gas is present.

Table 3. Inclusion x-67.1 observed through the m face (1100).

Com. Events 1st 2nd 3rd Plate/
run run run figs.
T,car.inc. 144.1 148.3 145
1 T, 157.5 / / Iv/3
2 T,.car.tot. 168.1 168.5 168.6 1v/s
3 T,.sy.tot. 190 / 188.2 1v/6
4 T,A. tot. 293.1 / / 1v/7
4,5 T.A;Tha.;T,HP. 246 / / Iv/8
4 T,.ha.tot. 277.9 292.8 /
4 T,A. tot. 292.3 / /
6 T,HP. 293.1 294.7 /
T,HP. 259.1 267.3 /
T,ha. 254 257.3 /
Ticar. / / 154.5 1v/9
7 T,A. / 180.9 /

Comments on table 3:

1. A pure liquid shrinkage bubble did not reappear after the first
heating run, where all the solid phases were melted/dissolved,
whereby dissolved high-pressure gas (HP) was released.

2. After total melting of carnallite in the first heating run, the re-
maining solids in the inclusion were the mineral A as euhedral
(pseudotetragonal?) crystal (28 x 20 pm) projecting from the
inclusion wall and a grain of sylvite (8 x 4 pm). No halite or other
solids were present. The composition of the equilibrium solution
at 168°C is c¢. 167 mol MgCl, plus 25 mol K,Cl, per 1000 mol H,O
(fig. 6A). The content of Na,Cl, is approximately 1.5 mol (fig. 8).
The salinity is ¢. 52 weight%.

3. In the third run, which was interrupted just after T, sy.tot. =

188.2°C, car. re-formed at 154.5°C. T,, car.tot. was checked dur-
ing renewed heating: T,, car.tot. = 168.1°C.
Reaction sylvite did not form during the melting of the carnallite,
and the volume of the grain of sylvite did not seem to increase.
The carnallite possibly melted congruently, and the KCl compo-
nent went into solution.

4. After total melting/dissolving of the mineral A at 293.1°C, A
partly re-formed in connection with a crystal of halite at 246°C.
During renewed heating first the crystallized halite dissolved at
277.9°C, and then the mineral A at 292.3°C. In the second run A
did not reform, and the halite dissolved at a much higher T than in



the first run, indicating a higher concentration of MgCl, in solu-
tion and a somewhat larger crystal of halite.

The mineral A may be the hydrate NaCl-MgCl,-H,O (Titov 1949,
p. 458) or, if also KCl is present, the mineral almeraite:
KCI-NaCl-MgCl,-H,0.

The mineral A must have crystallized prior to the carnallite,
because the euhedral A projects from the inclusion wall and is
impinged on by the polycrystalline, anhedral carnallite.

. No high-pressure gas was released during the melting of the car-

nallite. But after dissolving/melting of the mineral A, high-pres-
sure gas was released. The gas was possibly dissolved in the grain
of halite, which later formed the mineral A combined with MgCl,
solution before precipitation of the carnallite. The mineral A and
the carnallite are daughter minerals, whereas the grain of halite
was in suspension in the trapped solution.

. Possibly the high-pressure gas condensates at T, HP = 293.1°C

due to the very high pressure build-up in the inclusion.

. In the first run, a new solid phase A’ formed during the cooling

period at 153.6°C as a small round grain. A’ may be identical with
the mineral A, comment No. 9 on table 4.

Run Nos. 4, 5, and 6, table 4

After the third run the crystal was turned, so the in-
clusion was observed through the prism face (0110).
The composition before run No. 4: car. + ha. + sy. +
A’ + solution. The solid:liquid ratio is very large, and a
large high-pressure gas bubble is present. No bischofite
is present.

The crystal was cooled down very slowly to -100°C,

(run 4 and 6).

The measurements from the fourth, the fifth, and the

sixth run, are noted in table 4.

Table 4. Inclusion x-67.1 observed through the m face (0110).

Com. Events 4th 6th Plate/
run run figs.
1 car. colour change =722 /
2 Tiice -32 =75
3 Thyd. / —64.7
4 T,ice,tot.;Tice,part. | —29 —48 Vi3
5 T.dod. -31.5 | =33
S T.oct. / -18 \Z)
5.6 T:hex. +4 -2.8 V/5
I Sth
7 equilibration +20 Vi2
run
Thex.inc. 64.5 67.5 1v/13
8 Thex.tot. 87.2 91.2 | Iv/14;V/7
T,car.inc. 141.6 151 Iv/15
Tcar.tot. 168.2 168.0
9 ToA’.tot. / 180.8
T,sy.tot. 181.4 /

and carbonate solutions freeze without appreciable darkening
(Borisenko 1978, pp. 15-16). The hydrate formed at -64.7°C in the
sixth run might be the fine-grained aggregate mentioned above.

4. In the fourth run, the inclusion and the host crystal suddenly
became bright at -29°C, indicating formation of melt (Crawford
1981, p. 82). In the sixth run the inclusion brightened slightly at
-48°C and totally at -22°C.

5. The identification of the different hydrates: dodecahydrate, octa-
hydrate and hexahydrate (bischofite), is based on the transition
temperatures noted in table 2. The transition is easily observed,
because a certain amount of solution suddenly is released, and the
remaining aggregate becomes more coarse-grained. The dodeca-
hydrate recrystallized slightly at -26°C in the fourth run, and at
-28°C in the sixth run.

6. After the formation of bischofite the solid:liquid ratio is extremely
large, but large high-pressure gas bubbles are still present. The
present sylvite formed a perfect cube with the length of an edge of
6.5 um. The bischofite recrystallized slowly up to 13.2°C in the
fourth run and to c. 12°C in the sixth run. As a large cube of sylvite
is present side by side with bischofite, a high degree of meta-
stability is present, because sylvite and bischofite form carnallite,
the “carnallite synthesis” (Kiihn 1952, p. 154).

The concentration of KCl in the solution is approximately 1.5 mol
K,Cl, per 1000 mol H,O (fig. 6B).

7. After the fourth run the inclusion was held on 20°C for equili-
bration through 24 hours. In the sixth run the equilibration time at
20°C was c. 3 hours.

8. The equilibrium solution at 90°C consists of ¢. 130 mol MgCl, , 1.5
mol K,Cl, (fig. 6A), and c. 5 mol Na,Cl, (fig. 8) per 1000 mol
H,O. The salinity is approximately 42 weight% . Bischofite did not
re-form during the succeeding cooling periods, neither in the fifth
run nor in the sixth run. This is not a phenomenon of meta-
stability, but it shows that the concentration of KCl in the solution
increased, and thereby again follows the right border line of the
carnallite stability field (fig. 6A) as was the case in the first three
runs.

9. After total dissolving of A’ at 180.8°C, A’ re-formed at 136.5°C
during the succeeding cooling period. A’ forms an angular grain
10 x 5 um. A’ seems to be a stable daughter mineral. A’ cannot be
tetrahydrate due to the high dissolving temperature combined
with the high concentration of KCl in the solution.

B. Carnallite + sylvite + bischofite

In table 5 are noted the sizes and shapes of the in-
clusions of this group. The solid:liquid ratio before the
first heating run is extremely large.

Table 5. Inclusion size and shape.

X— Size Plate/ Shape
um fig.

1.3 150100 II/5 amoeboidal, “dry”

4.3  [70x54x20| 1I/3 orientated negative crystal
35.1  |48x42x42 19 orientated negative crystal
66.1 [22x22x22 11 orientated negative crystal

Comments on table 4.

1.

During the cooting down to -100°C in the fourth run, the carnallite
got a bluish tint at ¢. -20°C. This bluish tint was intensified into a
bluish colour down to -100°C. From -100°C the temperature was
raised very slowly, and the bluish colour of the carnallite changed
to a yellowish colour at -72.2°C.

. The inclusion and the crystal became dark, indicating the forma-

tion of ice.

. During freezing runs, saturated chloride solutions are transformed

into a dark fine-grained aggregate, whereas saturated sulphate

In table 6 is given the results of the heating runs.

Table 6. Measured temperatures, mean values.

Com. X- T, T.E |Tycar. |Tyhex. | Tysy. | Tyha,
1 1.3 ] 206.1 / 172.4 ? 215 /
2 43 | 1478 / 176.3 98.9 | 190.8 | 272.4
2 35.1 | 1783 / 182.8 ? 295.8 /
3 66.1 | 147.2 | 191.7 | 176.3 | 113.2 | 211.6 | 289.8
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1. Deck halite Na2r with intercalated clay and a quartz aggregate. A grain of carnallite is trapped partly in the pyramid of
the quartz and partly in the surrounding salt. High-pressure gas bubbles are seen on the grain boundaries. Crossed Nicols
and gypsum plate.

2. Twinned crystal of carnallite in the deck halite Na2r. The solid:liquid ratio is extremely large. Note the small liquid
shrinkage vapour bubble, 20°C. Not autoclaved. Crossed Nicols.

3. Polycrystalline aggregate of carnallite at 20°C after 192°C and 102.6 MPa in the autoclave. Longest dimension ¢. 110 um.
Note the high-pressure gas bubble. Grains of secondary bischofite: blue with high relief. Crossed Nicols and gypsum plate.

4. Mosaic structure on the prism face of a quartz from the deck halite Na2r. Crossed Nicols and gypsum plate.

5. Hole after now dissolved carnallite in one end of quartz crystal No. 47 from the deck halite Na2r. The depth of the hole is
c. 140 pm. Note the veil of very small fluid inclusions following the contours of the hole. Crossed Nicols.

6. Gas inclusions on the surface of grains of halite from the deck halite Na2r. The length of the stocking shaped inclusion: c.
50 um. Plane polarized light.

7. Quartz crystal No. 69, x-69, from the deck halite Na2r. 670x300 um. Bitter almond oil, n = 1.60, 20°C. Partly crossed
Nicols and gypsum plate.
Note the large hole after now dissolved carnallite and the inclusion x-69.1.

8. X-69.1, negative crystal (48 x 29 pm) with a solid:liquid ratio larger than 1:1. Note the vapour bubble, 20°C. Partly
crossed Nicols and gypsum plate. At least six different solid phases are present. The inclusion was not further studied.

9. X-44.1 (48 x 38 um). 20°C before the first heating run. The solid:liquid ratio is extremely large. The content is the
chemical combination named E. Crossed Nicols.

10. X-44.1. During the first heating run incipient melting of E: T,,E,inc. = 190°C. The vapour bubble disappeared at T, =
124 .4°C.

11. X-44.1. Total melting of E: T E.tot. = 193.3°C. Simultaneously, precipitation of halite and sylvite, characteristically in
a reticulate pattern (ha.) and small “pearls” (sy.).

12. X-44.1. T = 196.9°C. Recrystallization of halite and sylvite.

13. X-82.1 (61 x 42 um). 20°C at the end of the third heating run. The content: much tetrahydrate, half as much halite, a
small grain of carnallite and a few small grains of secondary bischofite, solution, and a large high-pressure gas bubble. The
solid:liquid ratio c. 1:4.

14. X-82.1. Equilibration at 20°C, 24 hours after the third run. The tetrahydrate almost totally dissolved and replaced by a
large composite grain of bischofite. The carnallite recrystallized to an angular grain. The HP gas bubble has disappeared.
The solid:liquid ratio c. 1:1.

15. X-82.1. Equilibration at 20°C, 48 hours after the third run. The same solid content as in Fig. 14, but the HP gas bubble
has re-formed and the solid:liquid ratio somewhat larger than 1:1.

16. X-82.1. The fourth heating run. Total melting of the bischofite: T hex.tot. = 117.1°C. The gas bubble has grown larger.
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PLATE IV

Figs. 1-9. Inclusion x-67.1 seen through the m face (1100).

Figs. 10-16. Inclusion x-67.1 seen through the m face (0110).
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1. 20°C before the first heating run. XN + gypsum plate. Carnallite, sylvite, the mineral A, liquid shrinkage bubble.
Solid:liquid ratio ¢. 5:1.

2. Tyear.part. = 153.6°C. Note the mineral A with tetragonal configuration.

3. T, = 157.5°C. A: 28x20 um.

4. T,car.part. = 164.0°C.

5. Tyear.tot. = 168.1°C. The rest: the mineral A, sylvite, and solution. No halite.

6. T,sy.tot. = c. 195°C. T, A, inc. = 203°C. @: 24 um.

7. T A tot. = 293.1°C. Only solution left.

8. (Cooling from 293.1°C). T, A = Tha. = T,HP = c. 246°C. Repeated heating until dissolving of A at 292.3°C.

9: (Cooling from T,_sy = 188.2°C). T,car. = 154.5°C.

10. 20°C after the third heating run. Carnallite, sylvite, HP bubble. Halite covered by the carnallite. No bischofite.
11. + 7.8°C after freezing to —100°C. Bischofite recrystallizing. The grain of carnallite is seen faintly below the bischofite.
12. 20°C. Recrystallized bischofite. Note the polysynthetic twin of bischofite and the cube of sylvite.

13. T hex.part. = 64.5°C.

14. T hex.tot. = 87.2°C.

15. T,car.part. = 166.7°C. Note the cube of sylvite and the large, very thin crystal of halite.

16. T,car.tot. = 168.2°C. Note the sylvite and the halite.
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PLATE V

Figs. 1-8: Inclusion x-67.1 seen through the m face (0110).

Figs. 9-16: Inclusion x-82.1

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

30

1. T,sy.tot = 181.4°C. The rest: halite, HP gas bubble, and solution.

2. 20°C. Equilibration in 24 hours after the fifth run.

3. Tyice = -48°C after freezing to -100°C. Formation of unknown hydrated aggregate.

4. Transition from dodecahydrate to octahydrate.T,oct. = -18°C after T.dod. = -33°C.

5. Transition from octahydrate to hexahydrate (bischofite). Thex. = -2.8°C.

6. 20°C. Equilibration for 3 hours. The content mainly bischofite covering carnallite, halite, A’. S:L extremely large.
7. Tyhex.part. = 88.5°C.

8. Tyhex.tot. = 91.2°C. The rest: carnallite, A’, halite.

9. X-82.1. 20°C before the first heating run. The content: the chemical combination E. S:L extremely large.
10. T,E,inc. = 178.9°C.

11. T,E,tot. = 182.7°C. Simultaneous formation of halite, 19x19 um, and a “pearl” of sylvite.

12. Decreasing T. Tcar. = 154.8°C. HP gas bubble developed.

13. Ttet. = 127.3°C.

14. 20°C. Equilibration 24 hours after the first heating run. The content: bischofite, carnallite, HP gas bubble, liquid
shrinkage bubble.

15. Thex.tot. = 117.3°C. Incongruently formed tetrahydrate at 117.9°C.

16. T, tet.tot. = 148.1°C. The rest: carnallite, HP gas bubble, solution.
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Comments on table 6

1. The inclusion x-1.3 is highly irregular. High-pressure gas was
released after total melting of the carnallite. Therefore, the in-
clusion must be a trapped grain of carnallite. After total melting of
the carnallite a very small amount of bischofite (hex.) precipitated
as thin clouds here and there on the surface of the re-formed
carnallite and on the inclusion walls.

2. The chemical combination E was not present in x-4.3 or x-35.1
before the first heating run, indicating the trapping of a melt of
carnallite with grains of sylvite or halite in suspension. High-
pressure gas was released after dissolution of the grains of halite
(x-4.3) or sylvite (x-35.1). The total melting temperature of the
carnallite is a minimum trapping temperature.

3. The shape of x-66.1 is very close to a perfect short prismatic
negative crystal. Before the first heating run, the solid:liquid ratio
is extremely large with the liquid gathering in a small void in the
surface of the chemical combination E.

E consists of carnallite + sylvite + halite. E does not re-form after
the heating runs. TCS = 0.026, calculated from T, E,inc. =
153.4°C and T, E tot. = 191.7°C.

The main component carnallite plus a cube of halite with the
length of an edge of 8.5 um practically fill up the inclusion at room
temperature. The high dissolving temperature of the reaction
sylvite indicates the presence of a small trapped grain of sylvite.
The amount of bischofite, secondarily formed after the melting of
the carnallite component, is very small. T, car.tot. = 176.3°Cis a
minimum trapping temperature of the melt of carnallite with
suspended grains of halite and sylvite. The melt consists of 166.67
mol MgCl, + 83.33 mol K,Cl, + ¢. 3 mol Na,Cl, per 1000 mol H,O
at 212°C. These concentrations equal 34 weight% MgCl, + 27
weight% KCI + less than 1 weight% NaCl, also valid for x-4.3 and
x-35.1.

C. Carnallite + tetrahydrate + sylvite +
bischofite

In table 7 are noted the sizes and shapes of the in-

Table 7. Inclusion size and shape.

X- Size Plate/
um fig.

Shape

33.1 140x130 11/6
543  33x15x15 11
63.1 [32x22x22| 112
44.1  [48x38x38 I/5
48.1  [50x26x%26 1/4
79.1  |56x32x32 1/6
57.1  [R6x22x22 —/-
60.1 17x15x15 —/-
82.1 [61x42x42| VA9

highly irregular, dry
orientated irregular ellipsoid
trregular ellipsoid
orientated faceted ellipsoid
orientated faceted ellipsoid
orientated faceted ellipsoid
orientated faceted ellipsoid
orientated negative crystal
orientated negative crystal

Table 8. Measured temperatures, mean values.

clusions of this group. The solid:liquid ratio before the
first heating run is extremely large.
In table 8 is given the results of the heating runs.

Comments on table 8

1. An irregular grain of carnallite with an intergrown grain of sylvite
was trapped during the crystallization of the host quartz. Solid
halite was not present. During the melting/dissolving of the solid
carnallite and sylvite, dissolved high-pressure gas was released.
During the cooling period, after total melting of the carnallite,
much bischofite (hex.) formed. In the next heating runs, the
bischofite melted incongruently at 120.9°C, forming tetrahydrate,
which in turn melted totally at 135.4°C. The high melting temper-
ature 120.9°C shows a certain metastability.

2. During all the heating runs, a solid phase crystallized spontane-
ously in the temperature interval 182.6 — 185.7°C. The phase,
which consists of NaCl, MgCl, , and H,O, and possibly also little
KCl, dissolved totally in the temperature interval 293.4 — 297.2°C.
The refractive index n is smaller than n of the surrounding solu-
tion.

3. The chemical combination E re-formed spontaneously at 144.7°C
during the cooling period of the first heating run. During the next
heating run, E melted totally at 175.3°C, c. 6°C lower than in the
first run.

4. Before the first heating run the inclusion consisted of a composite
grain of carnallite and tetrahydrate with an extremely high S:L
ratio, E was not present. In the quartz crystal x-63 two solid
inclusions of kieserite twins, @ 15 and 17 pm, are found. Possibly
E did not form in x-63.1 due to a certain minor concentration of
sulphate in the trapped solution.

5. In the first run, halite and sylvite crystallized simultaneously with
the total melting of E: T, E,tot. = T, ha.+sy. = 192.8°C. The
halite crystallized in the characteristical reticulate pattern, later
recrystallising into a thin “cube” with a volume of c. 500 um?. The
sylvite formed a much smaller rounded grain. The composition of
E: much solution of carnallite and tetrahydrate + much halite +
little sylvite.

6. The heating runs of x-82.1 are expounded in detail below. See also
pl. V, figs. 9-16.

Heating runs of x-82.1, table 9

Comments on table 9

General comments. In order to avoid metastability before the begin-
ning of a new heating run, the inclusion was stabilized at 20°C for at
least 24 hours. Nevertheless, some of the measured temperatures
reflect a high degree of metastability, especially in run 4 and 5 (Com.
No. 6).

Just after the third run, the inclusion consisted of much tetra-
hydrate, approximately one fifth of the volume of the inclusion, half

Com. X- T, T.E T tet. Tcar. Tyhex. Tosy. Tha. HP gas

1 33.1 191.6 183.9 135.4 179.6 120.9 298.9 / +

441 124.4 192.9 155 175.9 116.3 185.4 294.3 +
2 48.1 105.5 185.4 138.4 178.7 114.7 188.4 216 -

54.3 143.8 172.5 152.1 170.6 118.4 175.6 273.9 +
3 57.1 163.8 181.4 156.4 174.4 ? 214.4 288.6 +

60.1 114.3 193.2 133.1 175.7 117.2 190.4 ? +
4 63.1 144.8 / 157.8 174.6 119.1 195 275.7 +
5 79.1 117 192.8 158.5 176.3 113.3 226.0 293.4 +
6 82.1 182.4 182.5 156.8 171.6 116.6 263.5 292.1 +
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Table 9. Measured temperatures on x-82.1.

Com. | Events 1st 2nd 3rd 4th 5th Plate V,
run | run | run | run | run figure

1 |T, 182.4 / / / 112.6 9
2 |T,E.nc. {18241 / 172.2 [ 169 / 10
2 |T,E.tot. [182.5 / 174.7 | 175.2 (173.7 1
3 |T,sy.tot. |263.5 / / 176 / /
3 |T,ha.tot. |292.1 / / / / /

Tcar. 154.8 1151.8 ] 150.9 |153.2 [ 119.7 12
4 | Ttet. 127.3 1127.8 [ 128.9 1153.2 [ 125.5 13

T hex. 7531 73.6| 69.1] 95.1 85.2 14
5 |Tuhex.tot.| / 117.3 11159 1117.1 | 116.5 15
6 |T,tet.tot. / 148.1 [156.2 | 152.8 [ 169.9 16
6 |T,car.tot. / 172.8 | 173.3 | 159.6 | 168.7 /

clusions of this group. The solid:liquid ratio before the
first heating run is extremely large.

The inclusions are divided into two groups, differing
in whether the chemical combination E is present be-
fore the first heating run, or not.

Tuble 10. Inclusion size and shape.

as much halite, and a small grain of carnallite (pl. III, figs. 13-16). In
addition, a few small grains of bischofite and a large high-pressure
gas bubble were present. 24 hours later, the tetrahydrate has dis-
solved almost totally, and was replaced by a large composite grain of
bischofite, intergrown with a few small crystals of tetrahydrate. The
carnallite had recrystallized into a somewhat larger angular grain.
The large HP gas bubble has disappeared. The crystal of halite was
incorporated into the chemical combination E. The solid-liquid ratio
increased from c. 1:4 to ¢. 1:1. Due to these conditions, the inclusion
was given 24 hours more for equilibration. After this equilibration
time, the HP gas bubble had re-formed and the solid:liquid ratio was
somewhat larger than 1:1.

In the following heating run (run No. 4), the gas bubble grew
larger during the melting of the bischofite, indicating dissolved gas in
the polycrystalline bischofite.

This inclusion is the only one, in which E re-forms after each
heating run.

1. The liquid shrinkage vapour bubble contained high-pressure gas
before the first heating run. The bubble reduces appreciably up to
c. 150°C and then slowly up to 182.4°C = T, = T, E,inc.

In the fifth run, besides the very large HP gas bubble, also a small
liquid shrinkage bubble was present, T, of which is 112.6°C.

2. In the first heating run, E melts within one tenth of a degree. The
heating run was interrupted and the temperature was lowered to
160°C. E re-formed, and, during renewed heating, E melted to-
tally at 182.7°C. Simultaneously, a thin “cube”, 19 x 19 um, of
halite and a small grain of sylvite formed. In the third run, E was
hidden under the carnallite. During the melting of E, the grain of
halite increased in size into a thin rectangular grain, 35 x 19 um. In
the fourth run, a small grain of sylvite formed at 172.6°C during
the melting of E.

3. In the first heating run, T, sy.inc. = 258°C, which gives TCS,sy. =
0.2; T, ha.inc. = 240°C, giving TCS,ha. = 0.019.

4. After the re-formation of tetrahydrate of 127.3°C in the first
heating run, a weak but distinct dissolution of the tetrahydrate
takes place from 115°C to 105°C.

5. In the second run, the bischofite melts incongruently, forming
tetrahydrate crystallization seeds, which in the locally supersat-
urated solution form tetrahydrate at 117.9°C. In the third run,
bischofite melts incongruently at 115.9°C, resulting in formation
of tetrahydrate at 120°C.

6. The melting temperatures of carnallite and tetrahydrate in the 4th
and the 5th runs, respectively, reflect a high degree of meta-
stability and the temperatures T, tet.tot. = 169.9°C and T, car.
tot. = 159.6°C are not reliable.

D. Tetrahydrate * sylvite = bischofite

In table 10 are noted the sizes and shapes of the in-

X- Size Plate/
um fig.

Shape

71.1 D32 1/12
16.2 |25x16x16| 1/2
51.1 [26x19%19| II/1
74.1 |58%x32x32| 177
78.1 |35%x26x20| I/8
81.1 |54%x38x38| -/~
16.1 |42x32x32| 12
12.3 H50x48x48 1/4
29.1 |77x38x32| —/-
73.1 [42x20%20| —/-
80.1 |45%x32x20| —/-

+ regular spheroid

orientated faceted spheroid, dry
orientated faceted spheroid
orientated faceted ellipsoid

orientated faceted ellipsoid

orientated faceted ellipsoid

orientated slightly irregular neg. cryst.
orientated faceted irregular neg. cryst.
orientated boxlike negative crystal
orientated boxlike negative crystal
boxlike negative crystal, not orientated

In table 11 are noted the measured temperatures
from inclusions, where E was not present, and in table
12 are noted the measured temperatures from inclu-
sions where E was present before the first heating run.

Table 11. E not present. Measured temperatures, mean values.

Com. X- T, Tatet. | Tytet. | Tsy. HP
inc. tot. gas

12.3 ? 180 181.2 / ?

1 16.1 135.4 178.3 181.5 177.0 -

2 16.2 / 180.6 181.9 / -

3 29.1 144.9 161.1 171.3 122.0 -

Comments on table 11

General comments. None of the inclusions contained grains of halite.
Bischofite did not form after the heating runs. No high-pressure gas
was released after melting of the solid phases, indicating trapping of
solutions only. The melting temperatures of the tetrahydrate are
minimum trapping temperatures.

1. The inclusion is consanguineous with x-16.2, but the trapped
solution contains a certain amount of KCI.

2. No liquid shrinkage vapour bubble developed during the cooling
periods after melting of the tetrahydrate, i.e. “stretched” fluid
(Roedder 1967). The trapped solution is a pure melt of tetra-
hydrate: 250 mol MgCl,/1000 mol H,O.

3. At 20°C the solid:liquid ratio is approximately 5:1. In a freezing
run the solution reacted at -26°C after cooling down to -95°C. The
solution formed a fine-grained aggregate, possibly MgCl,-12H,0,
which recrystallized into larger grains, possibly MgCl,-8H,0, at
-16°C. Simultaneously, a small amount of water was released. The
aggregate continued the recrystallization with increasing temper-
ature. The inclusion was kept at 20°C throughout 24 hours for
equilibration. After the equilibration the inclusion had re-estab-
lished into the state before the first heating run. No bischofite
formed during the runs due to a certain concentration of KCl in
the solution: ¢. 15 mol K,Cl,/1000 mol H,O at 122.0°C (fig. 6A).
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Table 12. E present before first heating run. Measured temperatures, mean values.

Com. X- T, T.E Ttet.inc. Thatet.tot. T,hex. T,sy. T,ha. HP gas

[ 51.1 104.3 193.2 175.8 176.1 116.9 169.3 293.2 +

2 711 155.4 183.1 / 175.9 113.9 / 292.4
73.1 176.3 180.8 175.7 176.6 112.6 / 297.4 +
74.1 161.5 181.2 171.2 175.7 113.3 / 292.9 +

3 78.1 172.9 179.6 173.9 175.1 112.6 / 287.8 +
80.1 174.8 180.1 165.2 175.9 110.5 / 282 +

4 81.1 176.5 182.8 162 175.8 115.0 225 291.6 +

Comments on table 12

General comments. The solid:liquid ratio is extremely large before
the first heating run. Grains of halite were in suspension in the
trapped solutions in all the inclusions. With the exception of x-71.1,
the melting of the halite released high-pressure gas. All the inclusions
are modified negative crystals and the total melting temperatures of
the tetrahydrate, which are minimum trapping temperatures, are
practically the same (Discussion).
During the cooling periods bischofite formed in all inclusions.

1. After total melting of E (193.2°C) in the first heating run, only
solution was left. The run was interrupted, and halite and two
small grains of sylvite formed spontaneously at 159.5°C. There-
fore, E consisted of much MgCl,-4H,0, less NaCl and a small
amount of KCI. E did not re-form in the succeeding runs.

2. E re-forms during the cooling periods in first and second heating
runs. Also tetrahydrate and bischofite formed. In the second and
third run, where E was present, the bischofite melted at 116.8°C in
both runs. In the following three runs, where no E was present,
the bischofite melted at 114.6, 114.3, 112,7°C, respectively. As
KCl in solution lowers the melting temperature of bischofite with
1°C per 1.5 mol K,Cl,, E consisted of MgCl,-4H,0, less NaCl and
a very little amount of KCL.

3. E re-formed after the first heating run. The composition is slightly
different, because tetrahydrate and bischofite also crystallized.
The total melting temperature in the second run of the re-formed
E is slightly lower than in the first run.

4. The heating runs of x-81.1 are expounded in detail below.

Heating runs of x-81.1, table 13

The long axis of the kidney shaped, faceted inclusion
deviates c. 45° from the c-axis of the quarts crystal,
maybe “twinning” according to the Zwickauer law
(Zyndel 1914, figs. 1,2).

The solid:liquid ratio is extremely large with the
liquid and a small bubble gathering in a small void in
the surface of the solid chemical combination E.

In table 13 are noted the temperatures measured
during the heating runs.
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Table 13. Measured temperatures on x-81.1.

Com. Events 1st run |2nd run|3rd run [4th run |5th run
1 T, 178.8 / 1759 | 176.1 | 175.3
2 T,E,tot. 182.8 | 181.7 / / /
T,hex. 80 85.8 / 85.4 88.8
3 T, hex. / 117.0 { 114.9 | 115.1 { 115.0
4 T, tet.tot. / / 1759 | 176.1 | 175.4
5 T tet. / 159.6 | 161.8 | 160.5 | 160.2
6 T,ha. / 290 / / 291.6

Comments on table 13

1. No bubble nucleated after the first heating run, i.e. “stretched”
fluid (Roedder 1967). The disappearence temperatures T, in runs
1, 3, 4, and 5 show a minor amount of high-pressure gas in the
vapour bubble.

2. After melting of the chemical combination E in the first and
second runs, a thin crystal of halite, 22 x 20 um, was discovered. E
did not re-form after the second run.

3. In the second run, the bischofite melted in the presence of E, i.e.
less KCl in the solution and therefore higher melting temperature
of the bischofite than in the following runs.

4. The mean melting temperature of the tetrahydrate is 175.8°C, c.
6°C below the melting temperature of pure tetrahydrate under
atmospheric pressure. This difference corresponds to ¢. 9 mol
K,Cl, /1000 mol H,O in the equilibrium solution (fig. 6A).

5. The re-formation of tetrahydrate is spontaneous but incomplete.
More tetrahydrate precipitates during the further cooling. In the
fourth run, the tetrahydrate forms grains of a hexagonal shape,
the length of an edge being 5-6 ym.

6. High-pressure gas was released during the total melting of the
grain of halite in the second run. In the second and the fourth
runs, the halite recrystallized into an octahedron with the length
of an edge of 19 um, maybe caused by a too fast cooling rate of
some reason. In the fifth run the halite re-forms spontaneously in
the characteristic reticulate pattern with a few very small “pearls”
of sylvite, which melt from 216.2°C to c. 225°C.



Discussion

The quartz crystals

The deck halite-salt clay transition, Na2r — T3, is re-
peated at a depth of c. 2890 — 2900 m in the Erslev-1
well (fig. 5B). The insoluble residue from 500 g of salt
clay from core No. 32 was separated. The clay is far
more silty than the clay from core No. 30 at a depth of
2800 m (fig. 13). The number of quartz crystals is many
times larger than the number from the studied core No.
30, and the number of usable crystals runs up to several
thousands per 500 g. of core material. The formation of
the quartz crystals is clearly connected with the clayey
and silty material in the salt.

The salt clay member T3 of the German Zechstein
evaporites is mainly composed of koenenite and quartz
that formed concurrently (Sonnenfeld 1984, p. 263).
Koenenite, 2MgCl,-3Mg(OH),-2A1,0,-3H,0, repre-
sents an exchange reaction between clay detritus and
salt solution, taking up the Al component. Quartz in
direct association with the koenenite must be consid-
ered of detrital origin only (Kihn 1968, p. 444).

It is a distinctive feature of the quartz crystals from
Na2r — T3, in contrast to the quartz crystals from the
grey salt Nal and Na2, that clastic quartz grains as solid
inclusions in the crystals are very rare. This means that
the quartz precipitated from a solution saturated with
silica, but barren of visible crystallization seeds. The
silica-saturated solutions may derive from dissolved
clastic quartz or from the alteration of the clay (Stewart
1956, p. 133, Harder 1966, p. 441, Hower et al. 1976, p.
733). The addition of small quantities of magnesium or
aluminium ions to the solution drastically reduces the
solubility of silica (Weaver and Pollard 1973, p. 170).
Therefore, the quartz crystals possibly formed after
mixing of the silica-rich solutions and the MgCl,-rich
solutions.

Many scientists consider the crystallization of the
euhedral quartz in evaporites to be synsedimentary or
early diagenetic (e.g. Grimm 1962a, p. 884, Deman-
geon 1966, p. 485, Nachsel 1966, p. 326, Arbey 1980, p.
316). The crystallization temperatures (c. 180°C) and
pressures (c. 100 MPa) measured and calculated by
Fabricius (1987) clearly show that the quartz crystals of
the present work crystallized after the metamorphism
of the potash zone K2, long time after the end of the
diagenesis. The metamorphism of evaporites takes
place at considerably lower temperatures and pressures

than the metamorphism of silicate and carbonate rock
(Winkler 1967, p. 1, Hodenberg et al. 1987, p. 90).

Holes after grains of carnallite

The holes in some crystals after now dissolved carnal-
lite (pl. I, II, and III) may be caused by a grain of
carnallite, which was either suspended in the solvent
and then adhering to the growing face of the quartz
crystal, or the carnallite nucleated on the growing crys-
tal face (Smith 1954, p. 206). Or, reversely, the quartz
may have nucleated on the surface of a grain of carnal-
lite, the so-called induced nucleation (Fyfe et al. 1978,
p- 104).

A possible explanation of the irregular holes after
carnallite, the “front” of fluid inclusions, and the
trapped dry grains of carnallite is given by Roedder
(1979, p. 691): Solid particles are by far the most com-
mon source of interference, causing trapping of pri-
mary inclusions. The solid particle may be pushed
along during the growth of the quartz crystal, leaving a
trail of inclusions behind it. But generally the crystal
grows over the solid particle, thus trapping a solid
inclusion with or without some of the surrounding fluid
medium.

The possibility of nucleation and crystallization of
carnallite on the growing quartz crystal is strongly sup-
ported by the presence of the fluid inclusion front,
combined with the quartz crystallization process
(Roedder 1981b, p. 10).

Pl. 111, fig. 1 shows a quartz crystal in a 1 mm thick
section of the deck halite Na2r. In the upper pyramid of
the quartz a grain of carnallite is trapped, partly in the
quartz and partly in the surrounding halite. In connex-
ion with the carnallite is seen high-pressure gas bubbles
on the grain boundaries.

When the quartz crystallized combined with grains of
carnallite of the first generation (Sub-section: Veg-
gerby Potash Zone K2 and deck halite Na2r), inclu-
sions of the surrounding solutions were trapped by the
growing quartz. The solutions were in equilibrium with
the grains of carnallite and with the host halite. Conce-
quently, the melting/dissolving temperature of the car-
nallite in the inclusions of group A, B, and C, found in
the laboratory, are minimum trapping temperatures.
And the estimated pressures are minimum trapping
pressures. The maximum melting temperature T, car
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= 178.9°C is measured on x-48.1 (table 8, pl. I). The
trapping pressure of this inclusion must necessarily be
higher than c. 110 MPa, because the quartz crystallized
in connexion with a grain of carnallite of the first gener-
ation. P, = (T, car - 167.5°C)10 MPa = 114 MPa.

A few other crystals without a hole after carnallite,
contain inclusions with carnallite having a higher T,
car, e.g. x-35.1: T, car = 182.8°C, (table 6). These
crystals possibly crystallized at later events with higher
temperatures than the T,, car mentioned above.

The same kind of arguments cannot be used on crys-
tals with holes after carnallite combined with inclusions
of group D: tetrahydrate, but no carnallite present.
The reason is that the melting temperature of tetra-
hydrate is highly dependent on the concentration of
KCl in the trapped solution as opposed to carnallite.

The holes after carnallite combined with the melting
temperatures of the carnallite in the inclusions, i.e.
minimum trapping temperatures, proves that the melt-
ing temperature of carnallite is dependent on the pres-
sure.

Stability, metastability, and crystallization

After total melting/dissolving of a solid phase, the rate
of crystallization (re-formation) depends on

i. the ratio of supersaturation,
ii. the viscosity governing the rate of diffusion,
iii. the temperature,
iv. the rate of building-in of the solvates into the lat-
tices.

The rate of crystallization is extremely large for halite
and sylvite, somewhat smaller for carnallite and very
small for kieserite and anhydrite (d’Ans and Kiihn
1960, pp. 74-75).

The rates of crystallization of halite, sylvite, and
carnallite noticed in the present work, correspond per-
fectly to the statement mentioned above.

The ratio of supersaturation is measured by means of
the supercooling from the melting/dissolving temper-
ature to the re-formation temperature. The ratio of
supersaturation is very high for halite and much lower
for sylvite, carnallite, and bischofite. The rate of crys-
tallization of tetrahydrate is much slower than that of
carnallite, and the crystallization is incomplete, as op-
posed to carnallite despite the same ratio of super-
cooling. This reaction of tetrahydrate may possibly be
due to a somewhat slower formation of crystallization
nuclei and a much slower growth of these nuclei. The
nuclei must achieve a critical size before they are able
to grow (Fyfe et al. 1978, pp. 90, 95, 103). The tetra-
hydrate nuclei possibly have difficulties in reaching the
necessary critical size.

The diffusion of molecules and ions through liquids
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or solids is a very important process concerning the
crystallization rate. The rate of diffusion is governed by
the viscosity of the trapped solutions. The viscosity of
the solutions (c. 5 poises at 20°C) increases with in-
creasing pressure, but decreases dramatically with in-
creasing temperature, so the net result at the actual
re-formation temperatures (160-125°C) is a much lower
viscosity, which facilitates the diffusion.

The diffusion path goes along the mosaic structure,
consisting of a mosaic of blocks or lineages (pl. III, fig.
4) bounded by submicroscopic cracks that originated
thermally or by primary growth. Diffusion through
crystal lattices proceeds in proportion to the concentra-
tion gradient and the diffusion coefficient, which de-
pends on the state of aggregation (disorder or vacan-
cies) of the host (Holser 1947, pp. 390, 391, 395).

In the actual, comparatively large, three-dimensional
inclusions concentration gradients develop locally, due
to the dissolving or re-formation of the different solids
at different temperatures. When the dissolved salt re-
forms, the concentration of solution where crystalliza-
tion takes place, will be less (Duffell 1937, p. 496,
Holser 1947, p. 389).

Concentration gradients develop even in homogene-
ous solutions and are related to temperature gradients
(Tollert 1950, Sonnenfeld 1984, p. 53). These concen-
tration gradients are a prime factor in transfer by diffu-
sion (Duffell 1937, p. 495).

In the laboratory a high degree of metastability is
observed, primarily through the pronounced decrease
of the solid: liquid ratio after total melting/dissolving of
the solids. Obviously, this deceptive metastability is a
matter of the rate of crystallization totally, rather than
true chemical metastability. The rate of crystallization
is governed by the factors mentioned above, but also
“foreign” ions in the solutions may have a certain influ-
ence.

The only true chemical metastability observed is seen
during the transition from tetrahydrate to bischofite,
e.g. in inclusion x-82.1 (pl. III, figs. 13-16), and the
provoked, unnatural metastability after the freezing
runs in inclusion x-67.1 (pl. IV, figs. 10-16 and pl. V,
figs. 2-8). Also in these cases it is believed that equili-
bration into natural conditions is a matter of time,
because bischofite and sylvite eventually form carnal-
lite.

The best example of mestability is demonstrated by
the thermal behaviour of the chemical combination E.
The composition of E varies from inclusion to inclusion
depending on the amounts of NaCl, KCI and MgCl, in
the inclusion. As time certainly works in the direction
of obtaining the most stable mineral (Holser 1979, p.
248), it is believed that E is a stable phase in these
chemically closed systems. Before and during the first
heating run up to the incipient melting temperature, E
is in equilibrium with the extremely small amount of
solution present in the inclusion. This equilibrium is



interrupted, when E melts totally. And as the build-up
of E possibly demands a very long time, maybe
geologic time, E cannot be re-formed in the laboratory.

The influence of “foreign” ions and molecules

The solutions of the inclusions are not pure Na-K-
Mg-Cl solutions. Other ions like calcium, iron, rubidi-
um, strontium, boron, sulphate, bromide etc. may be
present. The solutions derive from the original sylvite-
carnallite rocks K2 (e.g. Braitsch and Herrmann 1964,
p. 1083), and therefore contain approximately the same
amounts of these ions as were present in the original
solid carnallitite.

As calcium and magnesium have a higher affinity to
sulphate than to chlorine, the calcium and magnesium
sulphates already have precipitated as anhydrite and
kieserite at the original place of K2. Neither anhydrite
nor kieserite are found in the inclusions. Kieserite is
very rare as solid inclusion in the quartz crystals and
anhydrite precipitated in the deck halite long before
the quartz crystals. Therefore, it is stated that the con-
tent of sulphate in the solutions is negligible.

The secondary iron mineral rinneite:
3KCI-NaCl-Fe(l, is sporadically found in the deck ha-
lite but is not detected in the inclusions. In one in-
clusion, x-79.1, two very small, angular, opaque grains
were found. The grains dissolved at c¢. 270°C and re-
formed at ¢. 155°C. The grains might be pyrite, which
in places is abundant in the salt but extremely rare as
inclusions. And so is hematite, maybe due to the “self-
cleaning effect” of quartz concerning bitumen, hema-
tite, and clay (Grimm 1962b, p. 600). Therefore, iron is
believed to be present in the solutions in negligible
amounts only.

The mineral boracite, (Mg,Fe,Mn), CIB,0,;, precip-
itates very late in the evaporitic cycle as an early dia-
genetic mineral in equilibrium with solutions rich in
MgCl, (Borchert 1940). Boracite and kieserite form
concurrently as secondary minerals in potash zones
(Kokorsch 1960, p. 63).

Concretions of boracite (= stassfurtite) are abundant
in the potash zone K2, fig. 5B, but absent in the deck
halite Na2r. Concequently, the concentration of boron
is negligible.

Bromine is the only foreign ion that may have a
certain influence on the rate of crystallization. With
increase in the concentration of magnesium chloride in
the brine the degree of diadochy between chloride and
bromine also increases (Myagkov 1961, p. 775). The
ionic radius of chlorine is 0.181 nm and of bromine
0.195 nm, i.e. a difference of approximately 7% of the
larger bromine ion. This diadochy illustrates Goldsch-
midt’s first rule of camouflage of the trace element
(Kithn 1968, table 3). Bromine occurs diadochically
almost exclusively for Cl in chlorides, although most of

it remains in the residual solution (Braitsch 1962, p.
101, 1971).

The net result of the building-in of the foreign ions
into the lattices of the precipitates in the inclusions is a
minor distortion of the lattices, whereby the rate of
diffusion is increased to some extent.

Gas molecules also unlock the lattices (Kiihn 1952,
p. 149). As high-pressure gas is present in practically all
the inclusions, the diffusion into the lattices is made
essentially easier.

Formation of chemical combination E

As in some inclusions, especially in inclusion x-82.1
(table 9) and after melting/dissolving of the solids, E
precipitates from the solution, and in the next heating
run dissolves at a higher temperature than the other
solids tetrahydrate and carnallite, E must be a chemical
combination, not an epitaxial compound. The epitaxy
depends on lattice similarities between the salts, ¢.g.
sylvite-halite (Kihn 1955, p. 94). That carnallite, tetra-
hydrate, sylvite, and halite should have common lattice
characteristics, resulting in epitaxy, is unimaginable.

After the total melting of E in the first heating run
the solid:liquid ratio decreases remarkably. The ratio
at 20°C is still very large, but the liquid is now visible.
This feature indicates that E is a hydrated complex,
because the complexing is accompanied by an increase
in volume (Titov 1939, tables 1-5, fig. 1). Titov (1949,
p. 459) found, by the aid of the volumetric method at
20°C, in concentrated MgCl, solutions, complexing
with NaCl but not with KCl. The complex: Na,MgCl,
was not hydrated, but Titov notes (p. 458) that the
hydrates NaCl-MgCl,-H,O and KCI-MgCl,-H,O are
probable complexes.

Preferentially, E is found in inclusions of group C
and D (tables 8, 12). Carnallite and/or tetrahydrate are
by far the most important components, whereas halite
and especially sylvite play a minor role.

A quantitative determination of the composition of
E is not possible, in consequence of the uncertainty of
the volume calculations of the inclusions and the solid
phases (Roedder and Bodnar 1980, p. 267). One in-
clusion (x-71.1) is nearly a sphere, slightly faceted on
one side, with a diameter of 32 um. The contents of the
inclusion are MgCl,-4H,0, very little amount of KCI,
and a crystal of NaCl, approximately 13x13x10 pm. The
semiquantitative composition of E is calculated to
0.1KCI-NaCl-MgCl,-4H,0O, taking into account the
negative lens effect of the vaulted surface of the in-
clusion.

The grains of halite were in suspension in the trapped
solutions, which is proved by the very high dissolving
temperatures (275-300°C) of the grains in consequence
of the low solubility of halite in highly concentrated
MgCl, solutions. As halite is a component of E, E
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cannot be a precipitate from the trapped solutions. The
precipitation temperature of carnallite or tetrahydrate
in the inclusions is 150-160°C (table 9 and 13), i.e.
20-30°C below the assumed trapping temperature.
These precipitation temperatures were present in the
salt body at a depth of 2600-3400 m., corresponding to
pressures of 60-80 MPa (Fabricius 1984, fig. 9). There-
fore, the formation of E is a chemical reaction between
solid salts. The rates of solid-solid reactions are ex-
tremely slow, and they are unlikely to attain equilib-
rium in geological time scales under the P-T conditions
mentioned, without the catalytic effect of fluid (Fyfe et
al. 1978, pp. 117,119).

E may have formed by the aid of ion exchange be-
tween the solid phases and/or by the aid of the sat-
urated dipole water film on the grain surfaces. The
water film acts as a catalyst and a flux, and foreign
elements or gasses, causing lattice distortions, acceler-
ate the processes (Kithn 1952, pp. 149, 150).

Only in inclusion x-82.1, E partly re-formed after the
first and the following heating runs. The amount of E
decreases consecutively from the first to the fifth run.
And so does the total melting temperature: from
182.5°C t0 173.7°C. As E re-forms with no delay after
all the heating runs on x-82.1, E in this inclusion pos-
sibly is the mineral almeraite: KCI-NaCl-MgCl,-H,O.

In the beginning of the geologic cooling period com-
paratively much solution was present and the alteration
of the precipitates and the trapped grain of halite took
place by means of diffusion of ions or atoms through
the fluid phase into the crystal lattice. After the liquid
was practically used up, the chemical processes are
reactions between solid phases, which are almost in-
extricably connected with diffusion of the exchanged
matter (Holser 1947, pp. 391, 392).

The cooling period, from the trapping temperature
(ca. 180°C) to the in situ temperature (55-60°C at a
depth of 2800 m), had a length of more than 100 mil-
lions of years. Under these conditions in chemically
closed systems, E may be a stable phase, which cannot
be re-established in the laboratory due to the time
required.

Melting temperatures of tetrahydrate and
daughter bischofite

When melting incongruently in a closed system, the
melting temperature of the hydrates bischofite and car-
nallite are pressure-dependent with a dT/dP value of
0.1°C/MPa (fig. 11). Hydrohalite, NaCl-2H,0, shows
pressure-dependent melting temperatures: 0.15°C at
atmospheric pressure and 25°C at 8000-12000 atm. (Ja-
necke 1949, p. 250). Also the hydrated sulphates kiese-
rite and polyhalite, besides carnallite, show pressure-
dependent melting temperatures, when melting in a
closed system (Hinze et al. 1985, p. 98).
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The inclusions noted in table 12 are all negative
crystals containing much tetrahydrate, a small trapped
grain of halite, and very little KCl, except x-81.1. The
melting temperatures of the tetrahydrate are remar-
cably equal: Ttet. = 175.9°C * 0.4°C, 95% confidence
limit, with a spread of 1.5°C. The shapes of the in-
clusions show trapping of a tetrahydrate-KCl solution
saturated with respect to NaCl, and with a grain of
halite in suspension. Obviously, the inclusions are
trapped under equal conditions as far as pressure and
temperature are concerned.

According to d’Ans and Sypiena (1942, p. 93), van’t
Hoff and Meyerhoffer (1899) stated the transition tem-
perature tetrahydrate-dihydrate to be 176°C in an equi-
librium solution saturated with KCl: 240 mol MgCl, +
20.5 mol K,Cl, per 1000 mol H,O at atmospheric pres-
sure, i.e. 1°C per 3.7 mol K,Cl,/1000 mol H,O. This
drop of temperature from 181.5°C for pure
MgCl,-4H,0 is regarded to be too low by d’Ans and
Sypiena, who argue in favour of a temperature drop of
1°C per 1.5 mol K,Cl,/1000 mol H,O, based on an
equilibrium solution of 249 mol MgCl, + 40 mol K,Cl,
per 1000 mol H,O and saturated with NaCl (fig. 6A).

The solution of tetrahydrate in x-81.1 is saturated
with NaCl and KCl: 250 mol MgCl, + ¢. 40 mol K,Cl, +
less than 1 mole Na,Cl, per 1000 mol H,O. The salinity
is c. 63 weight%. The temperature difference 181.5°C -
175.9°C = 5.6°C corresponds to c¢. 8 mol K,CL/1000
mol H,0. The remaining c. 32 mol K,Cl, correspond to
¢. 21°C, which is an expression of the effect of the
pressure in the inclusion during the melting of the
tetrahydrate. The disappearance temperature T, =
104.3°C of the liquid shrinkage vapour bubble in the
inclusion x-51.1 is probably valid for all the inclusions
noted in table 12. T, -T, = 175.9 — 104.3 = 71.6°C.
From fig. 12: dP/dT = 1.00 MPa/°C. P, = ¢. 70 MPa.

Bischofite formed after melting of the tetrahydrate in
all the inclusions noted in table 12, even in x-81.1
despite saturation with KCl. The melting temperature
of bischofite, T, hex. = 116.7°C, is lowered 1°C per 1.5
mol K,Cl,/1000 mol H,O at atmospheric pressure (fig.
6B). The inclusions x-51.1 and x-81.1 have the highest
contents of KCI in solution but the lowest deviation
from 116.7°C. Carnallite was not observed in these
inclusions. Concequently, a high degree of metastabil-
ity is present concerning bischofite (Materials and
methods, sub-section Bischofite, hexahydrate).

High-pressure gas, partial decrepitation, or
stretched walls

The last solid phase — halite or, very rarely, sylvite —
dissolves at temperatures between 275°C and 300°C.
The heating run is interrupted as soon as the solid
phase disappears. The pressure in the inclusion cannot
be calculated due to the high dissolving temperature.



But the pressure must be high, the melting temperature
being 150-200°C higher than the disappearance temper-
ature T, of the liquid shrinkage bubble. No signs of
decrepitation like micro-fractures or escape of solution,
or nucleation of a bubble, are observed.

During the cooling down from the total dissolving
temperature, a bubble nucleates between 285°C and
250°C in a few inclusions. The vast majority of the
bubbles nucleates between 110°C and 75°C, very often
combined with the re-formation of bischofite in the
interval 100-90°C. All these bubbles are much larger
than the very small liquid shrinkage vapour bubbles
before the first heating runs (e.g. pl. V, figs. 9 and 14).
The disappearance temperatures of the bubbles nucle-
ating in the interval 110-75°C is in the interval
174.9-177.8°C combined with the total melting of the
carnallite component. The disappearance temperatures
T, of the shrinkage bubbles in the first heating runs are
20-70°C lower than the disappearance temperatures
noted above. Some of these bubbles possibly contain a
small amount of high-pressure gas before the first heat-
ing run.

In 10 inclusions containing carnallite as the main
solid component, the carnallite melted incongruently in
the interval 170.6-179.6°C. The mean melting temper-
ature T, car. = 175.1°C £ 1.8°C, 95% confidence limit.
This temperature corresponds to a pressure of c. 80
MPa. The mean bubble disappearance temperature
equals 175.8°C + 1.1°C, 95% confidence limit, there-
fore also corresponds to a pressure of c¢. 80 MPa.

If a partial decrepitation took place, resulting in the
formation of a bubble, when the halite dissolved, and
no high-pressure gas was released, the pressure in the
bubble equals the vapour pressure of the highly saline
solution. The vapour pressure decreases with increas-
ing salinity and increases with increasing temperature.
The vapour pressure of a 25.0 weight% NaCl solution
at 180°C is 0.80 MPa and at 300°C 6.86 MPa (Haas
1971, p. 943). Khaibullin and Borisov (1966, p. 491)
note the corresponding pressures to be 0.868 MPa and
7.25 MPa. The vapour pressure of a solution containing
25.0 wt.% Na,O + 5.9 wt.% Al,O; at 200°C is approxi-
mately 0.9 MPa and at 300°C c¢. 5 MPa (Potter and
Haas 1978, fig. 5). The vapour pressures of bitterns
containing 45 to 80 wt.% totally dissolved salts range
from 0.7 MPa to a few hundredths MPa at 200°C (Stew-
art and Potter 1979, p. 303). Consequently, it is postu-
lated that high-pressure gas is released when the
trapped grain of halite dissolves in the highly saline
K-Mg-Cl solution.

Possible nature of high-pressure gas

According to Kiihn (1955, p. 70) H.,S gas is observed in
coarse crystalline sylvite (Knistersalz = popping salt)
from the Stassfurt Potash Zone (K2) in Germany. The

gas occurs, microscopically visible, as dry bubbles and
as bubbles in fluid inclusions in the crystals. This and
other similar occurrences are always restricted to tec-
tonic or transformation zones, i.e. bounded to non-
primary salt formations.

Liquid and gaseous hydrocarbons are common in
relatively undisturbed salt and potash sequences, being
evidently formed in situ (Peterson and Hite 1969, p.
905). Interstitial and intercrystalline quantities of hy-
drocarbons are much greater than in underlying halite
and anhydrite sequences.

The solubility of methane in aqueous solutions of
NaCl and CaCl, is relatively low and decreases with
increase in salt concentration at room temperature.
The solubility increases with pressure (Duffy et al.
1961, pp. 30-31).

According to Sonnenfeld (1984, p. 277) increasing
salinity of brines and formation waters decreases the
solubility of hydrocarbons (Faingersh 1977), since
nearly saturated levels of solute content alter the water
structure to promote hydrophobic interactions of mac-
romolecules (Borowitzka 1981).

Nitrogen gas very often occurs in halite and potash
salts, mainly as inclusions and along crystal faces, al-
ways under high pressure. Ammonia reaches its maxi-
mum - up to 77 ppm - in carnallite (Sonnenfeld 1985,
p. 256).

Oxygen solubility decreases markedly as the brine in
seawater-fed lagoons is concentrated. At a seven-fold
brine concentration (salinity: ¢.25 weight%), oxygen
solubility drops to one-third of its value in seawater
(Peterson and Hite 1969, p. 906). The solubility of
oxygen is less than 2 ppm at 50°C, because the solu-
bility decreases with increasing temperature (Kinsman
et al. 1974, fig. 3).

The solubility of carbon dioxide in salt solutions
markedly depends on the concentration of salt, and
solubility decreases rapidly as the amount of salt in-
creases (Takenouchi and Kennedy 1965, p. 451). Prut-
ton and Savage (1945) found that the solubility of car-
bon dioxide in a 30 wt.% CaCl, solution at 121°C
approximately is 1 wt.%, very weakly dependent on an
increase in the pressure (Takenouchi and Kennedy
1965, fig. 1).

The composition of the released gas is unknown.
CO, was not observed during the freezing runs. How-
ever, since magnesite is present in the water-insoluble
residue and as solid inclusions in the quartz crystals,
CO, might have been present in the salt before the
formation of the quartz crystals. Therefore, traces of
CO, in the gas cannot be excluded. As pyrite is abun-
dant in the residue but extremely rare in the quartz
crystals, H,S was possibly present before and during
the formation of the quartz. So, H,S may be an appre-
ciable part of the gas. This assumption is supported by
a smell of mercaptane (-HS) combinations from the salt
core when the core is crushed. The content of H,S is a
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characteristic feature of the Stassfurt series (Kokorsch
1930, p. 77).

Veggerby Potash Zone K2 and deck halite
Na2r

The Danish Zechstein 2 evaporite cycle (table 1, fig.
5A) corresponds very well to the German Z2, except a
very weakly developed deck anhydrite A2r at the top of
the Danish Z2. The cycle represents a complete evapo-
rite cycle beginning with carbonate-sulphate facies
(Ca2), followed by halite facies (Na2) and ending up-
with K-Mg facies (K2), expressed by sylvite and carnal-
lite (Richter-Bernburg 1953). There are no signs of
bischofite, but bischofite may be the final product of
the cycle.

The Z2 cycle in NW Germany was brought to an end
by a phase of remarcably rapid influx of sea water
(Borchert and Muir 1964, p. 56). Also in the Norwe-
gian-Danish basin this rapid influx must have hap-
pened, proved by the presence of the K-Mg-Cl mineral-
ized deck halite Na2r. The presence of magnesite in the
deck halite and as solid inclusions in the quartz crystals
shows the formation of the deck halite in the deeper
parts of the basin (Kiihn 1968, p. 467), i.e. in the area
south of the Mors dome (fig. 3). The so-called reversed
profile above the potash zone K2: Ca2-Na2-K2-Na2r-
AZ2r is a typical feature of potash zones precipitated in
the deepest parts of the shallow basin, almost filled
with halite (Waljaschko 1958, p. 226).

The brine above the precipitated potash zone was
stratified with a bottom layer of the heavy MgCl, solu-
tion (d.: 1.34 g/cm? at 20°C), above which was situated
a lighter layer of in-flowing sea water (d: 1.22 g/cm’® at
20°C) (Raup 1970, table 2, fig. 7B). Due to the density
gradient, the two layers did not mix, whereby the heavy
bottom layer protected the precipitated potash deposit
against solution and let pass the halite crystals snowing
down from a higher level of the brine body, which was
saturated mainly in NaCl (Richter-Bernburg 1972, p.
35, Harvie et al. 1980, p. 499). But also a slow diffusion
of the lighter sodium-enriched brine into the heavier
magnesium bittern in the interface zone leads to halite

Table 14. Sedimentation centrally in the basin.

precipitation, i.e. to a salting-out effect (Raup 1970,
pp- 2255-6).

The evaporation continues during the formation of
the deck halite, resulting in further K-Mg concentra-
tion of the residual solutions. In (1 mm) thick sections
of the studied deck halite are found many solid in-
clusions of carnallite with a very high S:L ratio (pl. III,
figs. 2 and 3). Also many intergranular scales of hema-
tite are present, sometimes within the grains of carnal-
lite, but most frequently within sylvite, which has re-
placed carnallite, or within the halite. This carnallite is
most likely the first generation, trapped in the halite
during the compaction of the deck halite, possibly in
the course of the remaining Zechstein times. This first
generation of carnallite has no direct relation to the
carnallite found in the quartz crystals.

Post-Zechstein sedimentation

The strong subsidence of the basin in Zechstein times
continued throughout Triassic times. Approximately
5000 metres of Triassic sediments were accumulated in
the central part of the basin (table 14).

The lithology comprises only the main rock types
(Priisholm and Christensen 1985, p. 42). The depths of
sediments/overburden are approximate (Priisholm et
al. 1982, figs. 5, 6, 7).

The pressures of the overburden are calculated based
on the bulk density to base of the column: from 2.18
g/cm® at a depth of 2 km to 2.33 g/cm? at a depth of 6
km (Dickinson 1953, fig. 14, Bodenlos 1970, table 1).

The Middle Jurassic sediments are not present. In-
stead erosional unconformities are found. So, depths of
these sediments are unknown.

The temperatures noted are based on typical model
temperatures related to bore hole temperatures for the
central part of the Danish subbasin (Michelsen et al.
1981, fig. 6).

The value of the thermal conductivity for claystone
equals 1-2 W/Km, for limestone 1.5-2.5, for sandstone
2.5-4, and for rock salt 5-7 W/Km (Michelsen et al.
1981, p. 14).

The geothermal gradient above Upper Permian va-

Sediments Overburden
Epoch Temperatures
Lithology Depth.km. km. MPa top U.P..,°C
uU.J.-L.C. clay-, siltst.
L.J. clay-, sandst. ! 6 140 155-240
U.Tr. clayst. salt 2 5 115 140-200
M.Tr. clay-, limest. 1 3 70 100-140
L.Tr. clay-, sandst. 2 2 45 70— 90
U.P. evaporites 1 0 / /
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ries from 25 mK/m to 40 mK/m due to the high contents
of claystone. The gradient in the salt formations is only
10 mK/m (Bachu 1985, fig. 9, p. 282).

These values show that layers of claystone are acting
as insulating layers against heat from below. Therefore,
a thermal build-up occurs in bedded rock salt below
layers of claystonc like the Lower Triassic Bunter Shale
Formation (Talbot et al. 1982, p. 195).

In the deepest parts of the Polish Zechstein basin,
the salt bearing rocks were subjected to the increasing
pressure of the overlying rocks. Simultaneously, tem-
peratures at these depths — 7000 m — reached more than
200°C (Kucha and Pawlikowski 1986, pp. 70, 75). The
temperature of the German Zechstein salt rocks at a
depth of 5000 m amounts to about 180°C (Richter-
Bernburg 1977).

It is supposed that igneous intrusives, causing a high
geothermal flux, are present in the basement below the
sediments. Intrusives, enriched in U, Th, and K, are
common in the Fennoscandian Border Zone, the north-
eastern border of the basin (Michelsen et al. 1981, p.
15).

The Early Permian volcanism in the basin is well
documented: volcanics directly underlying the Zech-
stein sediments in well C-1, 30 km off the westcoast of
N.Jutland, and in well D-1, 160 km west of the coast
(Rasmussen 1974). The ages are 237 + 16 m.y. and 276
+ 14 m.y., respectively. Volcanics from two wells on-
shore in the basin have the ages 250 + 14 m.y. and 276
+ 12 m.y. (Larsen 1972, p. 92). Early Permian volcan-
ism is also known in the southern border zone of the
basin: the Ringkgbing-Fyn High, as well as the volcan-
ism in the district of Oslo north of the basin.

For the reasons mentioned above it is supposed that
the temperature at the top of Zechstein 2: K2 and
Na2r, were markedly higher than the temperatures of
the Lower Triassic clays, as long as the bedded salt was
situated outside the salt pillow or diapir.

Veggerby Potash Zone

The Veggerby Potash Zone K2, log depth 2691-2731 m,
(figs. 5B and 13) is a kieseritic hard salt consisting of
54% halite, 34% kieserite, 8% sylvite, 1% anhydrite,
and 2% clay and silt (Jacobsen 1984, p. 39). Concre-
tions of boracite are common (Jacobsen and Christen-
sen 1980, p. 27).

As kieserite can never precipitate from sea water
(Borchert and Muir 1964, p. 174), and as boracite
occurs in MgCl,-rich solutions as a secondary mineral,
but not post-diagenetic in origin (Braitsch 1962, 1971,
p. 216), the kieseritic hard salt K2 must be a meta-
morphism product of the originally precipitated potas-
sic rocks.

The halite-kieserite-sylvite hard salt may derive from
progressive geothermal metamorphism of the evaporite

2721

2722 2802

Fig. 13. Core No. 28. Veggerby Potash Zone K2 from drilled
depth 2720 to 2723 m. Hard salt consisting of c. 30% kieserite,
c. 30% sylvite, c. 30% halite, and less than 10% anhydrite.
Lumps and thin bands of boracite. Disseminated small in-
clusions of carnallite. White to light grey kieseritel (mixed with
salt: dotted), medium reddish orange to reddish brown halite
and sylvite (white). The hard salt is strongly disturbed, mainly
due to the large volume reduction of the original carnallite after
geothermal metamorphism and squeezing out of the meta-
morphic lye.

Core No. 30. Deck halite Na2r from drilled depth 2800 to 2803
m. The core consists of dark yellowish orange to reddish
brown halite (white) with strongly tectonized (brecciated and
fractured) dusky brown to greyish black clayey siltstone. In the
salt disseminated anhydrite, kieserite, secondary carnallite,
and sylvite. In fractures and vugs primary carnallite with scales
of hematite. In places rinneite.

assemblage halite-sylvite-epsomite, (MgSO,-7H,0).
During increasing temperature from 11°C up to 72.5°C,
this assemblage is altered to the hard salt in question
over different stages. Thereby is released a metamor-
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phic lye, the so-called Q-lye (d’Ans and Kiihn 1960, p.
73).

Q is the common corner of the stability fields kiese-
rite, carnallite, and sylvite close to the Mg corner in the
triangle diagram SO,-Mg-K, (e.g. Borchert and Muir
1964, figs. 8.2-8.7).

Kieserite (+ sylvite) may form from alteration at
72°C of the primary paragenesis carnallite-halite-kai-
nite, (KCI-MgSO,-2.75H,0) (Braitsch 1971, p. 110).

But other models are also conceivable:

i. A kieseritic halite-carnallite rock influenced by a
saturated NaCl solution at 83°C, resulting in a Q-
lye (Braitsch 1962, 1971, p. 180). The Q-lye at 83°C
consists of 1.6 wt.% NaCl, 5.2 wt.% KCI, 29.2
wt.% MgCl,, and 1.1 wt.% MgSO,, giving a salinity
of 36.9 wt.% (Baar 1952, p. 144).

ii. The paragenesis kieserite-carnallite-halite or kiese-
rite-halite-carnallite, which is the most important
potash salt paragenesis of ocean salt deposits, is
altered to the hard salt in question by solution
metamorphism, caused by percolating NaCl-CaSO,
solutions at temperatures higher than 72°C, result-
ing in a Q-lye (Borchert 1958, p. 22, 1972, p. 64).

ili. The primary paragenesis halite-carnallite-hexahy-
drate (sakiite, MgSO,-6H,0) is geothermally meta-
morphosed, ending up with release of a Q-lye,
which causes precipitation of carnallite in fractures
and pores of the hanging wall (Kokorsch 1960, p.
62, 67).

iv. The paragenesis kieserite-halite-carnallite or kiese-
rite-carnallite-halite is altered to the hard salt in
question through progressive geothermal metamor-
phism. The carnallite component melts incongru-
ently, forming solid sylvite and an H-lye, consisting
of 20.85 mol K,Cl, + 166.7 mol MgCl, per 1000 mol
H,O, corresponding to 42.9 wt.% MgCl, + 8.4
wt.% KCI (Braitsch 1962, 1971 p. 112, Knipping
and Hermann 1985, p. 115).

There is every probability that the latter model (iv.) is

most likely to be the true one, because the metamor-

phic lye is highly concentrated in MgCl,, and because
the metamorphic temperature necessarily must be
high.

Moreover, solution metamorphism is not so prob-
able as progressive geothermal metamorphism, be-
cause the distances to solution producing layers like
Ca2 (gypsum/anhydrite-dolomite), are large within the
bedded rock salt.

According to Kern and Franke (1980, figs. 5 and 6),
carnallite in a closed space begins dehydration at c.
85°C under atmospheric pressure, c. 140°C at 4 MPa,
and c. 150°C under a pressure of 10 MPa. The dehydra-
tion is controlled by the water vapour pressure.

Supposing a bottom temperature of 10°C in the basin
after precipitation of the carnallite, the temperature
increase of 75°C demands a sedimentary column of ¢. 2
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km, corresponding to a pressure of c. 45 MPa (table
14). The temperature 150°C is reached, when the pres-
sure exceeds 70 MPa.

Kern and Franke (1986, p. 8) note that carnallite in a
closed space is thermally stable close to the melting
temperature 167.5°C under a pressure of ¢. 24 MPa.
The carnallite studied in the present work is regarded
to be situated in a closed space, surrounded by imper-
meable salt. Consequently, the carnallite concerned
does not dehydrate with increasing temperature. But
incongruent melting occurs at a temperature higher
than 167.5°C due to the pressure-dependence (fig. 11).

At a depth of somewhat less than 5000 m the pres-
sure is 80-90 MPa, giving a melting temperature of
about 175°C (table 14).

Mineralization of deck halite Na2r

After the progressive geothermal melting of the pri-
mary carnallite, the equilibrium solution, i.e. the meta-
morphic MgCl,-lye, which dissolved comparatively
much KCI due to the high temperature, moved updip
away from contact with the remaining reaction sylvite
(Hentschel 1961, p. 147, fig. 7, Wardlaw 1968, pp.
1287, 1288).

The intercalated clayey layers in the deck halite (fig.
13) and the salt clay are compact and therefore compe-
tent compared with the grey salt. So, fissures, faults,
and collapse cavities are generated within the hanging
wall caused by the movements within the salt. The
metamorphic lye is squeezed out from the potash zone
into the hanging wall along these fractures and faults
(Jénecke 1915, p. 75, Baar 1958, fig 4., 1960, p. 131,
Goldsmith 1969, p. 795).

Table 15. Trapping conditions of the inclusions.

Group; T, °C (P, MPa | Epoch Concentrations | Salin-
ity
appr. appr. mol/1000 mol H,O |wt.%
MgCl | K,Cl, [Na,Cl,
A |1170-175 | 75-80 | U.Tr.-J. | 167 25 1.5 52
B 175-185 125 MJ.-L.C.j 167 83 3 62
C 170-180 | 75-80 | U.Tr.-J. | 190 | 25 0 55
D 175-185 125 M.J.-L.C.| 250 5 0 58

In table 15 is noted the results of the microthermom-
etry. The trapped solutions are rich in MgCl, , far less
in KCI, and very poor in NaCl. The trapping temper-
atures T, , i.e. the crystallization temperatures of the
host quartz, are approximate, because no true mea-
surements are possible due to the lack of daughter
halite. The interpretation of T, is partly based on the
measured melting temperatures of carnallite and partly
on experiences from earlier works (Fabricius 1984, ta-
ble I, 1987, table 4). The estimated trapping pressures



P, are based on the trapping temperatures combined
with the depths of the overburden (table 14).

The post-Zechstein high below the Mors dome is
situated at a depth of c. 5.5 km (fig. 4). So, the salt,
feeding the dome from the south, moves updip hori-
zontally c. 8 km and vertically c. 2.5 km (fig. 3).

The differential stress, i.c. the geostatic load com-
bined with the bottom relief of the basin, is the prime
motivating force on the bedded salt. The effectiveness
of the differential stress depends on such factors as
temperature, confining pressure, and the presence of
solutions, which increase diffusive flow, or nonevapo-
rites such as silt and clay, which reduce plasticity (Jack-
son and Talbot 1986, p. 306).

Richter-Bernburg (1970, p. 145) states that the pres-
sure required for viscous salt flow is about 40 MPa. In
the beginning the salt flow takes place in the lower
parts of the bedded salt, i.e. preferentially in the grey
salt Nal and later also in Na2 (Jackson and Talbot
1986, p. 316). The upper 250-300 m of the Zechstein
column (fig. 5A) may be retarded to some extent due
to the high contents of clay or silt, and the frictional
drag of the country rock.

The inclusions (table 15) are trapped by the quartz
crystals outside the diapir during the salt flow. Or,
more likely, the trapping may occur inside the diapir
later than Late Triassic times, if the tectonic pressure
during the initial diapirism in Early Jurassic or during
the penetration phase in Late Jurassic-Early Cretace-
ous times is able to counterbalance the pressure of a
sedimentary column of a depth of 1.5-2 km, see depth
of overburden, fig. 4.

The bedded salt begins the flow late in Early Triassic
in direction of the post-Zechstein high. The studied
deck halite was drilled at a depth of 2.8 km, ¢. 3 km
above the bottom of the dome. So, the salt concerned

covers 8-12 km in a span of time of 220 m.y., which
makes an average velocity of 0.05 mm/annum, includ-
ing the high velocity 0.1-0.3 mm/annum during the
diapiric penetration phase (Richter-Bernburg 1981, p.
29).

The temperature of the deck halite decreases during
the uplift of the salt. The carnallite precipitates from
the solutions, forming fracture fillings and dissemi-
nated grains, when the temperature drops below the
pressure-dependent melting temperature.

Summary of the proposed mineralization model

The studied Zechstein 2 potash salt, consisting of the
paragenesis kieserite-halite-carnallite or kieserite-car-
nallite-halite, was sedimented in the deeper parts of the
basin, 6-10 km south of the later Mors dome.

The potash salt was altered by means of progressive
geothermal metamorphism into the present kieseritic
hard salt K2, the Veggerby Potash Zone.

The rock salt began viscous flow in direction of the
post-Zechstein high in Early Triassic times when the
geostatic pressure reached c. 40 MPa.

The metamorphic melting of the carnallite compo-
nent took place at temperatures of c. 175°C under
pressures of 80-90 MPa. The resulting, highly saline
MgCl, solutions moved updip into the hanging wall —
the deck halite — through fractures and along faults.

In Late Triassic times or maybe later during the
diapiric penetration phase, the crystallizing quartz
trapped solution and formed fluid inclusions as crystal-
lographically orientated negative crystals.

When the temperature decreased during the uplift of
the salt, the carnallite precipitated as fracture fillings
and disseminated grains in the deck halite.
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Conclusions

The formation of the quartz crystals in the deck halite is
closely connected to the alteration of intercalated clay,
combined with highly saline MgCl, solutions, which
derive from progressive geothermal metamorphism of
the original carnallitic potash bed, stratigraphically be-
low the deck halite.

During the formation of the quartz crystals, solution
with grains of halite in suspension was trapped, forming
large faceted negative crystals, crystallographically ori-
entated with the host quartz.

In several of these inclusions a chemical combina-
tion, named E, is found before the first heating run. E
consists of carnallite, sylvite, halite, and, in some in-
clusions, also of tetrahydrate. Even though the compo-
sition of the various inclusions is different, E must be a
stable phase, stabilized through millions of years.
Therefore, E cannot re-form in the laboratory.

As the solid:liquid ratio is very large even after the
heating runs, the solution represents a melt, often with
a grain of halite in suspension. The compositions of the
trapped solutions vary from a melt of carnallite: 167
mol MgCl, + 83 mol K,Cl, + 3 mol Na,Cl, per 1000 mol
H,O to a melt of tetrahydrate: 250 mol MgCl, + 5 mol
K,Cl, + 0 mol Na,Cl, per 1000 mol H,O. The salinity
varies from 52 to 62 weight%.

Due to the highly complex solutions, a high degree of
metastability during and after the heating runs must be
expected. Therefore, much patience is needed, because
normal heating runs up to 200°C and back to 20°C may
rest for hours. Especially the phase transitions, e.g.
bischofite-tetrahydrate or melting of the solid phases,
are crtitical. So, a very small heating rate is necessary.
Also the equilibration time after the heating runs is
critical. Very often an equilibration time of 24 hours or
some days must be spent. Equilibration during the
runs, especially when the solid phases re-form, is often
a necessity.

In a few cases solid grains of carnallite were trapped.
The melt of these grains shows much higher meta-
stability than did melts of daughter carnallite. But also
inclusions, containing the complex solutions/melts of
carnallite, tetrahydrate, and sylvite with a grain of ha-
lite in suspension, show high metastability, especially
concerning the melting of the tetrahydrate and the
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carnallite components. Therefore, several heating runs
on these inclusions are a necessity.

High-pressure gas is released, when trapped grains of
halite or carnallite are dissolved. Thereby it is proved
that the gas is dissolved in the solids, not in the solu-
tions. It is advisable no to dissolve the trapped grains of
halite (dissolving temperature: 275-300°C) if not
needed, because the bubble of the released high-pres-
sure gas covers large parts of the solid phases after the
heating runs.

By the aid of the holes after now dissolved carnallite
in the pyramids of some crystals, combined with carnal-
litic inclusions in the same crystals, it is proved that the
melting temperature of carnallite depends on the pre-
vailing pressure.

Based on the results of the microthermometry, the
recent paragenesis of the Veggerby Potash Zone, and
the MgCl,—KCl mineralization of the deck halite used
in the present work, a model of the geological events is
proposed:

i. At the end of Zechstein 2, the deck halite Na2r
sedimented in the deeper parts of the basin, south
of the later Mors dome.

ii. The salt began viscous flow updip in the direction
of the later Mors dome, when the lithostatic load
exceeded 40 MPa in Early Triassic time.

iii. The original potash bed, consisting of the parage-
nesis kieserite-carnallite-halite, was subject to pro-
gressive geothermal metamorphism in Upper Trias-
sic. The lithostatic load was approximately 70 MPa
and the temperature c. 175°C.

iv. The metamorphic MgCL-KCl lye was squeezed out
from the potash bed into the hanging wall, the deck
halite. The quartz crystals formed in Late Triassic-
Early Cretaceous times under pressures of 75-125
MPa and temperatures in the interval 170-185°C.

v. The salt possibly entered the diapir in Jurassic.
During the diapiric penetration phase in Upper Ju-
rassic-Lower Cretaceous times, the deck halite pos-
sibly was overrun by the Zechstein 1 and 2 grey salt,
resulting in many overthrusts and faults, and a re-
versed stratigraphic position of the entire Zechstein
column.
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The natural Na-K-Mg-CI-H,O system is present in the Zechstein 2
evaporite cycle in the well Erslev-1, Mors. The system is studied in detail
by means of microthermometry on solid inclusions in quarts crystals
from the very top of the Zechstein 2 cycle. The measurements give rise

to a model in time and space of the metamorphism of the originally
sedimented K-Mg zone, resulting in the present Veggerby Potash Zone.
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