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MARINE EVAPORITES

By FrepErick H. STEWART

Rec1us ProrFessor or GEorLoaY, THE UNIVERSITY, EDINBURGH

ABSTRACT

Marine evaporites are formed initially by the evaporation of
sea water in salt pans, marine salinas, lagoons, and relict seas.
At various times from the Cambrian onward, thick and extensive
evaporites, together with red beds, shales, carbonate rocks, and
other sediments, were deposited in basins and shelf areas partly
separated from the ocean by clastic, biogenic, or tectonic bars or
sills.

More than 80 mineral species (excluding clastic material) have
been recorded in marine evaporites, and most of these are chlo-
rides, sulfates, carbonates, and borates; only about 12 rank as
major constituents. Many are of secondary origin.

The major elements are those of sea water—sodium, mag-
nesium, calecium, potassium, chlorine, sulfur, carbon, hydrogen,
and oxygen. The processes of primary deposition lead to suec-
cessive layers that are rich in carbonates of calcium and mag-
nesium, sulfates of calcium, sodium chloride, and finally sodium
chloride with salts of potassium and magnesium. Primary lateral
variation depends on such factors as distance from the shore line,
distance from the ocean connection and from rivers, depth of
water, configuration of the depositional floor, rates of subsidence,
and thermal currents. Vertical repetition of sequence is related
to periodic flooding with sea water or fresh water, changes in
temperature, and other features.

Among the minor constituents, strontium, barium, and fluorine
are concentrated mainly in the earlier products of deposition;
bromine and rubidium are concentrated in the later products;
and lithium occurs principally in connate waters and in clays.
Many of the minor metals are concentrated in the associated
clastic material.

Detailed experimental successions at temperatures between
0°C and 110°C are available, and some work has been done on
metastable erystallization and on crystallization from solutions
with thermal gradients. Although natural successions agree in
a broad way with the experimental data, they do not agree in
detail. Some of the anomalies can be explained by primary
factors such as the contamination of the sea water by addition
of terrestrial material during evaporation, but others can only be
explained by secondarv changes, of which there is abundant
petrographic evidence. Penecontemporaneous changes include
(1) reaction of ininerals with the brines through which they
sink; (2) reaction of early-formed minerals with residual liquids;
(3) reaction of minerals with early interstitial liquids; (4) changes
due to influx of sea water or terrestrial water; and (5) changes due
to variations in temperature. Postconsolidation changes include

(6) the effects of burial, involving recrystallization and flow, as
well as widespread metasomatism in response to rise of temper-
ature and pressure; (7) the effects of percolating ground water,
involving total or selective solution, and metasomatism; (8)
thermal metasomatism related to igneous activity; and (9)
changes effected by bacteria.

The secondary changes have frequently resulted in large-scale
migration of material. Special mention should be made of the
removal of the more soluble materials, particularly MgCl,, and
to a lesser extent XCl, during leaching by ground water and
during the pressing out of brines formed by geothermal
metamorphism.
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This paper is concerned with marine evaporites only;
continental lacustrine deposits, borate deposits, nitrates,
evaporitic carbonates, and the like are discussed in
other chapters of this Professional Paper and are
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to that of the U.S. Geological Survey.
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Geological Survey and their reviewers for their most
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discussion. I gratefully acknowledge a grant awarded
by the Durham Colleges in the University of Durham
to cover costs of translation.
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the Staatlichen Geologischen Kommission, Deutschen
Demokratischen Republik, for figures 5-9; the Chemical
Society (London), for figure 10; the Geological Society
of London, for figure 11; the Yorkshire Geological
Society, for figure 13; and the New Mexico Geological
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DEPOSITIONAL ENVIRONMENT

Although modern evaporite deposits are thin and
cover relatively small areas, a glance at the maps of
Krumbein (1951), giving the distribution of the older
evaporite deposits of the United States, or those of
Lotze (1938, p. 155-157), giving the world distribution
of evaporites, shows that these rocks are widespread and
fairly common types of sediment. Most of the major
evaporite bodies are of marine origin, and such bodies
occur in all geological systems from Cambrian to
Tertiary.

Evaporites form in areas where water lost by evapo-
ration exceeds or equals that supplied by rainfall,
rivers, and the open sea. An arid climate is necessary,
but the temperature need not be particularly high;
drying winds are the most effective agents to ensure
rapid evaporation. Many modern evaporites are
forming on the leeward sides of mountain chains which
cross the path of the prevailing wind and force it to give
up its moisture before it reaches the depositional area.
In addition to an arid climate, the other essential
condition is partial or complete isolation of the evapo-
rating body of water from the open sea, so that free
circulation cannot take place.

Deposition sites of modern marine evaporites, which
illustrate various ways in which relative isolation is
brought about, are placed by Grabau (1920) in the
following categories: marginal salt pans, marine salinas,
lagoons, and relict seas. Salt bodies of marine type
may also form by the concentration of cyclic salts—
salts which have been blown inland with spray by the
wind and carried into salt lakes by seasonal floods.
Such deposits are relatively thin, but the amount of
salt may be considerable. For example, analyses of the
air show that 13,000 tons of cyclic salts are carried into
the Rajputana States annually (Grabau, 1920, p. 156).

““Marginal salt pans” receive sea water during high
tides or storms by overwash. The most spectacular
example is the Rann of Cutch in northwest India,
where an area of about 7,000 square miles is flooded
with sea water in the summer. This water evaporates
during the winter and leaves a thin crust of salt that
reaches a thickness of several feet in some pools.
“Marine salinas” receive sea water by percolation
through a continuous permeable barrier. The Lake of
Larnaca, on Cyprus (Bellamy, 1900), is the type
example cited by Grabau. It has an area of 2.1 square
miles and is fed by seepage of sea water through perme-
able layérs in a barrier about 1 mile in width that
separates the lake from the Mediterranean Sea. Salt
is deposited here in the summer. Gypsum and halite
are the common minerals of salt pans and salinas; the
highly soluble salts of magnesium and potassium are
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more rarely found, as, for example, in salt pans in
Tunisia.

The deposits of salt pans and salinas cannot reach
any great thickness, but those of “relict seas” and
“lagoons” may be much larger bodies. Under arid
conditions, an arm of the sea that is completely cut off
from the ocean by a clastic or orogenic barrier would
deposit its salts. If the cut-off area were large and
contained a deep depression, the resulting deposit
might be very thick over a relatively small area at and
near the deepest part. The Salton Sink in California
and the Caspian Sea have been cited as modern ex-
amples of relict seas, but these have been modified by
the addition of terrestrial salts carried by rivers.

The evaporation of a 1,400-foot column of sea water
of normal composition would produce a 1-foot bed of
anhydrite. To obtain the enormous thicknesses of
anhydrite (often many hundreds and sometimes several
thousands of feet thick) found over large areas in many
parts of the world, the quantity of sea water required
would be far greater than that which could be contained
in any completely isolated sea of reasonable size. Many
of these deposits retain a considerable thickness almost
up to the edge of the depositional area, and there is
often evidence that they have formed in subsiding
regions in relatively shallow water. In order to explain
these thick deposits, Ochsenius (1877), developing an
earlier idea of Bischof (1864, p. 48), put forward his
“bar theory’’. This theory assumes a lagoonal area cut
off from oceanic circulation by a permanent bar, except
for one or more narrow and shallow channels through
which sea water can enter, offsetting the losses due to
evaporation, and through which there is little or no
outflow. As more salt is constantly carried into the
lagoon, the salinity will increase until salt deposition
begins from dense brines that have sunk to the bottom.
As long as salt water can enter the basin and the chan-
nels remain shallow. enough to prevent escape of the
dense bottom brines, this process will continue; and
eventually the basin will become filled with salts,
covered with a sheet of bittern. If uplift or silting up
of the channels leads to complete isolation, evaporation
can proceed to its limit, with deposition of the highly
soluble salts of potassium and magnesium.

As a modern example, Ochsenius cited the Kara-
boghaz Gulf, which lies on the eastern side of the
Caspian Sea and is separated from it by two narrow
sand spits, between which passes a shallow channel as
much as a few hundred yards in width. Approxi-
mately 1303X10° tons of salt are carried into the gulf
each year, and gypsum, halite, and various sulfates of
magnesium and sodium are deposited (Urasov and
Polyakov, 1956). This is not strictly a marine evapo-
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rite deposit, as the Caspian water owes its composition
partly to river-carried material. The deposit of the
Great Bitter Lake of Suez (Grabau, 1920, p. 139-142)
is apparently a recent example of a marine lagoonal
deposit. Before being dissolved by the waters of the
Suez Canal, the salts had a maximum thickness of
20 m (average 8 m), and covered an area of about 80
sq km. Alternate layers of clay (often fossiliferous),
gypsum, and halite were covered with brines rich in
potassium and magnesium, and intermittent connection
between the Red Sea and the lake presumably existed
for a considerable length of time before the lake was
completely isolated.

The ideas of Ochsenius were criticized by Walther
(1900, 1903; see Ochsenius, 1902, for a reply and
Grabau (1913a, 1913b, 1920). Branson (1915) sug-
gested a modification of the bar theory to include a
series of water bodies in restricted connection with each
other. According to this modified theory, while
gypsum was being deposited in one lagoon, the more
concentrated brines would pass into a second lagoon
and yield halite. In this way, thick unfossiliferous
deposits of gypsum without overlying halite, and of
halite free from underlying gypsum, could be explained.
Such deposits can, however, be formed in a variety of
ways. For example, thick beds of gypsum without
halite could be formed if the deeper concentrated brines
of a barred basin escaped to the ocean through a perme-
able barrier, or over a barrier whose top was below
average wave base but shallow enough to prevent
unrestricted circulation, as suggested for the Castile anhy-
drite of Permian age of Texas and New Mexico (Adams,
1944; King, 1947). The gypsum and halite of mixed
deposits can also become separated by contemporaneous
or later leaching of the more soluble chlorides and
redeposition elsewhere.

Most geologists accept some modification of the bar
theory that involves restricted circulation in a subsiding
area of deposition in explanation of thick marine
evaporite deposits. Some of the thinner deposits,
however, may owe their origin to terrestrial concentra-
tion of the connate salts enclosed in the pores of marine
sediments. The largest deposits occur in intracratonic
basins, but extensive evaporites have also been formed
in epicontinenfal-shelf seas (Krumbein, 1951). Re-
strictions include clastic bars, biogenic reefs, and
tectonic sills. American evaporites have been grouped
by Sloss (1953) into “intra-basin’’ and “basin-margin’
types, and further classified on the nature of the re-
striction. Most deposits fall into the ‘‘tectonically-
silled intra-basin” group. “Reef-enclosed intra~basinal’
types include the late Silurian evaporites of the Salina
Formation in the Michigan basin. ‘‘Back-reef basin-
margin’’ evaporites include some Leonard and Guada-
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lupe deposits of the midcontinental and southwestern
regions, and some Devonian deposits of Alberta,
Montana, and Saskatchewan. ‘“Topographically-silled
basin-margin’’ evaporites are found in the Jurassic of
the Wyoming-Montans regions and in the midconti-
nental and southwestern Permian. Transitions between
these and the gypsum-anhydrite ‘‘deposits of stable
shelf regions” are associated with brackish or non-
marine red beds.

Krumbein (1951) considered the succession and types
of sediments associated with evaporites; these are
commonly red beds with quartzose sandstone or sub-
graywacke sandstone, and marine shales and carbonate
rocks. The general succession normal marine-evapo-
rites-normal marine occurs typically in intracratonic
basins, as, for example, in the Paleozoic evaporites of
the Williston and Michigan basins. The successions
red beds—evaporites-normal marine and normal marine—
evaporites-red beds, are typically on the shelfward
margins of intracratonic basins, but some large basinal
deposits pass upward from normal marine through
evaporites to red beds; for example, the Ochoa of Texas
and New Mexico and the Zechstein of central Europe.
The succession red beds—evaporites-red beds occurs
typically in shelf regions; the deposits are generally
relatively thin, but sometimes cover wide areas. Ex-
amples are to be found in the Midcontinental Permian
of the United States and in the Keuper of Europe.
Occasionally black euxinic shales are associated with
evaporites, as in the Paradox basin of Colorado and
Utah (Wengerd and Strickland, 1954). Black muds
are found with some modern evaporites in conditions
of chemical reduction (Morris and Dickey, 1957;
Moore and Hayes, 1958; Quaide, 1958).

LATERAL VARIATION

Evaporation of a closed body of sea water should
give successive layers rich in carbonates of calcium and
perhaps magnesium, sulfates of calcium, chloride of
sodium, and finally chlorides and sulfates of mag-
nesium and potassium. In natural deposits, the earlier
products are common; but in most cases the brines
never reached the concentration necessary for deposi-
tion of the later potassium and magnesium salts, or
else these were removed by later leaching, so that they
are relatively rare.

Rapid lateral variation in thickness and type of salts
is a common feature of evaporite bodies. In some
regions there is a broad lateral zoning from more to less
soluble salts as the shoreline is approached. Figure 11
shows a roughly concentric series of such zones in the
Zechstein basin, where the chlorides are confined to the
inner parts of the basin, but the less soluble sulfates and
carbonates occur also in the marginal parts (for more
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detailed zoning in various parts of Germany, see Lotze,
1938, p. 400-503). The marginal changes in England
are shown by Hollingworth (1942) and Edwards (1951,
fig. 38). Within each evaporite bed, the lateral changes
include the passage of evaporites into red beds, of
chlorides into sulfates, and of sulfates into carbonates
in a shoreward direction; the various types show inter-
leaving and merging junctions. There are also lateral
changes in the nature of minor constituents, magnesite
giving place to dolomite, for example, towards the shore
(Stewart, 1954). This type of zoning is probably partly
a result of progressive desiccation and shrinkage of the
area covered by water, so that the sea had almost dried
up when the potassium salts were deposited. However,
another important factor may have been a density
stratification of the brines in the basin. Such a strati-
fication is found in many modern saline lakes (for
example, the Dead Sea), where the heavier and more
concentrated brines lie in the deeper parts. It is found
to a smaller degree even in ocean waters. As a result,
the more soluble minerals such as halite may be de-
posited in the deeper parts of the basin at the same time
as the less soluble carbonates and sulfates are accumu-
lating in the shallower marginal parts or over structural
highs (Hollingworth, 1942). The depth of water, con-
figuration of the floor, and relative rates of subsidence in
different parts of the area of deposition are obviously
important factors causing facies variation in evaporites.

A different type of lateral zoning, involving changes
from less to more soluble salts from the seaward con-
nections to the inner parts of depositional areas, is well
displayed by the Permian of Texas and New Mexico
(fig. 12). Adams (1944) gives sections through the
Ochoa evaporites of the Delaware basin, which show
very clearly a general change from predominantly car-
bonate facies near the seaward connection at the
southern end of the basin, through anhydritic to halitic
facies in the interior of the basin (see also the paleogeo-
graphic maps in King, 1942). Even more striking,
perhaps, are the facies changes of the back-reef Leonard
and Guadalupe evaporites (King, 1942, 1948; Adams
and Frenzel, 1950; Newell and others, 1953). Here the
back-reef limestones pass shoreward into evaporite
dolomite rocks, which in turn pass into anhydritic and
then halitic evaporites, and finally into near-shore
clastics of fine sand and silt. Lang (1937) discussed
these changes and pointed out that rapid evaporation
would induce a current of water flowing toward the
shore. This water would progressively increase in
salinity because of evaporation while it flowed, and it
would pass successively through a “‘vitasaline” stage of
reef growth, a “penesaline” stage of carbonate and
anhydrite deposition, a “saline” stage of anhydrite,
halite, and polyhalite deposition, and a ‘‘supersaline”
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stage, where the bittern salts would be deposited. Red
beds would be laid down in a near-shore zone of brackish
water formed by the mingling of concentrated brines
and terrestrial drainage water. Clifton (1944) applied
the term ‘‘pseudomarine’ to rocks with a normal marine
fauna lying between the evaporites and the brackish
water sediments. Sloss (1953) gave the following
zonary scheme as a modification of Lang’s theory:

Brackish
Normal Reef zone | Penesaline Saline Pseudo- and
marine marine terrestrial
Fossiliferous | Dolomitized | Dolomite | Anhydrite | Limestone, | Red beds.
limestone biostro- and an- and dolomite,
and shale, mtg.l lime hydrite. halite. shale.
stone.

An interesting study of lateral variation of this type
in a modern lagoon, the Boccana de Virrila in Peru, has
been made by Morris and Dickey (1957). The lagoon
is a relict estuary, connected to the Pacific Ocean, with
a length of about 27 km and a maximum width of
about 2 km. About 20 km from the mouth, a small sill
of shallow sand bars and islands separates an outer
penesaline environment from an inner saline environ-
ment. In 1955 the water was not more than 2 m deep
in the penesaline part, and black muds were found near
the shore; white marl covered the floor farther from
shore. In the saline part, where the water was not
more than 1 foot deep, black muds were found just
inside the sill; gypsum was being deposited at the mar-
gins of islands and near the head of the lagoon; and
hslite occurred at the extreme inner margins. Drill
cores from near the inner end of the lagoon consisted of
impure halite above a series of layers with varying
proportions of halite, gypsum, and clastic and organic
materfal, indicating past fluctuations in water level and
salinity. Table 1 lists chemical analyses of six water
gsamples. Samples A, B, and C are from the saline
part, and D and E are from the penesaline part of the
lagoon. The approximate distances from the inner
end of the lagoon are as follows: location A, 400 m;
location B, 1,000 m; location C, 5,000 m; location D,
6,000 m; location E, 13,000 m. The analyses show the
initial increase in concentration of ions in lagoon water
over the concentration in normal sea water. It also
shows the effects of the successive deposition of car-
bonates, gypsum, and halite that lead ultimately to a
sharp rise in concentration of magnesium, potassium,
and sulfate ions in the innermost parts of the lagoon.

Facies changes from less to more soluble salts can be
related not only to ocean connections, but also to the
mouths of terrestrial drainage channels at the margins
of basins. Carbonates and sulfates would tend to
accumulate in such places, as most terrestrial waters
carry these rather than chlorides, and because the
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TaBLE 1.—Chemical analyses of Boccana de Virrila water samples
[From Morris and Dickey (1957, p. 2470)]

Normal | Loca Loca- | Loca- | Loca- | Loca- | Loca-
Ion sea tion E | tion D | tion C | tion C | tion B | tion A
water | surface | surface | surface | bottom | surface | surface
Ion ation exp d as parts per million of water sample
2,314 2, 600 1,426 1,912 6, 645 9, 962
26,110 | 30,150 | 40,515 | 58,550 | 94,176 67, 500
960 1,040 1,000 1,040 300
3, 446 4,316 5, 580 8,340 | 22,390 39, 612
48,900 | 57,155 | 74,195 | 107,920 | 190,200 | 190,200
6,868 7, 9,667 | 13,489 | 31,216 46,417
175 173 171 245 551 948
88,863 | 103,262 | 132,454 | 191,496 | 345,478 | 354,939
tration exp d as percentage of total solids
1.1 2.6 2.5 11 1.0 1.9 2.8
30.6 29.4 29.2 30.6 30.6 27.2 19.0
1.2 11 1.01 0.75 0.54 0.1 0.1
3.7 3.9 4,17 4.2 4.4 6.5 11.1
55.3 55.1 55.3 56.0 56.3 55.1 53.6
7.7 7.7 7.6 7.2 7.0 9.0 13.1
R 0.40 0.20 0.17 0.13 0.13 0.16 0.27
Total ... 100.0 | 100.0 100.0 100.0 100.0 100.0 100.0
S%gr .................... 1.067 1,077 1.094 1.135 1.227 1.243
Y B, 7.4 7.6 7.8 6. 65 7.3 7.1
'emp..._._ L o 20N I 23 25 25 27 26 27

relative freshness of the water in such situations would
prohibit the precipitation of more soluble salts. Cun-
ningham (1934) showed that polyhalite and anhydrite
are concentrated near the margin of the Salado salt
basin, where land masses may have been the source of
some of the CaSO,. Following Scruton (1953), Briggs
(1958) considered the theoretical distribution of evap-
orites in a model basin, using Usiglio’s chemical data
(1849, p. 92, 172), and applied his conclusions to the
Upper Silurian Salina Formation in Michigan and
neighboring states. This gave convincing evidence as
to the position of original marine and river channels.

Other types of lateral variation, including those de-
pendent on thermal currents, later tectonic activity,
and secondary reactions, are mentioned below.

VERTICAL REPETITION

Repetitions of sequence are almost universal. Major
repetitions, representing major cycles of flooding and
desiccation, are common. For example, table 19 lists
four such cycles in the Zechstein of Germany, in which
thick evaporite beds are separated by carbonate rocks
and clays. Three major cycles have been recognized
in England.

Within each major cycle there are generally sub-
sidiary cycles of similar type that show repetitions of
parts of the salt succession. The lower evaporite
bed of the English succession apparently consists of
the products of two partial cycles of desiccation, each
containing zones of anhydrite followed by anhydrite
and halite. The two potash zones of the third evapo-
rite bed of the German succession indicate two
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periods of almost complete desiccation. In many
districts the Stassfurt potash zone is formed of alternate
halite-rich and potassium-rich layers of moderate
thickness (not shown in the table). Many such rep-
etitions are found in the Ochoa evaporites of Texas
and New Mexico (pl. 1), which include layers of sulfates
and chlorides from several feet to more than a hundred
feet in thickness (Adams, 1944; Smith, 1933; Cunning-
ham, 1934; Mansfield and Lang, 1935; Kroenlein, 1939).
The cycles often commence with thin layers of clay.
Repetitions of this kind bear a resemblance to cyclo-
thems and may be due to rhythmic tectonic changes
in level of the restricting barrier between the deposi-
tional area and the open sea.

The above types of repetition are commonly accom-
panied by layering on a small scale, in which the thick-
ness of individual beds can be measured in inches or
fractions of an inch. This may have been produced
in a variety of ways. Minor fluctuations in level of
land and sea, or alternate silting-up and breaching
of a bar, would lead to periodic influx of normal sea
water. This could produce a kind of layering very
common in evaporites, consisting of repeated sequences
in each of which a thin layer of clastic material is
followed by layers of successively more soluble salts.
A similar effect would result from flooding with fresh
water from the adjacent land mass, and this might
be seasonal.

Periodic winds, blowing clastic material into the
water, would produce alternate layers rich and poor
in clay, silt, or sand, without a repetition of different
salts. The Top Anhydrite of the English Zechstein
shows a fine banding of red and white anhydrite (about
10 layers to the inch), in which the red type encloses
dust particles that may have this origin (Stewart, 1954).

Seasonal changes in temperature may cause small-
scale layering of different salts. In the halite-anhy-
drite rocks of many deposits, halite layers as much as
several centimeters in thickness alternate with anhy-
drite layers which are generally much thinner. In
Germany these are particularly well developed in the
older halite of the Upper Zechstein, and they have been
called Jahresringe. Their origin has been discussed
by many workers (for example, van’t Hoff, 1912;
Zimmermann, 1913; Rozsa, 1917a; Lotze, 1938; Fiege,
1939; D’Ans, 1947b; Kiihn, 1953). Some have in-
terpreted them as seasonal effects dependent on the
temperature coefficients of the solubilities of the iiner-
als. At some stages of concentration, anhydrite,
being more soluble in cold than in hot water, would be
deposited in the summer, whereas halite, which is
more soluble in hot than in cold water, would be de-
posited in the winter. However, some workers believe
that the “‘Jahresringe”” have a different origin. Recent
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work on the bromine content of the layersin the German
mines of Salzdetfurth and Wintershall suggests that
periodic dilution of the brines by rain water was the
significant factor here (Kiihn, 1953).

Seasonal variations in temperature above and below
the gypsum-anhydrite transition temperature, com-
bined with differences in temperature coefficients of
the solubilities of the minerals, have been invoked
by the writer (Stewart, 1953) to explain alternations
of anhydrite-magnesite, gypsum, and gypsum-halite
rocks in the English Zechstein. The effects are com-
plicated by a certain amount of metasomatism (the
original gypsum is represented by anhydrite-halite
pseudomorphs) and by superimposed layering due to
periodic influxes of fresher water.

Yet another way in which seasonal temperature
changes can cause layering has been suggested by
Dellwig (1955). The evaporites of the Salina Forma-
tion of the Michigan basin show thin alternations of
layers of cloudy halite with hopper crystals and layers
of clear halite. The cloudy halite is believed to have
formed by accumulation of surface-formed hopper
crystals on the bottom of the basin. Rise in tem-
perature caused partial solution of these crystals, and
fall in temperature led to bottom crystallization of
clear salt above the cloudy layer. Seasonal changes led
to repetition of the two types of salt. Anhydrite-
dolomite laminae in the salt are attributed to influxes
of normal sea water, and some alternations of anhydrite
and dolomite layers are perhaps seasonal effects de-
pendent on the temperature coefficients of the solu-
bilities of these minerals.

One of the most conspicuously layered evaporite
deposits in the world is the Castile Formation of Texas
and New Mexico, which consists largely of layered
anhydrite-calcite rock; Udden (1924, p. 353) found
that the anhydrite laminae had a thickness range
from 0.2 to 7.0 mm, with an average of 1.63 mm, in
Gresham and McAlpine’s core test hole Flood No. 1,
Culbertson County, Texas. The laminae of blbu-
minous calcite were about half as thick, or less. Udden
believed the layers to represent annual cycles of sedi-
mentation and, on this assumption, gave the figure of
360,000 years for the length of Castile time. King
(1947) agreed that the layers are of annual type and
suggested seasonal variation in temperature as their
cause, Adams (1944) considered that each calcite
layer was deposited during a summer, but that the
anhydrite layers may have taken longer to form. He
invoked alternate breaching and sealing of a barrier
as the repetitive factor, each new influx of sea water
bringing with it a planktonic fauna which would give
rise to the bituminous layers. Lang (1950) ascribed
the lamination to annual climatic variation and gave
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the following types of seasonal rhythms for the Castile
and Salado Formations:

C,Ca Ca A A A Summer
C,Ca C,Ca C,Ca Ca, A" A Winter
A A A H HHSummer
A’M M, G’ M, G’ H S Winter

1. Castile

2. Salado —

where C=organic material, Ca=calcite, M=magnesite,
G=gypsum, A=anhydrite, H=halite, and S=sylvite.
He gave the duration of Castile and Salado times as
500,000 years.

It is apparent from the above discussion that many
different factors may be responsible for small-scale
repetition in evaporites, and that layering of different
types may be superposed in the same deposit. It
seems probable that all the suggestions mentioned above
could possibly apply in certain cases, and each deposit
must be considered individually if its history is to be
understood. Where several different origins seem pos-
sible on ordinary petrographic evidence, further work
on minor and trace constituents in layered series may
provide more definite results.

MINERALOGY

The minerals of marine evaporites, excluding those of
detrital origin, are listed in table 2. Those marked
with an asterisk rank as major constituents.

MAJOR ELEMENTS

Ocean water contains about 34.5 parts per thousand
of dissolved salts, of which almost 99.7 percent is made
up of only seven types of ions. The relative amounts
of these major constituents are given in table 3.

As would be expected from these figures, all the major
minerals and many of the minor ones in the above list
are chlorides, sulfates, or carbonates of sodium, mag-
nesium, calcium, and potassium. Apart from the
carbonates, which are considered elsewhere, aphthita-
lite, (K,Na);Na(SO,),, is the only one of these minerals

TABLE 2.— Minerals of marine evaporites
[Those marked with an asterisk rank as major counstituents]

Chlorides:

Halite* .- NaCl
Sylvite* . e KCl
Bischofite .- - _... MgCl,-6H
Koenenite_ . _____.__.. MgoAhCls(OH)n 7H,0
Zirklerite . « . oo ____ Basic chloride of Al and Fet3,
with minor Ca and Mg.
Chlorocalcite KCaCl;
(= hydrophlhte)
Carnallite*_ .. _____._. KMgCly;-6H,0
Tachyhydrite_ .. ... CaMg,Cle:12H,0
Douglasite- - - _______ K;FeCl2H,0?
Erythrosiderite. - __.____ K,FeCl;-H O
Rinneite.- - ___.__ NaK;FeClg
Fluorides:
Fluorite. - - _______ CaF,
Sellaite. -~ oo Mng
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TABLE 2.—M<inerals of marine evaporites—Continued

Sulfates:
Aphthitalite (glaserite)... (K,Na);Na(SO,),
Thenardite_ ... ... Na,SO;
E:3 o 17 2SO0,
Celestite._____...______ SrS0,
Anhydrite*_ .. __.__....__ CaS0,
Vanthoffite_-_._...._._.__ NasMg(80.).
Glauberite__ . ______.___. Na,Ca(S0,);
La.ngbelmte* ............ KzM%(SOﬁa
Mirabilite.. .. ___.___._. Na;S0,-10H
Syngemte ............... KgCﬂ:(SO;)z H,0
Loeweite ................ N&;Mgg(SO;h 5H30
Blodite (Astrakanite)-._..- NazMg( 0,):-4H
Leonite.__._____________ ,Mg 04)2 4H20
Picromerite (Schoenite).__ K S0,)2-6H.
Polyhalite* _____________ 2 azM%(SO + 2H20
Gorgeyiteooe oo oo K;Cas(8
Bassanite. .- __________ 2CaS0,-H.
Kieserite*_ . . ... MgSO,- H;O
Sanderite . - _________ MgS0,-2H,0
Gypsum*_______________ CaS0,-2H,0
Starkeylfe (Leonhardtite). MgSO,-4H,0
Pentahydrite (Allenite).-- MgS0,-5H,0
Hexahydrite g . cccoooo -2 . MgS0,6H;0
Epsomite (Relchardtlte)_- MgS0,-7H,0
Kainite* ... KMg(SO, Cl 3H,0
Anhydrokainite_____._.__ 1%
D/Ansite_ oo e Mg a;,(ChSO;) (SO4)s
Carbonates:
Caleite* . . ______________ CaCQ,
Magnesite*. ________.___ MgCO;
Siderite. .- cceamcac o FeCO;
Aragonite...— o _-._____ CaCO;
Strontianite SrCOs
Dolomite*_______ Mg(CO;),
Ankerite..-ocoocoooooo__ Ca(Fe Mg) (CO;)-.-
Borates:
Pinnoite ............ Mg(B02 3H20
Kurgantalte (Sl C&)z 4 g° zo
Priceite (Pandermite)..__ Ca.Bm 19-7Hy
Ulex1 ................ N&C&Bs 9'8 go‘
Veatchite. « o oo _. Sl‘BsO]o~2HzO
lemanite. - o oo e -. CangOu 5H20
Hydroboracite. ... .. ...._ CaMgB;0y;- 6H30
Inderborite. - e ccceeoo.- CaMgB;0,,-11H,0
Inyoite. . ccceececeeoae Ca;Bs0:,-13H,0
Kurnakovite..____._____ Mg:BsO0y-156H,0
Inderite. oo cccooo__ 23Bs0y-15H,0
Howlite. .o oo .. 2251B;09(OH);
Paternoite_ . _.__________ MgBs0:5-4H,0
Ginorite CaaBquz 8H30
(Cryptomorphite).
Kaliborite. o c « o e KMngnOm 9Hzo
Volkovite. oo Hydrous borate of S8r and K
Ivanovite. . ______ Hydrous chloroborate of Ca
(and K?).
Szaibelyite (Ascharite).... (Mg) (BO;) (OH)
Boraeite. ..o oo _____ Mg B;0,5Cl1
Ericaite. o cce oo (SF e, Mg, Mn)3B70.sCl
Hilga.rdite .............. ﬁhs(BQOu)sch 4Hz
Pa.ra.hilga.rdite ........... 8»3 BsOu)a 20
Strontiohilgardite.. ... (Ca,Sr)z[B5Og(OH),Cl]
Heidornite._..._..______ N2a,CazCL(80,)2 B;0;(0OH),
Lueneburgite...._. ... MgaBz(OH Q.)2
Sulphoborite_ .. _._______ 4(B03) (SO.); 7H,0
Danburite. e occcaoanoo CaSu

Elements, sulfides, oxides, silicates, phosphates
- Sulfur, pyrite, hauerlte, hematite, goethite (limonite),
magnetite, quartz, opal, tale, illite, kaolinite, goyazite.

TaBLE 3.—Major dissolved constituenis of sea water as weight
percentages of dissolved material

[Based on Sverdrup, Johnson, and Fleming (1942, p. 166)]

Natl_ ____ o .__ 30.61 Clm__________._.____ 55. 04
Mgt ... 3.690 SO~ _______..___._. 7. 68
Cat?_ ______ ... 1.16 HCOy' ... .41
KH - 1. 10
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that shows any considerable variation in chemical
composition. This mineral occurs in four different
types of environment; marine evaporites, continental
evaporites, phosphate deposits, and as an encrustation
in volcanic fumaroles. The chemical composition
varies with the mode of occurrence. The ammonium
ion substitutes for potassium in aphthitalite from a
phosphate deposit (Frondel, 1950), and small amounts
of lead and copper are present in some fumarolic
aphthitalites (for example, see Zambonini, 1921). In
the aphthitalites of evaporite deposits, the K;0:Na,O
ratio is about 4 or 5:1 (Bucking, 1889; Fahey, in Wells,
1937; Foshag, 1920), whereas in those of volcanic
origin, it is much more variable and may reach about
1:1. This is in accordance with experimental work in
which crystals grown from aqueous solution are limited
to between 71 and 75 mol. percent K;SO, at 25°C
(Druzhinin, 1938); in the dry system Na,SO,~K,SO,, a
much wider range in composition is possible—between
44 and 75 mol. percent K,;SO, below 470°C, and any
proportions of the end members above this temperature
(Nacken, 1907, 1910; Perrier and Bellanca, 1940;
Bellanca, 1942).

A small amount of potassium is sometimes found re-
placing sodium in blédite, Na,Mg(SO,).-4H,0 (0.43
percent K,0 in blédite from Kalusz, Galicia, Koechlin,
1902), but the other potassium and sodium minerals of
marine evaporites show partically no substitution in-
volving these two elements. This is presumably be-
cause the relatively rigid crystal structures at fairly low
temperatures of formstion prevent replacements that
involve such differences in ionic size (Rankama and
Sahama, 1950, p. 435).

MINOR ELEMENTS

Of the other 45 or so elements whose concentration in
sea water is known, those that form definite compounds
in marine evaporites are listed in table 4. Some of the
silicon, aluminum, and iron in these minerals certainly
has been derived from clay impurities during secondary
reactions.

The remaining elements—even including bromine,
which is fourth in order of abundance among the anions
in sea water (0.19 percent of dissolved constituents)—
occur as minor and trace constituents in various salts,
except in very special circumstances (such as the forma-
tion of galena and sphalerite in evaporites modified by
hydrothermal solutions). The distribution of these
minor and trace elements in evaporite rocks and
minerals is considered later, and only some data that
bear on the color of evaporite minerals are given here.

COLOR OF EVAPORITE MINERALS

A 'remarkable amount of work has been done on the
cause of various colors in evaporite minerals, especially
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TaBLE 4.—Minor elements that form definite compounds in
marine evaporites

[Weight percents from Harvey (1955) and Richards (1957)]

Weight
percent of
Element dissolved Minerals
constituents
in sea water

Sro___.... 0. 03 Celestite, heidornite, strontianite, p-
veatchite, strontiohilgardite, goyazite.

B ... .01 Many borates.

Sio______ . 008 Clay minerals, danburite, howlite, opal,
quartz, tale.

F_______. . 004 Fluorite, sellaite.

Al __ . 0004 | Clay minerals, koenenite, zirklerite,
goyazite.

Ba_______ . 0002 | Barite.

P __ . 0002 | Lueneburgite, goyazite.

Fe ______ . 00001 | Ankerite, douglasite, ericaite, erythro-
siderite, hematite, limonite, magne-
tite, pyrite, rinneite, siderite,
zirklerite.

Mn.._..__ . 000009 | Hauerite.

DATA OF GEOCHEMISTRY

the uranium and thorium present in the rock. They
suggest that some of the helium may be derived from
inclusions of brine trapped in the salts during their
formation, and that some may have resulted from the
inclusion of a lead isotope, radium D (as suggested by
Hahn, 1934), during the crystallization of secondary
salts from ‘‘natural deep” brines rich in radium and
radium D (Born, 1934; Hahn and Born, 1935).

To explain why some salt is colored, whereas neigh-
boring salts with just as high a helium content is un-
colored, it is necessary to invoke some second factor
such as a sensitization of the mineral by some other
impurity. Our knowledge of the impurities in halite
is not yet sufficient to identify any specific sensitizer,

TABLE 5.— Weight percentages of some trace elements of halite

halite, in relation to trace element distribution, and
this has been discussed in detailed by Przibram (1953,
1956), one of the chief workers in this field. Many
colors can be clearly related to colored inclusions, such
as the red and brown hematite inclusions in sylvite
and other salts, the gray color imparted by clay in-
clusions, and the brown and black colors produced by
inclusions of carbonaceous material. Some yellow
salts, such as tachyhydrite, owe their color to small
quantities of FeCl;.

Some colors, however, cannot be so readily explained
and interest has centered especially on blue and violet
halite which occurs fairly commonly in association
with sylvite and can often be shown to be of secondary
origin. The halite grains are often only partially
colored, and the color may occur in zones related to
crystallographic planes, or may be patchy and irregular.
The associated sylvite is normally red or white. Many
suggestions have been made as to the cause of this
coloration, and include the presence of traces of gold
(Friend and Allchin, 1940), sulfur (Prinz, 1908), and
colloidal sodium metal (Siedentopf, 1905). It now
seems probable that the blue, violet ,and some yellow
colorations are dueto radiation from occluded radio-
active elements, such as K*, U, Th, and Po (Wieninger,
1950; Przibram, 1956; Thomson and Wardle, 1954).
In the blue salt there are color centers of colloidal metal.

Determinations of the abundance of radiation sources
show that enough energy would have been available
in the time since the formation of the salts to produce
the effects observed.

There seems to be a definite relation between helium
content and color (Hepue>Heyenow> Heggorer), and
Thomson and Wardle (1954) found more helium than
can be accounted for by radioactive disintegration of

Weight percent Source of data
Ul 17X __________ Thomson and Wardle, 1954
Th.._ | <2X10-7__ . _______ Thomson and Wardle, 1954
U._.] X108 .. __. Kemény, 1941
Ra___| 3X10M____________ Kemény, 1941
K1 __| 0.02-0.5 (avg 0.15)_._| Aprodov, 1945; Przibram, 1956;
Thomson and Wardle, 1954.
1 In colored halite.
TasLE 6.—Helium in halite
Num- 10-7 cmdfg
Color ber of Source of data
samples
Range Average
White_ . ___ 4] 0.1-1 0.4 Paneth and Peters
(1928).
Blue_.__.__ 3 1-7 4 Paneth and Peters
(1928).
Violet. - - 6| .26-1.0 . 67 | Thomson and Wardle
(1954).
Yellow...__ 7 4.0-21.5( 808 Th(ciglap)n and Wardle
Blue.....__ 31| 12.4-15.0 | 15.9 | Thomson and Wardle
(1954).
Various._.- 8| .55-1.8 1.1 Karlik and Kropf-
Duschek (1950).

TaBLE 7.—Impurities in halite from Wintershall, Germany
(weight percent)

[After Thomson and Wardle, 1954, p. 177]

Yellow ‘Violet Blue
Ag oo 10.001 10.0001 |- oo .
Al . Trace Trace Trace
Cae e . 001 . 001 ~1.0
[ 6] . 00005 .02 . 0001

1 Upper limit.
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although Thomson and Wardle and others have
obtained a certain amount of relevant data in spectro-
graphic analyses (tables 5-7).

It is doubtful whether irradiation colors have been
found in natural sylvite. Violet langbeinite may owe
its color to inclusions of NaCl. Irradiation may be
the cause of the color in lilac kainite, violet anhydrite,
and blue celestite (Przibram, 1956).

MODE OF OCCURRENCE OF EVAPORITE MINERALS
CARBONATES

The carbonates are dealt with in Chapter V. How-
ever, the list of carbonates of marine evaporites is
very small in comparison with that of terrestrial
evaporites. Calcite, magnesite, and dolomite are the
chief carbonates of marine evaporites. Calcite and
dolomite occur in greatest abundance in the lower
parts of evaporite successions and in the marginal parts
of depositional areas or over structural highs. Mag-
nesite occurs most commonly in regions that contain
potassium salts, but it is not restricted to the potassium-
rich layers (Schaller and Henderson, 1932; Stewart,
1954). Aragonite, strontianite, ankerite, and siderite
are scarce constituents; these occur in the caprock or
insoluble residues of some Gulf Coast salt domesand
in a few other deposits.

BORATES

These are also discussed in chapter Z. Boracite is
the only borate of relatively common occurrence in
marine evaporites. Its iron-bearing analog ericaite
(with as much as 6.71 percent magnesium and 2.32
percent manganese substituting for iron) has been
recorded from the Zechstein deposits of Germany
(Heide, 1955; Kiihn and Schaacke, 1955). The fol-
lowing also occur in the European Zechstein evaporites:
pinnoite, p-veatchite, hydroboracite, kaliborite, szai-
belyite, strontiohilgardite, lueneburgite, sulphoborite,
danburite, and heidornite. Lueneburgite occurs in
the Ochoa evaporites of Texas and New Mexico.
These are mainly magnesium borates, and most of
them are associated with chlorides. In the bedded
gypsum-anhydrite deposits of Nova Scotia and New
Brunswick, also presumably of marine origin, the as-
semblage is quite different and includes several calcium
borates more commonly found in terrestrial deposits—
ulexite, inyoite, howlite, danburite, and ginorite
(How, 1857, 1861, 1877; Hey and Bannister, 1952).
The deposits of Inder in Kazkhstan (Boldyreva, 1936;
Godlevsky, 1937; Yarzhemskii, 1945, 1952, 1953;
Nikolaev, 1946, 1947) in the gypsum caprock of a
Lower Permian salt dome and in associated salt beds,
include a large assemblage of magnesium and calcium
borates—priceite, ulexite, colemanite, hydroboracite,
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inderborite, inyoite, kurnakovite, inderite, kaliborite,
szaibelyite, ivanovite, kurgantaite, and volkovite.
SULFATES

Gypsum and anhydrite are by far the most abundant
and commonly form massive beds overlying the main
carbonate zones. The present distribution of these
two minerals is largely secondary and bears a close
relationship to their depth of burial. Gypsum is pre-
dominant in near-surface deposits, and anhydrite is
predominant in deeply buried deposits. The primary
distribution depends on the temperature and salinity
of the brines during deposition; anhydrite is deposited
at higher salt concentrations and at higher temperatures
than gypsum, assuming conditions of thermodynamic
equilibrium. Anhydrite therefore tends to overlie
gypsum in a primary sequence. The main calcium
sulfates of halite and potassium deposits are normally
anhydrite and polyhalite.

Polyhalite is the third most abundant sulfate, and
in a primary sequence, assuming equilibrium condi-
tions, it should accompany halite above the halite-
anhydrite zone. It is found in notable quantity in
such a position in some deposits; for example, below the
Stassfurt potassium beds of Germany. Polyhalite
of secondary origin has replaced anhydrite in large
quantity in the Salado Formation of Texas and New
Mexico (Schaller and Henderson, 1932; Cunningham,
1934; Mansfield and Lang, 1935). It also forms excep-
tionally thick deposits with anhydrite and halite in the
Lower Evaporites of the English Zechstein, where
much of it is again secondary (Stewart, 1949; Armstrong
and others, 1951; Raymond, 1953). It is an important
constituent of some Russian salt deposits (Kurnakov,
Bokii, and Lepeshkov, 1937; Buyalov and Lepeshkov,
1937; Lepeshkov and Bodaleva, 1940) and occurs as an
accessory mineral in many other evaporite bodies.

Langbeinite and kainite occasionally reach the status
of major constituents of potassium deposits. Lang-
beinite is mined in New Mexico, where it occurs with
halite and sylvite, and in Germany, where it is as-
sociated with carnallite and other minerals. It is at
least partly secondary, forming where halite-sylvite
rocks have been altered by percolating brines (Borchert,
1940; Borchert and Baier, 1953), but Dunlap (1951)
has suggested a primary origin for langbeinite and
other potassium salts of New Mexico. Kainite, also
mined in Germany, occurs largely as a secondary
mineral formed during the leaching of potassium
beds by meteoric waters. In New Mexico it is a fairly
scarce accessory that partly replaces langbeinite and
sylvite (Schaller and Henderson, 1932).

Kieserite is the only magnesium sulfate that occurs
in noteworthy quantity in marine evaporites. It is
a major constituent of many potassium deposits, where
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it is commonly associated with halite and sylvite in
the rock called hartsalz. It is also a fairly common
accessory mineral in the upper parts of some halite
zones below potassium deposits.

The other sulfates are relatively scarce local or minor
constituents. Celestite is fairly common as a minor
accessory in gypsum and anhydrite deposits, where it
may be partly primary. It occurs in greater quantity
as secondary masses replacing sulfates. Barite has
seldom been found in marine evaporites, but has been
recorded from anhydrite deposits (Wetzel, 1938) and
salt domes (Hawkins, 1918; Taylor, 1937). Dunham
and Purdon (1946; see also Dunham, 1948) suggested
that a Middle Devonian barite-pyrite-sphalerite de-
posit at Meggen, Westphalia, is an evaporite deposit
that owes its peculiar composition to the addition, in
the basin of deposition, of barium, iron, and zinc from
hydrothermal springs. Glauberite is one of the more
abundant of the rarer minerals of marine evaporites.
It occurs with anhydrite in many deposits, rarely in
masses up to several meters in thickness (for example,
Hallstadt, Austria), and forms crystals enclosed in
halite, often associated with polyhalite, in the upper
parts of some halite zones. Glauberite is often of
secondary origin, replacing halite, polyhalite, and
anhydrite. Gorgeyite (Mayrhofer, 1953) is associated
with glauberite, halite, polyhalite, and anhydrite in a
crush band in salt at Ischl, Austria. It is identical
with mikheevite (Nefedov in Mokievsky, 1953;
Meixner, 1955) recorded from Russian salt deposits.
Mirabilite is very scarce in marine evaporites, but
occurs in gypsum in Nova Scotia and in Westmorland,
England, where it is probably secondary. It also
occurs in salt deposits in Austria and Poland and is
deposited on rocks along the shore in cold regions such
as Antarctica. Thenardite is properly a mineral of
continental evaporites and is extremely scarce in those
of marine origin. Bassanite (‘“vibertite’”) has been
recorded by Bundy (1956) as a secondary mineral in
gypsum-anhydrite deposits in Indiana, and by Good-
man (1957) as replacing anhydrite and gypsum at
Nappan, Nova Scotia.

The remaining sulfates occur mainly in or near potash
deposits. Vanthoffite and loeweite, with langbeinite,
occur with halite below the principal potash zones in
parts of the German succession. They are associated
with blédite (which they partly replace), kainite, and
aphthitalite (glaserite), in some potash deposits in
Germany. Aphthitalite is also associated with picrom-
erite, sylvite, and halite in eastern England, with
syngenite at Stebnik in Poland, and with halite in New
Mexico. It is partly secondary in origin. Blodite
(astrakanite) forms secondary(?) coarse crystalline
aggregates enclosed in other salts in some halite and
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potash deposits. Syngenite is a rare constituent of
some Polish evaporites. Leonite is a scarce secondary
mineral in potash deposits in Germany and a wide-
spread minor constituent in those of New Mexico.
Picromerite (schoenite) forms beds as much as a meter
in thickness at Aschersleben in Germany, but is
normally a scarce constituent of kainite zones. It
occurs in the langbeinite deposits of New Mexico
(Cathcart, 1949). Epsomite (reichardtite) occurs as
thin layers in carnallite at Stassfurt and elsewhere.
Anhydrokainite has been reported from Germany as a
metamorphic product of kainite intruded by basalt
(Jénecke, 1913; Rozsa, 1916b). Sanderite, starkeyite,
pentahydrite, and hexahydrite are not normal minerals
of marine evaporites, but occur with epsomite as efflores-
cences on kieserite and other salts (Leonhardt and
Berdesinski, 1951; Berdesinski, 1952a). D’Ansite,
found in experimental studies of the system Na-Mg-
S0,~Cl-H;0, may be the mineral described by Gorgey
(1909) from Hall, Tyrol, associated with vanthoflite
and blédite (Autenrieth and Braune, 1958; Strunz,

1958).
CHLORIDES

Halite forms at least 95 percent of the chloride de-
posits overlying the gypsum-anhydrite zones of marine
evaporites. The other chlorides are largely restricted
to the potash zones. They include the most soluble
compounds potentially existing in sea water and, with
kieserite and kainite, were among the last substances
to crystallize. They also include secondary salts
formed by reaction of earlier sulfates and chlorides with
late percolating brines. Apart from halite, the only
chlorides to occur in significant quantity are sylvite
and carnallite, which are the major constituents of most
potash deposits. Carnallite occurs as a primary con-
stituent, but in part replaces other minerals. Sylvite
is probably largely derived from earlier carnallite, but
is perhaps in part of primary origin. Sylvite and halite
are the major constituents of the rock sylvinite, the
principal potassium ore. Bischofite is a rare mineral,
at least in part secondary, which replaces carnallite in
German deposits (Przibylla, 1904; van’t Hoff, 1912).
Koenenite occurs in the potash deposits of Germany
as an accessory mineral in salt clay, anhydritic hart-
salz, and carnallite (Kiihn, 1951). Zirklerite (Har-
bort, 1928) has been recorded as a secondary mineral
in German potash mines, associated with rinneite,
halite, anhydrite, quartz, dolomite, and clay. Chloro-
calcite (b#umlerite) is intergrown with tachyhydrite
in the Desdemona potash mine, Leinetal, Prussia
(Renner, 1912). It may be the same as hydrophilite,
from Liineberg, Hannover, originally described as
CaCl,. Tachybhydrite may replace carnallite, and
occurs with kainite, sylvite, halite, bischofite, kieserite,
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and anhydrite at German localities (Doelter and Leit-
meier, 1929, p. 1219; Borchert, 1940; Kling, 1913).
Douglasite (Ochsenius, 1878; Boeke, 1909b, c) is re-
corded with sylvite, carnallite, and halite at Douglas-
hall near Stassfurt. Rinneite (Boeke, 1909a, b, ¢,
1911; Rinne and Kolb, 1911) is a rare mineral of the
German Zechstein, but occurs fairly commonly in the
English potash field, where it is mainly associated with
halite, sylvite, and carnallite, and enters into various
replacements (Stewart, 1951a, b, 1956; Armstrong
and others, 1951). Erythrosiderite is an alteration
product of rinneite.
FLUORIDES

Fluorite occurs very rarely and in small quantity in
anhydrite and dolomite deposits. Sellaite (Sahama,
1945; Kiihn, 1952b) occurs as a primary mineral with
potassium salts at Salzdetfurth in Germany, and with
sulfur, fluorite, celestite, and quartz in anhydrite-
dolomite rock in a glacial moraine in Savoy, France
(Sella, 1887).

OTHER MINERALS

Sulfur is a secondary mineral that occurs fairly com-
monly in small quantity, and occasionally in bulk, in
sulfate and carbonate deposits. There are especially
valuable deposits in Sicily (in Miocene limestone and
gypsum) and in the caprock of salt domes in Texas and
Louisiana, where sulfur is associated with secondary
limestone and gypsum. It is partly of bacterial origin
and is generally accompanied by bituminous material.
Pyrite is a widespread minor accessory of all zones and
is sometimes replaced by limonite. Hauerite and mar-
casite have been found in the water-insoluble residues
of salt plugs in Louisiana and Texas. The list of the
more common insolubles given by Taylor (1937), in
order of abundance, is as follows: Anhydrite (20),
dolomite (20), calcite (16), pyrite (13), quartz (19),
limonite (11), hauerite (7), sulfur (6), hematite (5),
celestite (4), barite (2), marcasite (2), kaolinite (2).
The figures refer to the number of plugs, of the twenty
studied, in which each mineral occurs.

Hematite is a widespread accessory of marine
evaporites, especially in the potash zones. It forms
minute plates and rods enclosed in various salts, often
in such abundance as to impart a pink or even blood-
red color to its host minerals, and a red-brown color
to associated clay. Hematite tends to occur in greatest
quantity in salts of potassium and magnesium. In
the Texas-New Mexico field it is present in much of
the polyhalite, carnallite, sylvite, leonite, langbeinite,
and glauberite; it is rare in halite and anhydrite
(Schaller and Henderson, 1932; Mansfield, 1930).
In the evaporites of Yorkshire, England, hematite is

745-880 O-64—3

Y11

common in sylvite, in some carnallite, and in halite
which has replaced these minerals, and occurs rarely
in boracite and quartz (Stewart, 1951a, 1956). Schaller
and Henderson (1932) suggested that hematite has
been deposited from potassium-rich brines by bacterial
or algal growth. They found that the greenish clay
commonly associated with hematite-rich salts has
considerably less total iron than the red-brown clay
(table 8), and suggested that ferric iron leached from
the red-brown clay was deposited in the salts.

TaBLE 8.—Iron conlent of two clays from the Salado Formation,
New Mexico

[E. P. Honderson, analyst]

‘Welght percent
Fes03 FeO
Reddish-brown elay oo _.__ 5.15 0. 96
Greenish-gray elay_ . ____________ .44 1.14

Oriented hematite inclusions in carnallite were
ascribed by Johnsen (1909) to the oxidation of car-
nallite that contained some FeCl; as an isomorphous
replacement of MgCl,, and it has been suggested
(Stewart, 1951a) that some red sylvite may have
replaced earlier magnesium-iron carnallite. ~Marr
(1957) also invoked the formation of iron-bearing
carnallite to account for a definite association between
the content of potassium and Fe,O; in some German
mines. Oriented hematite inclusions in sylvite were
ascribed by Leonhardt and Tiemeyer (1938) to simul-
taneous crystallization of the two minerals.

Magnetite is much rarer than hematite in evapo-
rites, but has been recorded as pseudomorphs after
hematite (Miigge, 1913) in the German Zechstein, and
as minute crystals in anhydrite in the English Zech-
stein (Stewart, 1949). Quartz, forming well shaped
crystals, is a fairly abundant accessory in the English
potash field, where it is largely associated with clay
and is partly of secondary origin. It has also been
recorded in small quantity from many other potash,
rock salt, and sulfate deposits. Opal has been found
in well cuttings in Texas and New Mexico (Schaller
and Henderson, 1932). Talc is a secondary mineral,
occurring mainly as plates lying along cleavages of
halite and sylvite in New Mexico (Bailey, 1949) and
Yorkshire (Stewart, 1949, 1951b). Most evaporites
contain patches or layers of clay in which illite, kaolinite,
and chlorite have been found mixed with hematite
quartz, and carbonates. Goyazite [SrAl;(POy,
(OH);.H,0] has been reported from the Romny and
Issachki salt domes, Ukraine (Pitkovskaya, 1939).



Y12

PHYSICAL CHEMISTRY
EXPERIMENTS OF USIGLIO

The first important experiments on the crystalliza-
tion of sea salts were carried out by Usiglio (1849),
who studied the order and quantity of the various
salts to separate during the evaporation of water
taken, from a depth of 1 meter, several miles from the
shore of the Mediterranean near Cette. Analyses of
the water itself and of three bitterns of different
densities, representing different stages of evaporation,
are given in table 9, from Clarke (1924).

Clarke pointed out that the figures for bromine are
obviously excessive and those for potassium are low,
but that otherwise the data agree fairly well with more
recent figures. They show the elimination of calcium
as carbonate and then as sulfate, the deposition of

TaBLE 9.—Analyses of Mediterranean water and bitterns
[From Clarke, 1924, p. 220. Weight percentages of total solids}
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sodium chloride, and the accumulation of the more
soluble substances in the mother liquor.
Clarke continued (1924, p. 220-221):

In his study of saline deposition Usiglio started with 5 liters of
sea water, and determined the character and quantity of the
salts laid down at successive stages of concentration. In the
following table [table 10] the results of his experiments appear,
but are reduced to the initial unit volume of 1 liter. The
quantities given are in grams.

Upon further concentration of the mother liquors, Usiglio
obtained variable results. Mere cooling from the temperature
of day to that of night was sufficient to precipitate additional
magnesium sulfate, which redissolved partially the day following.
After that more salt was thrown down, then the double sulfate
of magnesium and potassium, next the double chloride of the
same metals, and finally magnesium chloride crystallized out.
In the table of results just given the order of deposition is clearly
shown. First, ferric oxide and caleium carbonate; then gypsum;
then salt, the latter beginning to appear when the water had been
concentrated to about one-tenth of its original volume.

Usiglio established a general order for the deposition
of the earlier salts, but the later stages could not be

A B c D worked out in detail by his methods. Toward the end
of the 19th century, van’t Hoff and his coworkers
gl ................. 5411. %g 5(15. ég 49, 9{é) 49.13  started their classic systematic study of the solubility
| PN . . 2. 6. 3. 03 : : LR . : :

SO, Il 7 72 578 14 64 17 36 relationships of. the prmc}pal evaporite minerals, in
(6102 B £ T P I A pure water and in salt solutions at various temperatures.
%‘i‘:::‘: Tmoeeees 81 gf 82 gg 23- gg 1%- gfl’ This work was published in 52 papers which were later
Ca . 1.18 1 2 I collected in a separate volume (van’t Hoff, 1912; for
Mg 3.59 8.72 | 10.05 14.28  gummary accounts see van’t Hoff, 1095, 1909; Jinecke,
. Total.______. 100.00 | 100.00 | 100. 00 100.00 1929), and it made a tremendous contribution to our
Salinity, percent....| 3.766 | 27.546 | 33.712 | 39.619 ypderstanding of evaporite deposition and to the

N economic exploitation of the various salts.
gi §§et$t§{ donsity 11y 10258 Van’t Hoff’s solubility studies were carried out
B. Dittern of density 19" mainly at temperatures of 25°C and 83°C, but he also

TaBLeE 10.—Salts laid down in conceniration of sea water
[Data of Usiglio; quoted from Clarke, 1924, p. 220}
Density t Volume Fe:0y CaCOs | 0a80,2H0 | NaCl MgS0; MgCls NaBr X0l

1.0258_ - 10000 [ em e e e e
1.0500. - o oo . 533 0. 0030 0.0642 || mmeee e e
1.0836 . - oo 316 oo Trace |- ool e e el
11037 oo 245 oL Trace |- |ommmee e |ece et e emmmecm e ee | e
11264 o o 190 [—ccoeooC 0. 530 0.5600 |- ec]eccccccee]ccmmccmcacfecrccc e e caee
3 R 111 S C1445 (oo b 1321 1) N KON RS NSO NI
117320 e J 12 S SR FE V1840 | e e em
1.2015 ... 112 . 21600 |||
1. 2138 .. 095 | . 0508 3.2614 0. 0040 0.0078 | o |mceeeeea
1.2212. . ... 064 || 1476 9. 6500 0130 20856 | eemmecaeee
1.2363 o e o 039 oo . 0700 7. 8960 . 0262 . 0434 0.0728 | ececeeea
1.2570 . oo 0302 | oo 0144 2. 6240 0174 . 0150 0358 | cccceaa
1. 2778 - (1121 J S AU NS 2. 2720 . 0254 0240 0518 {occcacoa
1.3069_ . __._ 0162 |- | mm e e m 1. 4040 . 5382 . 0274 0620 | __ooo---
Total deposite . wo|eeceeeooao 0. 0030 0. 1172 1. 7488 27. 1074 0. 6242 0. 1532 0.2224 | ___.____
Salts in last bittern. - - |- oo | e eae 2. 5885 1. 8545 3. 1640 . 3300 0. 5339
Sum.. oo 0. 0030 0.1172 1. 7488 29. 6959 2. 4787 3. 3172 0. 5524 0. 5339

1 Given by Usiglio in Baumé degrees. Restated here in specific gravities.
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determined the transition temperatures of various
salts between 10°C and 83°C. Among the considerable
number of later workers, D’Ans and his collaborators
(1909, 1915, 1933, 1935, 1940, 1944, 1947a, b, 1049,
1950, 1952, 1955) have been especially active, and it is
largely because of their work and that of Serowy (1923)
and Leimbach (1925) that the main details of stable
equilibria in the complex system containing the principal
ions of sea water are known at temperatures between
0°C and 110°C. Good summaries of much of this work
are given in English by Blasdale (1927) and Phillips
(1947), and in more detail in German by Borchert (1940)
and Lotze (1957).

The principal ions of sea water are Nat!, Mg*?, Ca*?
K*, O, 8O,%, HCO;™Y, and Br~!. On evaporation,
bromine does not form separate compounds, but
crystallizes isomorphously with the chlorides. The
bulk of the carbonate will normally separate as CaCO,
before any other salts crystallize. The number of
components is therefore reduced to six, together with
water. Most of the calcium is precipitated as sulfate
(gypsum and anhydrite) before halite starts to separate
when the water has reached about 9.5 percent of its
original volume. It is therefore convenient to deal
first with the experimental data on the early calcium
sulfates.

Halite will crystallize throughout the later stages,
because sodium and chlorine are so much in excess of the
other components, and all salts will form from a solution
saturated with sodium chloride. For the main erys-
tallization of the salts of potassium and magnesium, we
can therefore consider the part of the quinary system
Mg-Na-K-Cl-SO-H,0 under conditions of saturation
with respect to NaCl. After that we shall discuss
briefly the small quantities of calcium salts found at
these later stages. Then we shall be in a position to
consider theoretical salt successions formed from sea

water.
GYPSUM AND ANHYDRITE

In the system CaSO,H,O, van’t Hoff (1912) and
later experimenters have recorded four phases: anhy-
drite, gypsum, hemihydrate (2CaSO,-H,0), and “sol-
uble anhydrite” (y-CaSO,). Two polymorphs each of
hemihydrate and soluble CaSO, were recorded by
Kelley and others (1941), who recognized six solid
phases with distinct thermodynamic properties, but
there has been some doubt as to the nature of these
phases (MacDonald, 1953). Gypsum and anhydrite
are the relatively most stable solid phases in the system
and the only ones which occur in nature, other than the
very rare mineral bassanite (2CaS0,-H,0).

Posnjak’s (1938) diagram of the system CaSO~H,0
at atmospheric pressure is given in figure 1. Posnjak
found by experimental work that the transition point
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F1GURE 1.—Solubility of gypsum, hemihydrate, and anhydrite in the system CaSO¢
H30. (Posnjak, 1938, p. 268, fig. 3.)

gypsum-anhydrite at one atmosphere lies at 42°C.
Gypsum is truly metastable between this temperature
and 97°C, at which it converts to the metastable hemi- -
hydrate. Between these temperatures gypsum can
change to anhydrite by solution of gypsum and crystal-
lization of anhydrite around preexisting anhydrite
nuclei.

Thermodynamic calculations carried out by Mac-
Donald (1953) give the figure of 40°C for the transition
point gypsum-anhydrite in the simple system at
atmospheric pressure. Increase of total pressure favors
the formation of gypsum, the transition temperature
being 46°C at 500 bars. MacDonald pointed out that
this case would correspond to conditions pertaining
during primary deposition of evaporites, but not
necessarily to secondary changes due to burial where
the water may have free access to the surface. In the
latter case, assuming that the rocks under which the
evaporites are buried have a mean density of 2.4.
a pressure on the solid phase 2.4 times the pressure on the liquid
phase lowers the dehydration temperature of gypsum one degree

for 39.45 bars. At a pressure of 500 bars the dehydration
temperature is 27°C,

Curves A and B of figure 2 (MacDonald, 1953, p. 888)
show the effect of pressure on dehydration of gypsum
in this system.

The transition temperature of gypsum—anhydrite is
lowered considerably when other salts are present (see
for example, Posnjak, 1940; D’Ans, Bredtscheider and
others, 1955; Madgin and Swales, 1956a, b). Posnjak
(1940) determined the solubility relationships at 30°C
in solutions containing NaCl, MgCl,, MgSO,, and
K,SO, in the proportions found in sea water. His
results are given in figure 3. In the evaporation of
such solutions, gypsum started to crystallize when the
salinity had reached 3.35 times the normal salinity og
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FIGURE 2.—Pressure-temperature relations for the reaction gypsum=anhydrite+
water, Curve A, Same pressure acting on all phases, In presence of pure water.
Curve B, Rock pressure acting on solid phases, hydrostatic pressure acting on pure
water. Curve C, Same pressure acting on all phases In presence of saturated NaCl
solution, Curve D, Rock pressure acting on solid phases, hydrostatic pressure
acting on saturated NaCl solution. (MacDonsld, 1953, p. 888, fig. 2.)

sea water, and anhydrite at 4.8 times the normal
salinity.

MacDonald (1953) also considered the effects of
dissolved NaCl and of pressure. Using data from the
International Critical Tables (1933) and from Adams
(1931), he obtained the following results by thermo-
dynamic calculations:

dP/dT in bars per| dP/dT in bars per

Moles NaCl | Density of | Dehydration egree for the |degree for rock pres-
in solution solution | temperature | same pressure | sure acting on solid

at one bar | acting on all the | phases and hydro-

phases I;l:at:ie ressure on
ution
0.90._.____ 1. 03 37 85. 8 —40. 6
190 .__.__ 1. 07 34 86. 5 —42. 4
3.02._____. 111 30 87.7 —44.1
428 ______ 1.15 25 88. 9 —45. 9
5700 oo 1. 19 17 90. 3 —47. 7
6.15 .. 1.20 14 90. 8 —48.3
1 Saturated.

Figure 4 and curves C and D of figure 2 show graphic-
ally the effects of varying NaCl concentration at one
bar pressure, and those of varying pressure with
saturated NaCl solution.

This work shows clearly that increase in total pres-
sure on all phases favors the stability of gypsum, but
increase of NaCl concentration and (or) of differential
pressure favors the stability of anhydrite.

THE SYSTEM Mg-Na-K-Cl-80,—H:;0, UNDER CONDI-
TIONS OF SATURATION WITH RESPECT TO NaCl
In this system there are 33 invariant points between

0°C and 110°C at which four salts and halite coexist

in equilibrium with solution. The position of most of
these points have been determined experimentally by
van’t Hoff, D’Ans, and other workers. The data con-
cerning the points have been tabulated by Borchert

(1940) and are reproduced in table 11. Tables 12-15,

also based on Borchert (1940), deal with equilibria in

the quinary system at 0°C, 25°C, 55°C, and 83°C
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F1gURE 3.—Solubllity curves for gypsum and anhydrite in solutions of sea salts.
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F16UrE 4.—Dependence of the dehydration temperature of gypsum on concentration
of NaCl in solution at one bar pressure, (MsacDonald, 1053, p. 893, fig. 3.)

(univariant solutions), and the letters in column 2
correspond with those in figures 5-9.

D’Ans’ original figures were expressed as the number
of moles of Na,Cl,;, K;Cl;, and so forth, in 1,000 moles
of water, but all concentrations in tables 11-15 are
given in accordance with the units of Jinecke (1923),
where K;+Mg+S0,=100, and corresponding figures
are given for 2Nat! and H;0. D’Ans’ presentation
may be obtained from the Jinecke figures by recalcu-
lating on the"basis of H;0=1,000. For example, the
first solution in table 12 is in equilibrium with the solid
phases of halite, sylvite, mirabilite, and picromerite,
and contains 27 moles Na,;Cl;, 9.7 moles K.Cl,, 19.8
moles MgCl,, and 10.9 moles MgSO,, in 1,000 moles of
water.
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TaBLE 11.—Transition poinis in the system Mg-Na-K—-Cl-S0,~H,;0 (invariant solutions)
[Units of Jinecke (1923), where Ks-+Mg-+80,=100, After Borchert (1940, p. 15-16)}

Transition point Temp. ° C K3 Mg 80« Nag H,0
Mirabilite{sylvite——aphthitalite4- NaCl+- (picromerite) 2 19. 2 59.6 21.2| 51 1924
Mirabilite 4 picromerite——aphthitalite + epsomite- (NaCl) - - 3 12 64 24 35. 2 1600
Mirabilite + epsomite——blodite+ (NaCl, picromerite).. - ccvecccoaaeaa—x 4.5 12. 5 65 22. 5 36.7 1667
Mirabilite - picromerite——blodite+ aphthitalite 4 (NaCl) caceecccceeceen 6 12. 9 62. 1 25.0 36. 3 1612
Sylvite+- epsomite——kainite4- 4H;0+ (NaCl, carnallite) ... cveccacaeo-- (11) 6. 8 87.6 6.8 3.7 1235

psomite——hexahydrite4 1H;0+4- (NaCl, carnallite, bischofite) ceccaee---| (12. 5)
(13) .9 94. 5 4.6 4.6 913
Mirabilite——thenardite4 10H;0+ (NaCl, aphthitalite, blodite) .« e ceoaeo 13. 5 12. 7 38. 2 49. 1 87.3 1820
Hexahydrite--—kieserite4- 5H,0-4- (NaCl, carnallite, bischofite) ccceeeccaoo 17.5 .9 93. 2 4.9 .45 897
Epsomite-—hexahydrite4 1H;0-- (NaCl, kainite, carnallite) ceeceeceea-- 18 3 90. 5 6.5 2 994
Picromerite——leonite4 2H;0+ (NaCl, kainite, epsomite) ..ooaccaccwacax 19 83 68 23.7| 142 1182
Picromerite——leonite}- 2H;0+ (NaCl, blédite, epsomite) .. occecoeeaoae 20 9.6 66. 3 24.1| 157 1204
Picromerite——leonite4 2H,0+- (NaCl, kainite, sylvite) ocav o cccccccccaae 20 10.2 74.2 1561 12 1198
Hexahydrite——kieserite 5H;0+4 (NaCl, kainite, carnallite) . . ecvo-. ———— 23 2.4 90, 4 7.2 1.9 966
Picromerite——leonite+42H,0-- (NaCl, aphthitalite, sylvite) -« o ccccevcan (25.5)] 22.7 55. 5 21.8 ! 36 1562
Picromerite——leonite+- 2H;0+4- (NaCl, aphthitalite, b¥6dite) ............ 26 16. 4 54.7 28.9 | 43.7 1562
Epsomite——hexahydrite+ 1H,0- (NaCl, leonite, ka.im‘t.e; .............. 27 7.5 7L 9 20. 6 86 1082
Epsomite—-—hexahydrite- 1H;0+ (NaCl, leonite, blodite) . ccoceeeneaaa (27 5; 8.3 70.7 21 10 1107
Hexahydrite——kieserite+ 5H30+§ aCl, leonite, kainite) . _ o cecmacma-- (3L. 5 6.9 75. 6 17.5 6.4 1064
Hexahydrite-—kieserite+ 5H;0+ (NaCl, leonite, blodite) . .~ cccceeecoo (32) 7.6 74.0 18. 4 7.6 1082
Leonite | kieserite-—langbeinite 4 5H,0+ (NaCl, kainite) . c e cccceceeaae 37 4.3 8L 9 13.8 4.3 1063
Leonite- kieserite—-—langbeinite+ (NaCl, blodite) - oo v oo comccccccvean (37. 5) 6. 4 79.2 14. 4 5.9 1070
Blodite-—loeweite+ 1.5H;0 - (NaCl, langbeinite, kieserite) e oo 43 8.3 77. 5 14. 2 59 1182
Blddite+ 2Na;SO,~—vanthoffite4- 4H;0+ (NaCl, aphthitalite) . - - ccevn-- 46 32. 1 25. 6 42.3 | 123 2565
Blodite——loeweite+-1.5H,0+- (NaCl, langbeinite, leonite). . - ccccccaeeaax 47 12.0 69. 4 186 | 144 1198
Leonite+ kainite——langbeinite+sylvite+ (NaCl) e e e v e oo e eemee 55 24, 4 56. 1 19. 5 24.4 1220
Blodite——loeweite-+ 1.5H,04 (NaCl, leonite, aphthitalite) _..o._ . .oo__. 56. 5 22.0 47.1 30.9 | 49.3 1471
Blodite-—loeweite+ 1.6H,0+ (NaCl, aphthitalite, vanthoffite)eece o= 59. 5 24 4 41. 5 34.1 59. 3 1482
Leonite+ NaCl-—aphthitalite--langbeinite+sylvite. . - oo ocmcneccaas 60. 5 20. 9 49. 3 20.8 ] 31.8 1300
Leonite+loeweite——langbeinite 4 aphthitalite+ (NaCl) - o o o e o e e e e 61. 5 25. 0 46. 3 28.7 | 48.6 1472
Kainite——kieserite+sylvite4- 2H,04- (NaCl, carnallite) .. oo oeeeens 72 10. 1 86. 9 3.0 3.5 1010
Kainite-—kieserite{sylvite+ 2H,0+ (NaCl, langbeinite) . - < ccccceoo—- 83 12. 1 84.9 3.0 45 1005
Loeweite-- aphthitalite-—vanthoffite4-langbeinite+ (NaCl) . o oo e (98) 39.2 385 22.3 ] 40.5 1350
Loeweite~—vanthoffite - kieserite- (langbeinite, NaCl) . .. oo comcceecaan (108) 39.2 39.6 2.2 25 1322

TasLe 12.—Equilibria in the system Mg-Na-K-C1-SO~H.0 at 0°C
[Units of Jinecke (1923), where Ks4-Mg+-804=100. After Borchert, 1940, p. 17]
Saturation with respect to NaCl and Point K, Mg S0, Na, H,0

Sylvite, mirabilite, picromerite. . _ .. .. ________. M 18. 9 59. 8 21.3 52 1949
Mirabilitg,, picromerite, epsomite_ ... . ________ S 11.9 63. 4 24. 7 35 1591
Picromerite, epsomite, sylvite_ ... ... . ... 5\3’ 8.8 0. 8 10. 4 10. 4 1405
Epsomite, sylvite, carnallite ... .o ______ g 58 88. 5 5.7 3.9 1271
Epsomite, carnallite, bischofite. .. .. _.____ VA .8 96. 2 3.0 .7 955
irabilite, epsomite__ . ____ ... H  |eecocaee- 75.6 24. 4 515 2040
Epsomite, bischofite. - .o oo L o 96. 3 3.7 .3 984
Bischofite, carnallite . _ o - oo D .6 99.4 | .8 1003
Carnallite, sylvite 5.2 94. 8 |acome o= 5.6 1396
Sylvite, mirabilite 7709 oo 22,1 302 5900
irabilite e mceccccmmmeceea] SO e 100 2550 45500
Bischofite .« c oo ecmccccecmcmcccccncacmcaceae| Mg eeaa. 100 foooecoo- .8 1002
By IVIte e o e e e e e cemecccm—cem———— 100 |oecceeeefeeccmceeee 395 8060
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FIGURE 6.—Stability fields of oceanic salts, A, At 25°C. The fields of the calclum salts are superposed as dotted lines.
B, At 32.5°C. (Modified after Borchert, 1940.)
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TasLe 13.—Equilibria in the system Mg-Na-K-C1-80~H,0at 25°C
[Units of J#necke (1923), where Ks+Mg+80,=100. After Borchert, 1040, p. 18-16]

Vapor
Saturation with respect to NaCl and Point K Mg S0 Nas H,0 px(‘essu)re
mm
Sylvite, aphthitalite, picromerite. accceeocoa-- M 22.3 55.7 22,0 36. 1 1571 15.9
Sylvite, picromerite, leonite. o oo N 20. 2 58. 6 21.2 28.3 1461 15. 7
Sylvite, leonite, kainite_ ..« oo____ P 10. 9 72.2 16. 9 11. 4 1178 13. 4
Sylvite, carnallite, kainite_.____ .. _____ Q 7.5 86. 4 6.1 40 1178 12. 4
henardite, aphthitalite, blodite. ... ....____ N 17.8 34. 4 47. 8 138. 4 2175 16.6
Aphthitalite, blodite, picromerite. e oo T 17.0 53. 2 29. 8 44. 3 1612 16. 1
Bléadite, })icromerite, leonitem e e e U 15. 2 56. 9 27.9 32.4 1400 15.7
Blodite, eonite_, epsomite. - cceacan e Vv 8.4 69. 1 22. 5 10. 8 1100 145
Leonite, epsomite, kainite oo o.. w 7.6 70. 8 21.6 9.8 1100 13.4
Epsomite, kainite, hexahydrite. . oo ceao.. X 6.8 76. 6 16.6 5.5 1038 12.2
ainite, hexahydrite, kieserite. .. oo ooo.___ Y 3.1 87.2 9.7 2.4 974 10. 8
Kainite, kieserite, carnallite__ .o _..__ R 2.4 89.9 7.7 1.6 962 9.5
Kieserite, carnallite, bischofite___ ..o ocoo._ Z .8 94. 4 4.8 .5 879 7.4
Thenardite, blodite. « - ccececcvomcmcmecccanan H  feeeeoeaan 46. 8 53. 2 143. 4 2922 17.1
Blﬁdite., 1307103 1111 7 I feeocaeea-. 78.3 217 15. 8 1260 17
gpsormte, hexahydrite. . c cccccmcmcmmcecceaae N P 87.0 13.0 4.6 1098 12. 2
exahydrite, kiegerite..-. oo oo ._._. K eecmcace-. 90. 9 9.1 1.6 1000 10. 8
Kieserite, bischofite. oo oo oooo oo L |eemooaao- 95. 5 4.5 .9 894 7.5
Bischofite, carnallite. . oo oo oo D .9 [T O .5 956 7.5
Carnallite, sylvit€..oe o coccceccecccmceac | E 7.1 92,9 |oceaee 4.8 1297 12. 7
Sylvite, aphthitalite.._ ... ______.__ F 82 |ecooomeaa- 18 199 4100 16. 84
Aphthitalite, thenardite_ . - __.______ q 40.6 |oceceaan 59. 4 239. 4 4100 17.0
Thenarditee e e cccmccceccccccamceenan [<]o VI I 100 foeooooeeae . 954 7.63
Sylvite. - e cmeccccccccmec————a K, 100 Jooocomceac]eceeeee 234 5080 16. 84
TasLp 14.—Equilibria in the system Mg~-Na~-K-Cl1-80~H,0 at §5°C
[Units of Jénecke (1923), where Ks-+Mg+804=100. After Borchert, 1940, p. 20-21]
Saturation with respect to NaCl and Point K, Mg 80, Nas H,0
Sylvite, aphthitalite, leonite. oo oeeeeooo M 20.0 50. 0 21.0 32.3 1328
Sylvite, leonite, langbeinite, kainite .o oo e oo N 24. 2 56. 2 19.6 24. 4 1222
Sylvite, kainite, carnallite. - - oo Q 9.4 87.1 3.5 3.7 1082
ainite, carnallite, kieSerite. . . --. o oo-ooooo ooooooooooo R 6.8 89. 6 3.6 2.7 1060
Thenardite, vanthoffite, aphthitalite... .- oo .o _.____. S 39.0 22.0 39.0 130 2600
Vanthoffite, aphthitalite, blodite. e oe oo T 25.9 38.3 35. 8 70. 6 1742
A hthitalitm_ blodite, leonite oo oo e e U 21.6 47. 1 31.4 49. 1 1462
Blodite, leonite, loeweite. oo oo e vV 20.0 51. 2 28. 8 43. 2 1431
Leonite, loeweite, langbeinite_ ... oo . w 15.6 59. 8 24. 7 27. 8 1370
Loeweite, kainite, kieserite. - oo oo __ X 7.0 79.3 13.7 9.4 1068
Kainite, kieserite, langbeinite. - ..o ooee oo o__ Y 8.7 80. 5 10.8 3.4 1028
Kieserite, carnallite, bischofite ceea| Z 1.1 97. 1 1.8 .4 857
Thenardite, vanthoffite. ... --| H - 51.8 48. 2 156 3085
Vanthoffite, blsdite...._ - A1 60. 9 39,1 1056 2540
Blodite, loeweite_....... | J 74.0 26. 0 42. 3 1724
Loeweite, kieserite. . 4 K 85.9 14.1 7.5 1078
Kieserite, bischofite. . | L 96. 2 3.8 .6 829
Bischofite, carnallite. .. e o ceeecaao-. .| D 98,9 |oocoee . .4 874
Carnallite, sylvite. - . oo cee oo ceoe e ecececeee --| E 90.6 |ooeee____ 4.1 1164
Sylvite, aphthitalite._ .. o oo oo F | 880 |aeeeao. 12.0 1385. 5 3000
Aphthitalite, thenardite ..o oo oo d | 560 |cceee.. 44.0 213 3760
enardite. - o oo e e —e——eee 10 P S S 100 677 10760
Bisehofite . o oo oo e ccmeeeeee Mg  Jememaooaen 100 fooooooo. .45 885
£23721 4 LTI X, 100 oo oo o 155 3480
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F1aUuRE 7.—Btability fields of oceanic salts. A, At 40°C. B, At 556°C. The fields of the calclum salts are superposed as
dotted lines. (Modified after Borchert, 1940.)
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FIGURE 8,—Stability fields of oceanic salts. 4, At 70°C. B, At 83°C. The fields of the calcium salts are superposed as
dotted lines. (Modified after Borchert, 1940.)
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TasLe 15.—Egquilibria in the system Mg-Na-K—-Cl-SO,~H.0 at 83°C
[Units of J¥necke (1923), where Ks+Mg+S0=100. After Borchert, 1940, p. 22]

Saturation with respect to NaCl and Point K, Mg S0, Na, H,0
Sylvite, aphthitalite, langbeinite - - _________.___ M 34.4 15.0 44.7 1509
Aphthitalite, thenardite, vanthoffite_ ____________________ S 16. 6 32.7 112. 2 2300
Aphthitalite, vanthoffite, loeweite.____ Vv 37. 4 24.9 49, 7 1431
Aphthitalite, loeweite, langbeinite. - - w 41. 2 23. 6 43. 2 1448
Loeweite, langbeinite, kieserite__._.__._ Y 71. 8 15. 8 24. 2 1305
Langbeinite, kainite, kieserite, sylvite_- R 85. 0 3.1 4.3 1002
Kieserite, sylvite, carnallite Q 87.9 2.4 3.7 976
Kieserite, carnallite, bischofite_ _________________________ Z 97.8 .8 .5 777
Thenardite, vanthoffite_ _ _____________________________. H 58. 8 41, 2 203 3970
Vanthoffite, loeweite___ ________ ... I 73.3 26. 7 74. 6 2120
Loeweite, Kieserite_______ . _ . _ . ._. K 83.6 16. 4 26. 8 1494
Kieserite, bischofite. - ________________________________ L 99, 3 .7 .5 789
Bischofite, carnallite_..__________________________.______ D 98.6 |- _____ . 55 785
Carnallite, sylvite. ... E 80. 1 | 3.9 1128
Sylvite, aphthitalite_ ____________ .. _____ F | 8.7 |aceeeo.- 10. 3 104 2355
Aphthitalite, thenardite________________________________ G | 652 e 34.8 169 3080
Thenardite_ - - . . e 8Os oo 100 768 12050
Bischofite . _______ .. Mg | ... 100 |ecmooee o .5 796
Sylvite_ .-l K, 100 oo |ooiioTIlC 114 2680

Aphthitalite

Carnallite

THENARDITE

<Langbeinite

E
CARNA'—‘-'T KIESERITE
BISCHOFITE p /7 OEWEITE
Mg& < 80,
Bischofite K1 H Kieserite Loeweite Vanthoffite  Thenardite

F16URE 9.—Stability flelds of oceanie salts at 110°C, (Modified after Borchert, 1940.)
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_ Various methods have been devised for representing
the system graphically, and a convenient one is credited
to Jinecke (1923), who expressed the data with a
variable water content, the amount needed to produce
a saturated solution. Because we are neglecting cal-
cium for the moment and assuming saturation with
respect to NaCl, it is possible to construct isothermal
triangular diagrams by expressing compositions as
mH,0, :Mg, vK,, 100— (z+4)SO,, 2Na;. Every com-
position can then be defined by a point in a triangular
diagram with corners K, Mg, and SO,, by using the
figures for z and ¥.

In such a diagram the paths of crystallization can be traced as
in a simple ternary system, the usual relationships of congruent
and incongruent fields still hold, and quantitative information
can be derived by application of the center-of-gravity principle.
(Phillips, 1947, p. 96).

Isothermal diagrams of this type, for nine different
temperatures within the range 0°-110°C, are given in
figures 5-9 (after Borchert, 1940). In each of these,
the point representing sea water (6.7 K, 70.5 Mg, 22.8
S0,) is given.

These diagrams, of course, give no information about
the amount of water or NaCl that could be plotted in a
three-dimensional figure. Temperature relations can
be shown in a prism constructed by placing the diagrams
above one another.

Figure 10 (from Phillips, 1947, p. 98) shows the
temperatue ranges of formation of the salts in the
presence of NaCl.

MIRABILITE
SCHOENITE
REICHARDTITE
ASTRAKANITE
KAINITE
HEXAHYDRITE
LEONITE
THENARDITE
KIESERITE
LOEWEITE
LANGBEINITE
VANTHOFFITE
GLASERITE
SYLVITE
CARNALLITE
BISCHOFITE

1 Il 1 Il 1 A 1 I ")

0 10 2 30 40 50 60 70 80 % 100
TEMPERATURE, IN DEGREES CENTIGRADE

F1GURE 10.—Temperature ranges of formation of oceanic salts between 0° and
mtcy.) (From Phillips, 1947, fig. 2, reproduced by permission of the Chemical

THE LATER CALCIUM SALTS

Before discussing the succession of salts that form
when sea water evaporates, a few words should be said
about the addition of calcium to the system described
above. Most of the calcium in sea water will have been

DATA OF GEOCHEMISTRY

deposited before the solution is saturated with NaCl
and the salts of potassium or magnesium. The small
quantity of calcium left will separate as sulfate, and the
phases concerned are anhydrite, gypsum, glauberite,
syngenite, polyhalite, and gorgeyite. The experimental
data are not yet adequate to fix the stability fields of
these salts accurately, but tentative fields have been
superposed by Borchert in four of his triangular dia-
grams; these are shown here as dotted lines in the dia-
grams for 0°, 25°, 55°, and 83°C (figs. 54, 64, 7B, and
8B). '

At 0°C, the fields of stability of the calcium salts are
only partly shown. Gypsum and syngenite have large
fields; anhydrite has a small field near the Mg corner
(not shown) ; and polyhalite may have a small field in
the picromerite-epsomite region. Gorgeyite has a
small field between those of gypsum and syngenite, as.
at 25°C.

At 25°C, glauberite has become major; the fields of
syngenite and anhydrite are larger, and that of gypsum,
very much smaller. The sea-water point lies within the
polyhalite field, which is fairly small.

At 55° and 83°C the fields of syngenite and anhy-
drite are reduced, and those of polyhalite and glauber-
ite much increased in size.

THEORETICAL SALT SUCCESSIONS FROM SEA
WATER

From the data given above, it is possible to work out
a series of theoretical salt successions that could be
produced by evaporation of sea water at various
different temperatures, assuming equilibrium condi-
tions.

The first salts to separate are carbonates. The
common carbonates of marine evaporites are calcite
and dolomite, but it is probable that much of the dolomite
has been formed by secondary replacement of calcite
or aragonite. When the water has been evaporated to
about 19 percent of its original volume, calcium sulfate
starts to separate. Experimental and thermodynamic
work indicates that only anhydrite separates from
evaporating sea water above about 34°C; at lower
temperatures, gypsum separates first and is followed
by anhydrite at a later stage of evaporation.

By the time the solution has been reduced to about
9.5 percent of its original volume, much of the calcium
sulfate has been deposited. Halite starts to separate,
together with gypsum, at temperatures below about
7°C, and with anhydrite above that temperature
(MacDonald; 1953). When the volume of the solution
is less than 5 percent of the original, polyhalite, or at
higher temperatures glauberite, takes the place of
anhydrite or gypsum. The polyhalite separates to-
gether with halite until the solution is saturated with
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TaBLB 16.— Theoretical successions of precipitation (from botton;l jggut:p) up lo lhe stage of saturation with potassium-free magnesium
8

0°C 6°0 25°0 85°C
Polyhalite-+ halite. ___________ Polyhalite+halite. . .. .__.. Polyhalite-} halite. . ... __.__ Polyhalite-halite.
Anhydrite+halite_ . .. _.__._. Anhydrite+ halite_ . .. ...____._ Anhydrite+- halite.
Gypsum-halite- .. _______ Gypsum-+halite_.. . ... Anhydrite.
GypSUM e e e YPSUM e oo e GYPSUM . e e cccmeccmcceem Anhydrite.
Carbonates of calcium Carbonates of calcium Carbonates of calcium Carbonates of calcium
and perhaps of magnesium, and perhaps of magnesium, and perhaps of magnesium. and perhaps of magnesium.

respect to magnesium-bearing sulfates free from cal-

cium and potassium.

Theoretical successions up to the stage of saturation
with potassium-free magnesium sulfates, at various
temperatures, are given in table 16.

Later stages of deposition can be considered by refer-
ence to the triangular diagrams (figs. 5-9). In each of
these diagrams the course of crystallization starts at
the point representing the composition of sea water and
ends at point Z.

If the early salts remain in contact with residual
liquids at all stages and react freely with them, the final
products of crystallization of the bittern salts are:
0°-13°C  Epsomite-carnallite+ bischofite+ halite -+ anhydrite
13°-17.5°C Hexahydrite + carnallite 4 bischofite 4 halite 4 an-

hydrite

17.5°-110°C Kieserite 4 carnallite + bischofite 4 halite + anhy-

drite

If, on the other hand, the earlier salts are prevented
from reacting with the residual liquid, either by being
crusted over and protected by later salts or by crystal
sorting, then the results are much more complex, and
the courses of crystallization are as follows:

Figure 54, 0°C—Across epsomite field to point between
R and S (uear R), then R, Q, Z.

Figure 5B, 15°C—Across epsomite field to point be-
tween V and W, then W, R, Y, Z.

Figure 64, 25°C—Across blédite and epsomite fields to
point between X and W, then X, ¥, B, Z.

Figure 6B, 32.5°C—Across blodite field to point practi-
cally coincident with V, then W, R, Z.

Figure 74, 40°C—Across blodite field to point almost
coincident with W, then X, ¥, R, Z.

Figure 7B, 55°C—Across loeweite field to point between
X and W (near X), then across langbeinite field to
point almost coincident with Y, then R, Z.

Figure 84, 70°C—Across loeweite field to point almost
coincident with X, then Y, R, Z.

Figure 8B, 83°C—Across loeweite field to point between
K and Y, then across kieserite field to point between
R and Q, then Q and Z.

Figure 9, 110°C—Across vanthoffite, loeweite, and
kieserite fields to point just towards R from @, then
Q Z

745-880 O-64—4

Table 17 shows the relative volumes of the bittern
salts deposited at the nine temperatures, and also the
order of deposition. The volumes are expressed as
percentages of the salts mentioned, excluding halite and
the small amounts of calcium salts which also separate
throughout the process. The order of deposition at
each temperature is given as 1, 2, 3, and so forth. For
example, at 25°C, the first salt to separate is blodite;
next is epsomite; then, the pair, epsomite 4 kainite,
and so on.

Table 17 shows clearly that with fractional crystal-
lization a number of successive zones, characterized by
the presence of particular minerals, can be predicted.
At all the temperatures considered, an early zone con-
taining potassium-free magnesium sulfates, and no
potassium-bearing mineral other than polyhalite, is
followed by intermediate zones with other potassium
minerals. These give place upward to a zone of
carnallite with hydrous magnesium sulfates, followed by
a thick bischofite zone in which bischofite greatly pre-
dominates over carnallite and hydrous magnesium
sulfates. Halite, of course, occurs throughout the
succession.

In the lowest zone, epsomite, present at low tempera-~
tures, gives place at higher temperatures to blédite,
and then to loeweite, kieserite, and vanthoffite. In
the intermediate zones, picromerite occurs only at
relatively low temperatures. Sylvite is present below
11°C and above 72°C, but not at intermediate tempera-
tures. The sylvite-kieserite paragenesis, relatively
common in natural potash deposits, is possible in the
stable system only above 72°C. Leonite is present in
the succession at 32.5°C, and langbeinite, at 40°, 55°,
and 70°C. A kainite zone is formed at all temperatures
between 11° and 83°C.

It should be pointed out that the successions con-
sidered here refer to the evaporation of sea water of
normal oceanic composition. It is most unlikely, but
possible, that the composition of ocean water has
changed sufficiently since the formation of Paleozoic
marine evaporites to affect materially the course of
crystallization. The water of many areas of evaporite
deposition, however, has been modified by river-carried
material or by hydrothermal solutions, and this will of
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TaBLE 17.—Orders of deposition of the bitiern salls in the system Mg-Na-K-Cl-SO,~H,0 with their relative volumes expressed as
percentages of total salts, mludmg halite and calcium salts

{Figures largely based on Borchert, 1940, p. 43-44. Halite and small quantity of calcium salts crystallize throughout]

Order | Bisch- | Bl§- | Car- |Epsom-| Hoxa- | Kai- | Kieser-| Lang- | Leo- | Loe- |[Plerom- Vant-
of de- | ofite dite | nallite | ite hy- nite ite bein- | nite | weite | erite [Sylvite| hofl- Type of zone
position drite ite ite
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©e
W

Bischofite zone.

Carnallite zone.

2.7 Sylvite zone.

0.45 Picromerite zone.

Potassium-free magnesium-sulfate
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=]

=32 X -T-)

B B wew

4.9 ... Lefl..] 60|... Bischofite zone.

}Gamallite zone.

i Kalnm ‘Z:)DB.
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course alter the resulting salt profiles. For example,
the addition of calcium carbonate from rivers may
result in the formation of much dolomite at an early
stage of deposition, and the resulting removal of mag-
nesium may lead to the later formation of primary
sylvite rather than carnallite.

“DYNAMIC-POLYTHERMAL"” STUDIES

The experimental work described above is based on
experiments carried out at definite temperatures to
establish stable equilibria. Since the bulk of the work
was completed, two principal lines of research have
developed: the ‘“dynamic-polythermal” studies of Bor-
chert and Tollert, and the studies of metastable equi-
libria by D’Ans and others.

In view of the fact that considerable temperature and
concentration gradients, related to climate and topog-
raphy, exist in large natural bodies of water, Borchert
(1933, 1934, 1935, 1940, 1959) carried out a series of
experiments in which the temperature varied from one
part of the containing vessel to another, and concentra-
tion and convection currents were set up. Crystalli-
zation in this ‘““dynamic-polythermal” system was
rather different from that in the ‘“static” system of
van’'t Hoff, D’Ans, and others. Such work has been
continued by Tollert (1950, 1952), who has considered
the matter from a thermodynamic point of view.

Under these dynamic conditions a lateral zoning of
salts is obtained, and this may be analogous to some
types of facies change in natural deposits. Salts with
a negative temperature coefficient of solution (called
thermophile salts) form in regions of higher temperature.
Cryophile salts, with a positive temperature coefficient
of solution, form in the regions of lower temperature.
The behavior is relative, in that if two cryophile salts
are separating, one will behave as thermophile towards
the other.

Thermophile salts: Thenardite, blédite, vanthoffite,
loeweite, kainite, langbeinite
ylvite, picromerite, epsomite,
hexahydrite; glauberite is weakly
cryophile.

Cryophile salts:

Some salts have a greater range of stability under
dynamic than under static conditions. Sylvite, for
example, may be deposited from solutions close to the
composition of concentg:(:ed sea water at moderate
temperatures under dynamic conditions. The epsomite-
sylvite paragenesis can pccur at higher temperatures
than 12°C, its limit in the static system. Hexahydrite
and the other magnesi sulfates, and picromerite,
can exist at much higher temperatures than in the
static system. The potassium-magnesium sulfates and
kainite have wider ranges of stability, and the fields of
the sodium-magnesium sulfates are reduced; a lang-
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beinite-carnallite paragenesis is possible with a large
temperature gradient. Leonite, kieserite, and poly-
halite were not observed within the range 20°-100°C
in Borchert’s experiments.

Borchert used these results to explain some facies
changes in potash mines in Germany—in particular
some of the “Vertaubungen” (areas. of potassium im-
poverishment). However, there is still considerable
doubt as to how far such conditions can apply to
natural deposits of marine evaporites. ‘

METASTABLE PHENOMENA

Recent work on metastable phenomena in oceanic
salt systems has shown that some of the salts can form
at temperatures considerably above those at which
they are stable (Autenrieth, 1953, 1954; D’Ans, 1944,
1947a, 1952; Karsten, 1950; Linstedt, 1955; Tollert,
1956). Picromerite, for example, can form at 55°C—
well above its upper limit of stable formation which is
26°C. Kainite can form at 95°C; when in the stable
system, it cannot exist above 83°C. In the formation
of natural evaporites, if the precipitated salts remain in
contact with the residual liquid for a reasonable length
of time, the mineralogy should approach that of the
stable system. If, however, the precipitates rapidly
become solid rock and the residual liquid is removed,
then the mineralogy may be different from that of the
stable system (Kiihn, 1955¢). The temperatures of
stability of various salts and of characteristic para-
geneses have been widely used as “geologic ther-
mometers.” The recent studies of metastable phe-
nomena throw doubt on their reliability. More work
is needed, however, before these problems can be
properly evaluated.

SOME MINOR CONSTITUENTS AND FURTHER
REFERENCES

Tachyhydrite (CaMg,Cly,-12Hy0) and chlorocalcite
(KCaCl,) do not appear in the part of the system of sea
salts discussed above. ID’Ans (1933) gave some data
on their conditions of stability, and more recent work
on systems containing these minerals includes that of
Assarsson, 1950; Assarsson and Balder, 1954, 1955;
Igelsrud and Thompson, 1936a, b; Lightfoot and others,
1946, 1949; and Sveshnikova, 1951. These minerals
presumably owe their origin to the action of secondary
solutions rich in CaCl,.

The iron salts of marine evaporites were considered
by Boeke (1909b, ¢, 1911), and D’Ans and Freund
(1954) recently studied part of the system NaCl-KCl-
MgCL-FeCl,-H,0, saturated with respect to NaCl,
and considered the formation of rinneite (NaKzFeCl,).
The lowest concentration of FeCl; in equilibrium with

_rinneite was 21.0 mols FeCl; per 1,000 mols H,0; the
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solution contained 72.5 mols MgCl,, 14.0 mols K,Cl,,
and 4.5 mols NayCl,, at 83°C. Rinneite has almost
certainly formed from secondary solutions, which
derived part of their iron content from adjacent
nonsaline materials such as the clays associated with
the salts.

The literature on the physical chemistry of marine
evaporites is very abundant. In addition to those so
far mentioned, the following references are included in
“Literature Cited’’: Berdesinski, 1952b; Bodaleva and
Lepeshkov, 1956; Bundy and Conley, 1956; Bye and
Kiehl, 1948; Campbell, Downes, and Samis, 1934;
Conley, Gabriel, and Partridge, 1938; Conley and
Partridge, 1944; D’Ans, 1915, 1933, 1935, 1944, 1947a,
b, 1949, 1950, 1952; D’Ans, Bredtscheider, Eick, and
Freund, 1955; D’Ans, Busse, and Freund, 1955;
Faiziev, 1952a, b; Feakes, 1952; Fulda, 1925a, b; Hill,
1937; Hill and Wills, 1938; Ide, 1935; Igelsrud and
Thompson, 1936a, b; Ilinskii and Danyushevskaya,
19568, b; Janecke, 1913, 1916, 1917, 1923, 1929, 1935,
1950; Kiihn, 1952a, b, 1953; Leonhardt, 1951; Leon-
hardt and Berdesinski, 1949-50, 1951; Lepeshkov and
Bodaleva, 1949, 1952; Lightfoot and Prutton, 1946,
1947, 1948; Lightfoot, Prutton, and Meyer, 1949;
Lukyanova and others, 1956; Madgin and Swales,
1956a, b; Marsal, 1952; Nikolaev, 1946, 1947; Pelsh,
1953a, b, ¢; Posnjak, 1938, 1940; Rozsa, 1911, 1914,
1915a, b, 1916a, b, ¢, d, 1917a, 1919, 1931; Rustamoyv,
1957a, b; Schaefer, 1920; Serowy, 1922, 1923; Shlezinger
and others, 1940; Shternina and Frolova, 1945;
Soloveva, 1956; Tanaka and others, 1950; Thompson
and Nelson, 1956; Tollert, 1950, 1952, 1956; Tollert
and Brums, 1956; Valyashko, 1951; Valyashko and
Nechaeva, 1952; Valyashko and Soloveva, 1949, 1953;
Wienert, 1950; Yanateva, 1948, 1949a, b; and Yanateva
and Orlova, 1956.

NATURAL DEPOSITS
DISTRIBUTION

Lotze (1938, 1957) gave a detailed account of the
world distribution of evaporites, from the Cambrian
of Pakistan, Iran, and Siberia to the present day
sea-margin deposits of various countries. His work in-
cluded comprehensive bibliographies. Such an account
is beyond the scope of the present work, but it is
desirable to give some data showing such general
features of evaporite deposits as thickness and frequency
of different types, in addition to data on typical natural
successions of rock types.

Table 18 is based mainly on the information collected
by Krumbein (1951) and shows the distribution in
space and time, the thicknesses, and the types of marine
evaporites in the conterminous United States. The
table shows very clearly the common occurrence of the
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less soluble deposits and the rarity of the highly
soluble bittern salts. Most natural deposits, in fact,
consist of gypsum and (or) anhydrite interbedded with
dolomite, limestone, and red beds or other -clastic
sediments. The bittern salts are found in the conter-
minous United States in appreciable quantity only
in the Prairie Formation (Middle Devonian) of the
Williston basin, the Pennsylvanian of the Paradox
basin in Utah, and the Permian Salado and Rustler
Formations of Texas and New Mexico. Lotze (1957,
p. 184-186) listed a total of 42 occurrences of potassium
salts in the evaporites of the world, and of these,less
than half refer to marine deposits of significant size.
The best known are those of the Zechstein of western
Europe, the Permian of the Southwestern United
States, the Permian of the U.S.S.R. (such as at Soli-
kamsk and Ozinsky), the Oligocene of Spain and
Alsace, the Miocene of Poland, and the Devonian of
the Williston basin of North Dakota and Saskatchewan.

NATURAL SUCCESSIONS

Many small evaporite bodies show at least the earlier
part of the expected succession from carbonate to sul-
fate, halite, and potash zones, with some repetitions of
sequence. In the larger evaporite bodies the sequences
are generally complex. The areas of deposition of two
of these large bodies—the Zechstein of Europe and the
Salado Formation of Texas and New Mexico—are
shown in figures 11 and 12. The Zechstein covers
an area of about 400,000 square miles, if we accept the
submarine extension shown in figure 11. The Salado
Formation covers about 50,000 square miles and is
underlain in part by an earlier set of carbonate- and
sulfate-bearing evaporites (the Castile Formation)
which covers about 10,000 square miles. The Salado
and Castile have a comnbined thickness of more than
4,000 feet.

These two great bodies are typical of the more com-
plete evaporite successions. Table 19 shows the gen-
eral succession of rocks in two regions of the Zechstein
basin—the Hanover-Thuringia region and the north of
England—with a tentative correlation. The distribu-
tion of major and minor mineral constituents in part of
the English succession is shown in figure 13. Plate 1
(Jones, 1954) shows the Castile, Salado, and Rustler
successions. Much of the complexity is caused by
repetitions of the types discussed on pages 5-6, and
by the presence of interbedded layers of limestone,
dolomite rock, or clastic material. There are grada-
tions between some of the evaporite layers (for example,
a halite-anhydrite zone is commonly found between
halite and sulfate zones), but, in general, the chemical
differentiation between the principal zones has been
remarkably effective.
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TaBLE 18.—Marine evaporite deposits of the conterminous United States

[Thicknesses are approximate and include interbedded nonevaporitic sediments. Evaporite types are calcium sulfates, including
bedded bittern salts of potassium and magnesium, B. (After W. C. Krumbein, 1951, with slight
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am)l] anhydrite, 8; halite, H; and

Thickness of | Evaporite
Age Area Formation or interval evaporite type
section (ft)
Ordovician Williston basin Whitewood—Bighorn 25 S
Illinois |basin Joachim 50 S
Williston basin Niagaran 25 S
Silurian or Michigan basin Bass Island, Salina 3, 000 S, H
Devonian New York Camillus, Syracuse 500 S, H
West Virginia Salina 800 S
Iowa-Missouri Niagaran-Cayugan? 100 S
Williston basin Potlatch, Jefferson 400 S
Prairie 600 S,H,B
Devonian Towa Cedar Valley—Wapsipinicon 50 S
Michigan Basin Detroit River 1,200 H
Southwestern Montana Three Forks 50 S
Williston basin Otter, Charles 1, 000 S
Southwestern Montana Kibbey 100 | S
Mississippian Iowa Keokuk 30 | S
Illinois basin St. Louis 200 | S
Michigan basin Michigan 350 | H
Western Virginia Maccrady 1,000? | S,H
Paradox basin, Utah Paradox 4,000 | SSH,B
Pennsylvanian Gypsum basin, Colorado Maroon 5004 S
or Black Hills reglon Minnelusa 50 | S
Permian Michigan basin Virgilian? 504+ S
Black Hills Minnekahta, Opeche 100 | S
Gypsum basin, Colorado Maroon 500 | S
Grand Canyon area Kaibab, Toroweap 900 | S,H
Northern New Mexico San Andres 100 | S
South central New Mexico Yeso, A 2,000 | S, H
Chalk Bluﬂ Whitehorse 1,000 | S H
Southeastern New Mexico Rustler, Sala.do, Castile 4,500 | S,H,B
Central Texas San Angelo, Clear Fork, Wichita 1,500 | S
Permian Texas Panhandle Pease River, Clear Fork Wichita 2,000 | S
Oklahoma Panhandle Dog Creek, Blaine, Cimarron 1,000 |8
Western Oklahoma Blaine, Clear Fork, Wichita 1,500 | S,H
West central Kansas Harper, Welhngton, Marion 800 | S,H
Iowa Leonardian? 50 |8
_______________________________________________________________________ e
or Jurassic Gulf Coast Louann, Werner 1,500+| 8, H
Triassic Wyoming, Nebraska, North and South | Chugwater several | S
akota. hundred
Central Wyoming Gypsum Springs 200 | S
Central Montana Gypsum Springs 100 | S
Southeastern Idaho Preuss 450 | S,H
Central Utah : Arapien 1, 000? H
South central Utah Carrmel 400 | S
Jurassic North ¢entral New Mexico Todilto 100 |8
East central Colorado Summerville equivalent 200 | S
Southceﬁxlxll Arkansas Buckner 350 | S
Northeastern Texas Buckner 700+( S, H
Southwestern Alabama Buckner 950 | S,H
Northwestern Louisiana Ferry Lake 300+| S
Cretaceous Southwestern Texas Fredericksburg 150 | S, H
South central Florida Comanchean 6,000 | S
Southeastern Florida Comanchean 4,000+ S, H
Tertiary Florida, ? several | S

hundred
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— Ovfcrop of Permian
Pre-ypper Permian Rocks
5 Shore of Permisn Ses
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FIGURE 11.—Map showing the distribution of Permian salt deposits in northwest Europe and the British Isles (after F. Lotze, 1938, with modifications by G. M. Lees
and A. H. Taitt, 1946).

Since this map was drawn, further exploration has shown that the boundaries of older and younger potash salts in Britain overlap each
other, and the younger potash salts extend farther to the south than shown.
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FIGURE 12.—Map showing the distribution of salts in the Salado Formation in Texas
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FIGUBE 13.—Succession and mineral distribution in the evaporites of two boreholes through the
English Zechstein; the E. 2 borehole at Aislaby (based on Stewart, 1949, 1951 a, b) and the E.3
borehole at Sleights (based on Armstrong and others, 1951), in the Whitby district, Yorkshire.
(From Stewart, 1954, fig. 9.)
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TasLe 19.—Evaporite s
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ions in the German and English Zechsiein

{German data based on Hartwig (1941), Lotze (1938), and Fulda (1935). English data from Stewart (1049, 1951a, 1951b, 1954), Armstrong and others (1951), and Raymond
(1953). Figures on thicknesses of the English and German successions are approximate, as there is considerable variation from place to place. Correlation based on Lotze
(1958), but in absence of reliable paleontological evidence must remain uncertain, Possibly the three principal British cycles correspond generally with the upper three
German cycles (Stewart, 1954), but in the present state of knowledge Lotze’s correlation is to be preferred]

Bed Hanover and Thuringia (normal succession) ‘Whitby distriet, England
Thickness Thickness
(ft) (1)
Oberer Zechsteinletten 16 | Upper Permian marl up to 600
Grenzanhydrit ‘und Tonmisch- 30 | Top anhydrite 24
Fourth salz
evaporite | Jiingstes Steinsalz (with minor 350
potash zone of Ottoshall)
Pegmatitanhydrit 3-5
Jiingerer (Roter) Salzton 50 | Salt clay 7-12
Tonbrecciensalz 20-50
Oberes  Jiingeres  Kalilager 15-30 Upper halite 50-90
(Riedel potash zone) Potash zone 0-28
U%er Third Oberes Jiingeres Steinsalz 230-500 |;Upper evaporites{ Lower halite 41-64
chstein evaporite | Unteres Jingeres Kalilager Anhydrite 17-28
(Ronnenberg potash zone) 15-30 Carbonate 2-4
Unteres Jiingeres Steinsalz 130-165
Hauptanhydrit 115
Alterer (Grauer) Salzton (dolo- 26 | Carnallitic marl 31-61
mite in upper part)
Decksteinsalz 3-10 Upper halite 0-17
Second Iteres Kalilager (Stassfurt 20-65 Potash zone 11-13
evaporite | potash zone) Middle evaporites{ Lower halite 92-277
Alteres Steinsalz 130-2, 300 Halite-anhydrite } 50-92
Basalanhydrit 6 Anhydrite
Hauptdolomit und Stinkschiefer, 30 | Upper Magnesian Limestone (marl in 117-183
mit Schlamm, Grundkonglo- part)
merat
Middle
Zechstein Oberer Mittlerer Zechsteinanhy- 70 Upper halite-anhydrite 40-117
First .. drit Lower |Upper anhydrite oly- 40-670
evaporite | Altestes Steinsalz 20 evapo- Lower halite- gah?;e in 46—-142
Unterer Mittlerer Zechsteinan- 100 rites anhydrite art
hydrit Lower anhydrite p 151-309
Zechsteinkalk 13 | Lower Magnesian Limestone, with
Lower Kupferschiefer 1 some anhydrite 365+
Zechstein Zechsteinkonglomerat 6 | Basal sands, breccias and marls

Table 20 shows estimates of the proportions of the
principal rock types in the Salado and Paradox evapo-
rite bodies. The bittern salts are included with halite
rock, but from figure 12 and plate 1, and the data given
by Smith (1933, 1938), they cannot amount to more
than about 0.2 percent of the Salado Formation.

The closest approach, in natural deposits, to the
experimental successions of tables 16 and 17 is seen
in parts of the Zechstein of Germany and in certain of
the Russian deposits. The best known case is the
“older” German cycle (cycle 2). There is considerable
lateral variation within this cycle, and two of the
chief types of succession are given in table 21 (Phillips,
1947).

In the Stassfurt district (Bischof, 1875, Riedel,

TaBLE 20.—Proportion of lithological types in the Salado For-
mation, New Mexico and Teras, and the Paradox Member of
the Hermosa Formation, Colorado and Utah

[Written communications, 1958, from O. L. Jones (Salado) and E. M. Shoemaker
(Paradox) of the U.S. Geol. Survey]

Paradox
Member
Formation | _of the
(percent) | Hermosa
Formation
(percent)
Halide rocks (halite rock, sylvite rock, and
others._ oo 84 70
Sulfate rocks (anhydrite rock, gypsum rock,
and polyhalite rock) ... ___________ 12
Carbix;ate rocks (limestone and dolomite 0
TOCK) e o i eecemeeo
Clastic rocks (sandstone, siltstone, and clay-
stone) - .- - . 24
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1913; Rozsa, 1914; Lotze, 1938) the following zones

or ‘‘regions” have been found in the older cycle:

6. Gray salt clay; 5-10 meters thick.

5. Carnallite zone; 1540 meters thick. Made up of
carnallite-halite-kieserite rock, interbedded with
halite rock. Average mineral composition
(Bischof, 1875; Everding, 1907; Boeke, 1910)
is about 55-59 percent carnallite, 22-25 percent
halite, 16-17 percent kieserite, 2—4 percent other
minerals, including anhydrite, boracite, and clay.
In places the carnallite zone is overlain by a
cap of secondary kainite formed by leaching of
the earlier salts by ground water.

4. Kieserite zone, 20-60 meters thick. Average com-
position about 65 percent halite, 17 percent
kieserite, 13 percent carnallite, 2 percent anhy-
drite, and 3 percent polyhalite, sylvite, tachy-
hydrite, bischofite, and others.

3. Polyhalite zone: 40-60 meters thick. Halite with
thin layers, patches and disseminated grains of
polyhalite. Average composition (Riedel, 1913;
Rozsa, 1914) about 93 percent halite, 5 percent
polyhalite, 2 percent anhydrite.

2. Anhydrite zone, 300-800 meters thick. Halite with
layers of anhydrite which are about 7 mm thick
on the average and have been interpreted as

- annual varves (‘“Jahresring”). Anhydrite de-
creases in quantity from about 9 percent near the
base to less than 4 percent at the top. Average
composition (Riedel, 1913; Rozsa, 1914) is about
96 percent halite, 4 percent anhydrite, with very
small amounts of clay and carbonaceous matter,
and traces of polyhalite and carnallite.

TaBLE 21.—Successions tn the ‘‘older” evaporite cycle of the
German Zechstein

[From Phillips, 1947, p. 100}

Carnallite succession Hartsalz succession

Carnallite with kie-
gerite and halite.

Sylvite with kie-
serite and halite.

Carnallite with kie-

Older potash
beds. serite and halite.

Halite with kieser-

Halite with lang-
ite and carnallite. beini

inite.
Halitg with loe-

weite.
Ha_.ltl;te with vanthoff-
ite.

Transition beds. | Halite with kieser-

ite and sylvite.

Halite with polyhalite.

Older rocksalt. Halite with glauberite.

Halite with anhydrite.
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1. “Older” anhydrite, with some halite and dolomite; as
thick as 100 meters.

The kieserite, polyhalite, and anhydrite zones (zones 4,

3, 2) represent the “older rock salt.”

These German successions resemble the theoretical
successions by having zones that contain anhydrite,
polyhalite, and kieserite between the principal potash
zone and the calcium sulfate zone. Still, these inter-
mediate zones differ from the theoretical ones in several
important respects; for example absence of kainite,
blédite, and epsomite. In most natural deposits,
however, the intermediate zones are represented by
halite rock containing only very small quantities of
minerals like polyhalite and carnallite. In the Salado
Formation, for example (Adams, 1944; Dunlap, 1951;
Kroenlein, 1939; Smith, 1933, 1938), there is a series
of many different potassium-rich layers interbedded
with halitic and anhydrite-polyhalite layers; but the
potassium-rich layers are mainly of one type, sylvite-
halite rock (sylvinite). Locally, langbeinite, carnallite,
and kieserite are major constitutents of the potash
zones, but the halite rocks contain only very small
quantities of potassium and magnesium-bearing min-
erals. Polyhalite is mainly secondary, replacing an-
hydrite.

In many natural potash deposits, potassium and
magnesium sulfates are practically absent. In Alsace
and Baden (Sturmfels, 1943) and in the Verkhnekama
deposits (Preobrazhenskii, 1939), sylvite and carnallite
are the only potassium-bearing minerals known to
occur in significant quantity. The same is true of the
Prairie evaporites of North Dakota and Saskatchewan,
and the Paradox evaporites of Utah and Colorado
(Dyer, 1945; Hite and Gere, 1958; Tomkins, 1955). In
the Upper and Middle Evaporites of the English
Zechstein, halite zones with negligible amounts of
sulfates are succeeded by halite-sylvite zones, the
sylvite of the Middle Evaporites partly replacing earlier
carnallite (Stewart, 1956). Even polyhalite is absent.

In summary, it can be said that, neglecting repeti-
tions, most of the more complete natural successions
show the upward sequence: carbonate-anhydrite; an-
hydrite-halite; halite; sylvinite and (or) hartsalz and
(or) carnallite-halite rock (Zkieserite). In some
deposits, other minerals, such as langbeinite, are
abundant local constituents of potash zones, and
polyhalite is a major secondary constituent of sulfate
zones. A few deposits (for example, the “Older” cycle
of Germany) have a more complete succession, as
follows: carbonate; anhydrite; halite-anhydrite; halite-
polyhalite; halite-kieserite; halite-kieserite-carnallite
and (or) hartsalz. Such salts as langbeinite, loeweite,
and vanthoffite are local constituents of the inter-
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mediate zones, and glauberite is a minor constituent
of the lower zones. Kainite may occur in any of the
types of deposit, but is of secondary origin. No
primary bischofite zone is found.

CHEMICAL COMPOSITION

Chemical analyses of typical evaporite rocks are
given in tables 22-26.

In the sulfate zones, most of the calcium, sulfur, and
oxygen of evaporites is concentrated, as is much of the
hydrogen if the sulfate mineral is gypsum. A good deal
of magnesium may be present in dolomite in these
zones. The principal rock type is anhydrite rock, and
this is often very pure. All stages between anhydrite
rock and gypsum rock are found in near-surface
deposits. Sometimes a considerable amount of car-
bonate is present (generally as dolomite, less commonly
as calcite or magnesite), and where it is abundant,
it is generally (though not always) concentrated in
layers, many of which are very thin. Analyses of
typical gypsum, gypsum-anhydrite, and anhydrite
rocks, with and without carbonate, are given in tables
22 and 23. Secondary polyhalite is sometimes present
in the sulfate zones, and all stages between polyhalite
rock and anhydrite rock occur. Analyses of typical
polyhalite rocks are given in tables 22 and 23. In the
Salado Formation (Schaller and Henderson, 1932) and
the Lower Evaporites of the English Zechstein (Stewart,
1949), large®amounts of potassium and magnesium are
fixed in polyhalite.

Most of the sodium and chlorine is concentrated in
the halite zones. Some halite rocks are extremely pure
(occasionally as much as 99.9 percent NaCl), but most
contain a small amount of anhydrite or polyhalite and
more or less clastic material. There are all stages be-
tween halite rock and salt clay, and between halite rock
and anhydrite rock or polyhalite rock, but most of the
thick halite zones of the larger deposits are more than
90 percent halite. Analyses of typical halite rocks are
given in table 24. Analyses of salt clays and clastic
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rocks of evaporite sequences are given in tables 23
and 26.

In the “potash’’ zones, much of the potassium and
magnesium is concentrated, together with chlorine,
bromine, sulfur, oxygen, and hydrogen. The rocks are
extremely variable in mineral composition; practically
all contain halite and many encloge a fair amount of
clastic material. The most abundant rock types are
balite-sylvite rock (sylvinite), halite-sylvite-kieserite
rock (hartsalz), halite-sylvite-anhydrite rock (anhydrit-
ic hartsalz), and carnallite-halite-kieserite rock. Less
common are halite-sylvite-langbeinite rock (langbein-
itic hartsalz), kainite-bearing rocks, and rocks contain-
ing the relatively rare salts tachyhydrite, vanthoffite,
loeweite, and rinneite. Analyses of the principal rock
types are given in table 25, and of average samples of
sylvinite zones and of carnallitic clay in table 26.

MINOR AND TRACE ELEMENTS

Our knowledge of the content of minor and trace
elements is patchy. The sulfate zones carry barium,
fluorine, and strontium. Argon is mainly derived from
potassium and is therefore concentrated in potash
zones and clays. Bromine and rubidium occur prin-
cipally in the potash zones, where iron is also locally
relatively abundant. Lithium is concentrated in con-
nate inclusions of mother liquor in the potash zones.
Many minor elements occur principally in the associated
clastic material—for example, chromium, cesium, cop-
per, iron, gallium, manganese, phosphorus, titanium,
vanadium, zinc, zirconium, and most of the silicon and
aluminum.

Some colorimetric data are given in tables 23 and 24,
and spectrographic data in tables 7 and 26. Herrmann
(1958) made a detailed spectrographic study of the
occurrence of lead, zinc, tin, copper, manganese, silver,
aluminum and strontium in halite, sylvite, carnallite,
and insoluble residues separated from German Zech-
stein evaporites. Averages and ranges of composition
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TaBLE 22.—Chemical analyses of gypsum-, anhydrite-, and polyhalite-bearing rocks of marine evaporites

A B © D E F (¢ H I J K L M N o
810;..... -- . ——— 0.51
ﬁla’:?): P |y 0107 o.08 .00
CaO. - 8237} 32.33 32.49
8rO...... O I, .10
11\{Ig0 ......... Trace .05 .92
SO } 0| e Tae
H3Ooooee 20.94 | 20.96 | 20.00 { 20.80 | 20.20 19.67
. 1.18 1. 54
45.33 45,07
Trace
Present
24
100. 08 100. 42
1 Soluble in chloroform.
3 Ignited insoluble in acid.

3 Includes also carbonaceous matter, 0.17.

A. Gypsum rock. From Hillsboro, New Brunswick, Canada. Analyst: G. Steiger (Clarke, 1915, p. 358).

B. Gypsum rock, From Alabaster, Mich. Analyst: G. Steiger (Clarke, 1915, p. A

C. Gypsum rock. From Big Horn Basin, Wyo. Analyst: W. C. Wheeler (Wel.ls, 1937, p. 122),

D. Gypsum rock. From east of Cascade, Black Hills, 8. Dak. Analyst: Q. Steiger (dlnrke, 1915, p. 358).

E. Gypsum rock. From 60-foot bed near to%;)t Minnelusa sandstone, Sundance Oangﬁj near y Ford, Wyo. Analyst: J. Q. Fairchild (Wells, 1937, p. 122).

F. Gypsum rock. From Rico-Aspen mine, Rico district, Colorado. Anlayst: W. F. lebrand (Olarke, 1615, p. 358). contains trace of TiOs.

G. Gypsum-carbonate rock. From Waterloo Mountain, Montpelier, 1daho. Analyst: W. C. Wheeler (Clarke, 1915, p. 3569).

H. Gypsum-anhydrite rock. From Nephi, Utah. Analyst: E. T. Allen (Adams and others, 1904, p. 106).

1. Gygsum-anhydrite-calcite rock. From Nephi, Utah. Analyst: E. T. Allen (Adams and others, 1904, p. 106).

J. Anhydrite rock. From 214 miles east of Gypsum, Colo. Analyst; J. Q. Fairchild (Clarke, 1915, p. 357).

K. Anhgdrlte-carbonabe rock., Banded material from Caesar Grandi well 1, Eddy Ooun:.{, N. Mex. Analyst: E, T, Erickson (Wells, 1937, p. 120).

L. Pﬂmaﬁute r%ckﬁmé'ltged ?ty(ssetgondaryl &gglacesrg%nt of halite rock. From Lower Evaporites (Zechstein), Eskdale No. 2 boring, Aislaby, near Whitby, Yorkshire, England.

yst: F. H. Stowa wart, , D. .

M. Polyhalite rock, formed by secondary re;%aoement of anhydrite-halite rock. From Lower Evaporites (Zechstein), Eskdale No. 2 boring, Aislaby, near Whitby, York-
shire, England, Analyst: F. H. Stewart (Stewart, 1949, p. 657).

N. Polyhalite-dolomite rock, forme b¥ secondary replacement of anhydrite-dolomite rock. From Lower Evaporites (Zechstein), Eskdale No. 2 boring, Aislaby, near Whitby,

orkshire, England. Analyst: F. H. Stewart (Stewart, 1949 ? 657&

O. Polyhalite-kieserite rock (partial analysis; material soluble in dilute Cl). From Lower Eva%rltes (Zechstein), Eskdale No. 3 boring, Sleights, near Whitby, York-
shire, and. Analyst: W. F. Waters. Spectrographic determinations by J. A. C. McLelland gave: Li, not detected, <0.01; Rb, Cs, not detected, <0.1; ha, Ti,
Pb, not detected; Mn, slight trace; 8r, 0.9; B, approximately 0.02. The analysis has been recast in the form of oxides. (Armstrong and oﬁwrs, 1951, p. 673.)

TABLE 23.—Analyses (weight percent) of anhydrite rock, polyhalite rock, and associated sedimentary rocks of the marine evaporite succes-
sion of the Paradox basin of Uiah, and the Salado Formation of Texas and New Mexico

[From Moore (1960, p. 114-117). Methods development and analyses supervised by F. 8. Grimaldi, U.8. Geologlcal Survey]

A B o D E F G H I
0.017 0.0042 0. 0095 0. 0095 115 6.12 321 142 0.95
.0021 . 00062 . 0013 . 00013 . 0071 . 0040 .015 .04 . 0040
<. 0009 . 0023 <. 0013 .0015- 015 .028 .034 . 081 .013
<.002 <. 002 <. <.002 . 006 01 . 006 <.002 <.002
1.76 .18 2.82 . 041 9.47 2.34 3.38 1.68 .15
.10 01 .07 .01 .15 8.23 .01 [N S O
1.86 19 2.89 .052 9. 62 10.57 3.39 L7 .16
27.17 25. 4 2.43 1L.81 28,82 8.58 3.63 12.60 .19
.15 6.94 2.05 4 .47 ,2.03 2.48 169 47.92
. 0014 ) 00014 .0013 .00013 . 0046 . 0096 . 000056 .0013
<.001 <. 001 . 035 . 005 .035 .31 .76 .12 012
1.03 . 0020 . 0084 .0070 .68 3.18 1.06 .52 33
. 060 .028 .007 .61 .14 1.06 .38 . 56 .16
<. 0002 <. 0002 <.0002 <. 0002 <. 0002 <. 0002 <. 0002 <.0002 . 0002
A7 . 025 . 075 11.83 .83 3.78 101 4.08 .78
1.8 .43 5.91 3.90 2.71 2.75 3.00 7.4 1.56
.015 . 00014 . . 000468 .036 . 050 .021 .010 . 0039
<. 00003 < <. 00003 .0022 00050 <. 00003 00010 <. 00003
067 4.67 131 3.06 .082 082 .7 .82 30.80
. 00012 <. 00008 . <. 00008 . 00079 . 0020 . 0012 .
46.62 41.74 47.13 4.4 47.87 42,40 48.51 48.69 10.69
. . 000084 ) . 000046 <. 000009 7 . . 0011
20.04 20.42 17.97 19.48 .87 2.70 .62 13.12
<. 00005 <. 00005 <. 00005 <. 00005 . 00006 <. 00005 <. 00005 <. 00005 <. 00005
.90 .030 . 089 .043 6.54 16.59 24.96 6.98 5.92
. 054 071 L0714 40 .027 .01 .025
<. 00002 <. 00002 <. 00002 <. 00002 * 00017 . 00097 . 00045 .00023 . 00015
.010 . 000078 . 0010 . 00050 .36 .23 .12
. 000042 . 000043 . 000025 . 0000015 . 00065 .. 0025 . 00021 . 00017 000048
. 00025 . 00003 . 00012 < .014 . 0020 .0012 . 00039
. 000088 . 000034 . 00016 . 00021 .0021 . 00080 . 00028 . 00061
Zr —-- . 0036 .0013 .0038 .0022 043 .047 .016 017

1 Difference from 100 percent, caleulated.
A, AJ%Itghdtlve rock. From Paradox Member of the Hermosa Formation of Pennsylvanian age; depth, 3,616 ft; Delhi-Taylor No. 8, sec. 1, T. 25 8., R. 20 E., Grand pounty,

B. Mitzs:vée anl:ydrgrte 1{'Ioek with minor halite inclusions. From Salado Formation of Permian age; depth, 2,452 ft; U.8. Potash Corp. No. 125(8), sec. 25, T. 23 8., R.4 E,,
ounty, N. Mex.
C. Lamii\laated anhydrlbe rock (Cowden). From Salado Formation of Permian age; depth, 2,841 ft; U.8. Potash Corp. No. 125(8), sec. 25, T. 23 8., R. 34 E., Lea County,

N. Mex.
D. Poblxylﬁlite rock with halite inclusions. ¥rom Salado Formation of Permian age; depth, 2,125 ft; U.8. Potash Corp. No. 125(8), sec. 25, T. 23 8., R. 34 E., Lea Oounty,
. Mex.
E. Limestone. From Paradox Member of the Hermosa Formation of Pennsylvanian age; depth, 3,699 ft; Delhi-Taylor No. 8, sec. 1, T. 25 8., R. 20 E,, Grand County, Utah.
F. Black shale. From Paradox Member of the Hermosa Formation of Pen.nsflvanian age; depth, 3,788 ft; Delhi-TaylorlNo. 8, see. 1, T. 25 S., R. 20 E., Grand County, Utah.
G. Siltstone. From Paradox Member of the Hermosa Formation of Pennsylvanian age; depth, 3,851 ft; Delhi-Taylor No. 8, sec. 1, T. 25 8., R. 20 E., Grand County, Utah.
H. Claystone. From Salado Formation of Permian age; depths, 1,860, 1,954, 2,290, 2,333, and 2,361 ft; U.S. Potash Corp. No. lzs(é), sec. 25, T. 23 8., R. 34 E., Lea éounty,

. Mex.
L Mlxe%[ halite rock, claystone, and siltstone. From Salado Formation of Permian age; depth, 2,142 ft; U.8. Potash Corp. No. 125(8), sec. 25, T. 23 8., R. 34 E., Lea County,
exX.
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TaBLE 24.—Analyses of halite rocks of marine evaporites (weight percent)
[From Moore, (1960, p. 111-113), Methods development and analyses supervised by F. 8. Grimaldi, U.8. Geological Sarvey]

A B [o) D B F e}
Al 0.0023 0.0035 0.0035 0.0011 0.0013 0.0015 0.0011
B . 000053 .00016 . . 00013 . 000011 . 00034 . 00037
. Ba. .00027 .00018 . 00018 .00009 00009 00027 .00027
Br. .002 .03 .003 004 ,003 .005 .01
o .008 .01 008 .01 008 . 006 . 006
Oa. 47 1.16 .13 1.09 1.54 1.72 .
Ol 59. 67 57.94 60.13 58.43 57.71 56.97 59.74
Cu.. 00065 . . . .00023 . 00021 . 00010
N .013 .005 <.001 <.001 <.001 <.001 .001
Fe. 00 . . 00091 . 00070 0013 00063
- 001 017 . .001 .001 .001 .002
I <.0002 <.0002 <. 0002 <. <. 0002 <. 0002 <. 0002
032 16 .17 .017 . 0083 .0027
S - . 025 .13 . .0024 . 0097 .010 .011
n <. 00002 <.00002 < . 00043 .0011 0020
0. <. 00003 <. 00003 <. 00003 <. 00003 <. 00003 <. 00003 <.00003
Na 38.61 87.40 38. 37.92 37.21 37.01 38.64
. . 00016 . 00024 . . . 00035 .
[ X .87 2.11 . 1.63 2.28 2.87 .75
Pb. . 00012 . 00011 . 000074 . 00054 . 00015 . 00012 .
g ..... .38 1.00 19 <P <1.22 <1.39 <.3o 5
Q. <. 00005 <. 00005 0000, . 00005 . 000058 0000,
8l . 0065 024 ,016 . 0022 . 0037 . 0065 . 0032
Sr. 0088 .018 . 0062 0081 . 0052
Th - <.00002 <.00002 <.00002 <. 00002 <.00002 <.00002 <.00002
T4, - . 000060 . 00016 . 00013 . 000060 . 000096 . 000034 . 000060
U . 0000025 . 0000015 . 6000015 . 0000010 . 0000010 . 0000010 . 0000010
V. <.00003 <.00003 <.00003 <.00003 <.00003 <.00003 <.00003
Zn . 000056 . 000012 . 00011 . 00012 . 00030 . 00012 . 000008
Zr. <.00004 <. 00004 <. 00004 <. 00004 <. 00004 <. 00004 <. 00004

1 Difference from 100 percent, calculated.
A, M(a}sdw ha%te rock, From Paradox Member of the Hermosa Formation of Pennsylvanian age; depth 2,304 ft.; Delhi-Taylor No. 8, sec. 1, T. 25 8., R. 20 E., Grand
B. 'I‘hin bgaed halite rock. From Paradox Member of the Hermosa Formation of Pennsylvanian age; depth 2,902 ft.; Delhi-Taylor No. 8, sec. 1, T, 25 8., R. 20 E,, Grand
o, Hﬁm wYth polyhalite blebs. From Salado Formation of Permian age; depth 1,872 and 1,956 ft.; U.8. Potash Corp. No. 125(8), sec. 25, T'. 23 8., R. 34 E., Lea Oounty, N.
D. Halite rock. From Orchard salt dome; depth 1,258 to 1,275 ft.; Duval Sulphur and Potash Co., Moore Estate, well no. 554, Fort Bend County, Tex.
E Halite rock. From Venice salt dome; dep 2 803 to 2,806 lt. "Mdewater Oil Co., Buras Levee district no. 6, uemines Parish, La.

F. Haliterock, From Venice salt dome; de(f 785 to 3,808 ft.; Tidewater Oil Oo., » Buras Levee distri ct, no. 5, Plaquemines Parish, La.
G. Haliterock, From Blook 16 salt dome; depth 2,351 o 2,361 ft.; Humble Ofl Oorp.; 1oase 800, core test 1. 3, Jefferson Parish, La.

TaBLE 25.—Analyses of potassium-bearing marine evaporite rocks

A B o D E F G H I 2 K L M N

Mg 0.02| 008| 03| 248{ 48| 022| 034| 08| 005 658| 7.00| 6.67| 540 | 456 8.00
Ca. 1.09 .15 .18 .50 .59 4.25| 4%5| 4.33| 7.79 .80 .59 .37 .36 .98
Na. 23.25 | 3555 | 24.39| 30.81{ 17.70| 31.49| 28.09| 20.85| 12,66 | 11.78 | 6.69| 10.74 | 20.50 | 22.49 7.46
K. 1501 | 4.58| 1817] 294| 1L71| 2.60] . 13.50 | 21.13| 896 | 11.40| 11.27| 88| 2.78 8.77
80 2,26 .36 .84 1 10.28 | 18.76 | 11.06 | 11.16| 12.31| 18.90| 10.86 | 1.41 | 26.56 | 31.06 | 67.43 9.34
[8)] 60.23 | 59.20 | 54.73 | 50.53 | 30.19| 50.68 | 49.11 ) 45.28 40| 3870 | 4131 | 27.25 | 33.07 73| 37.60
H;0 .32 13| L09| 2.59| 5.48 .16 .32 2.64 W17 22,03 81.51 | 14.44 .| 18] 2748
810, .05 .06 .40 .39 .27

- . .01 . . .
Insoluble 7.51 .36 30
Olay, waterfreo. .26 172 .70 2,71

Total.. 99.60 | 100.41 | ©09.99 | 100.25 | 90.98 | 100.44 | 100.22 | 100.34 | 99.80 | 100.25 | 100.00 | 100.01 | 99.94 | 99.79 | 99.77

A, Halv;vte-sylvite rock (“Sylvmlt"). From Amelie mine, near Mulhouse, Alsace, Avemge of two analyses of average samples as mined and shipped. Analyst: E. T, Erickson

B, Halite—sylvite ck with accesso ry anhydrite and magnesite From Malagash, Nova Scotia. C. Rickaby, 1923, .) Ca and 804 ven originally as OaQ and 8Os,
o. alite—sy vite rock (“Sylvinit.”) Normal eo:ﬁposi a' (Boeke, 1910) 0 22 Mg is(lsioluble and 0.11 Mg gmoluble in aleohol, ¢

D. Halito-kieserite-sylvite rock (“Kleseritischer alit”), 'From Glickauf-Sonderhatisen, Germany. (Nsumann, 1911, p, 618,) Mineral composmon is halite 78.19, sylvite

5,12, kieserite 13.13, anhydrite 1.67, eamallit.e 1.89,

E. Halite—sylvile—kieseﬂ rock (‘¢ nrl:salz") Normal com; Germany. (Boeke, 1910,) In alcohol, 0.44 Mg is soluble and 4.39 Mg insoluble,

ankie szgrltuyl 2slv;iuh ;od(i_ik tg“Anhydﬂﬂmher Haut") From d derhausen, Germany, (Naumann, 1611, p, 618,) Mineral composition is halite 79.91, sylvite
G. Hglmnhvlte b géiglmykiesgﬂ "'1::11'0&!79 a(x“‘hAylllil;lvddﬂmher Sylvinhalit”), From Gliickauf-Sonderhausen, Germany, (Naumann, 1911, p,618,) Mineral composition is halite 71.37,
H. Halitasylvi te-anhydrite-carnallite rock (“Anhydritischer Sylvinhallt’gs From Glickauf-Sonderhausen, Germany. (Naumann, 1911, p, 618) Mineral composition is

te-anhy
te 52,92, sylvite 24,68, kieserite 2,79, ydrite 14
L Sylvite-hante ydrlte toci: (“Anh tﬁartsah ‘Wolkramshausen, Germany. (Boeke, 1010,) 0,02 Mg is soluble and 0.03 Mg insoluble in alcohol,

i

J. allite-balite rock (“Kiese: alitmmamt"). From Glilckauf-Sond erhausen, Germany, sumann, 1911, p. 623,
K. Carnallite-hall rock “Haliteamam . Normal composition, Germany. (Boeke, 1910.) 7. 09’ Mg 50! lublo tu(b;leo hol, P )
L. Halite-kainite rock (“Halitkainit”’), Normal composition, Germany. (Boeke 1916) 6.67 Mg insoluble ln alcohol
M, Langbeinite-halite rock (‘‘Langbeinithalit’”). From Gewerkschaft Friedrich- qu, Lubtheen, Germany. (B ke, 1010,) 5.40 Mg insoluble in alcohol,
161'. Van ottl;t/la!;uoc'g‘ (“Vm&ofﬂ%% meF:gllheM % $nderbeck Germany, (?gt;ehe, 191('; ) 0% alwtl;?l 4,56 Mg inso] :)I‘l)glle e s to 5874, halite 18.96.
. Oarnalli kieserite-tachy! rock, ansfel Germ lmng , 11, com] carnalli . o
Kkieserite 13,08, tachyhydrite 10,58, syivite 2,29, anhydrite 0.37, insol%e any. ( 5p.1
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TaBLE 26.—Analyses of potash zones and salt clays of marine
evaporites

[Analyses A, B, and O are from Armstrong and others, 1951, p. 670, 686, 688.
Analys! 'C." 0. Harve arvey. Semiquantitative sgectrogmphi determinations
(mmked *) byJ A. C. MacLelland. Water insoluble material analymd by semi-
miecro methods. N.d,, not detected. nearly equal to. Ignition, matter
volatile on ignition, other than 00: and S (ma.lnl H,O* [105‘0}) ’l‘he tollowing
were looked for, but not in the water-soluble Ba®, CO,, Cs®,

P1Os, Rb*, TI*. The tollowlng were looked for s & bui not iound.
in the water-insoluble parts of A and B: Be, Bi, Eu, Mo, Nb,
Ni, 8b, Ta, Th, W, Yt, Zr}
A B (o) D
CHEMICAL ANALYSES
‘Water-soluble matter
Mg 0.09 0.09 0.88 0.19
Ca. 1. .82 199 123
Noo._- 19.47 29.16 8.72 2.07
K. - 21.70 6.73 1,62 2.10
804 2.74 1.81 2.77 .57
Ol.... 49.83 50. 94 15.69 7.37
)3 N .104 . 014 . 041
Mn®*. - N.d. Trace
e cm———e—an Trace Trace Trace
) g 2, ‘Trace Trace
) 7 L Nd N.d.
‘Water-insoluble matter
810, 2.36 591 35.83 25.17
TiOs. .04 .08 082 feeomceocaas
AlOs .59 1.49 10. 47 9.79
BaOs® e cameeaee =2.005 =1 o
Crs10;. N.d, N.d. N ) R A,
V10;*. Trace Trace | oo eee|omcaeaaee
Fe20; .12 .34 2.28 .82
FeO et .09 .19 .74 . 34
MgoO. .72 .99 6.59 5.81
MnoO-*.. . Trace .
Ca0. .02 .02 .21 11.63
8rO*. Trace Trace Trace |-eeeooceeaee
BaO* . Trace Trace 02 e
NagO o Trace .02 .17 .07
K0 .04 . 60 L73 4.23
Lis0 N.d. N.d. 02 oo
P30s. Trace Trace 10 oo
CO;s. A1 .09 142 13.48
80s .03 Trace 14 138
Ol.. Trace Trace
Fa‘ki 'ﬁf T”gl‘” 3 23 """""""
on .
otal Hi0— (105°0) . ---rrmmmmn 25 25 36 [} 100
ic. 2.01
Totalcn i iaeancnanane 99.98 100.05 99,32 100. 36
CALCULATED MINERAL COMPOSITION
A B
HAULO oo e e 49.5 74.1
Sylvite. 40.7 12,5
arnallite. 1.0 L0
A.nhyg;ii:: 4 g 2.6
Dotoomite 20 -1
Talg. 2.0 2.9
THimentte. .08 .1
Hematlte. .1 .3
te. W04 |oeomaeaee
icate minerals.. L9 6.8
Total 9.5 100, 4
1 Total water.

A. Average sample of 31-foot bed of hall
r’l{tes steln). From Eskdale

1vite rock; potash zone of Middle Evapo
o003 borebole, Slelghts, near Whit v,

0
Average sam; photl&!ootbedolhallto 1vite rock; potash zone of Upper Evaj
rwes Zechstein). From Eskdale ﬁ) 3 boreho]e, Sleights, ppev?m@:

C. Average Mﬁle of 40-foot bed of salt clay with about lgrercent carnallite and 17
Carnallitic Marl between Upper and Middle Evaporites (Zech-
steln), h'om Eskdale No. 4 boreh ole, Sneaton, near Whl Yorkshire.
D. Avemxe of eight anaiysos of salt clays (Oligocene ittelsheim, Alsace,
lected from the a.nslysos given hlgg rgey (1 12 p 443). The content of
organlc material is exceptionall
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computed from some of his data are given in tables
31, 32,and 33. Additional data for certain elements are
given below.

Alkali metals.—The ionic radius of rubidium (1.49 A4)
is not much larger than that of potassium (1.33 4),
which it replaces; natural carnallite contains 0.028-
0.035 percent RbCl (Wilke-Dorfurt, 1912; Heyne,
1912). In halite, 0.0005-0.037 percent rubidium has
been found (Thomson and Wardle, 1954; Berg, 1929).
Cesium (1.65 A) is very scarce in marine evaporites and
is concentrated mainly in the associated clays; 21 ppm
Cs,0 have been found in the Younger Salt Clay of the
German Zechstein, and 2 ppm CsCl in carnallite
(Goldschmidt, 1954; Jander and Busch, 1930). Lith-
ium (0.78 A) has been detected spectrographically in
marine evaporites and is present in the associated
clays and clastic material. Connate waters enclosed
in the salts are rich in lithium (Fulda, 1939).

Argon.—Minute amounts of atmospheric argon may
have been trapped in evaporites during their formation,
but the argon present in potash deposits is mainly
derived from the K* isotope. It has been used for
age determination, and it is interesting that some salts
in Permian rocks have given post-Permian ages (for
example, Noddack and Zeitler, 1954 ; Smits and Gentner,
1950; Gentner and others, 1953, 1954). This suggests
that such methods may prove useful in dating secondary
changes.

Arsenic—Gautier (1903) found 0.011 ppm arsenic
in halite from Stassfurt and 0.03 ppm in salt from the
coast of Brittany.

Barium.—Barium replaces calcium in anhydrite and
gypsum but is usually much less abundant in halite
rock (see tables 23 and 24). In German evaporites,
von Engelhardt (1936) found 210 ppm barium in salt
clay; 1-3 ppm in anhydrite rock and anhydrite-halite
rock; 3-10 ppm in gypsum, polyhalite, some halite,
carnallite, and sylvite; and <10 ppm in clear halite.

Boron.—Data on the boron content of minerals and
rocks of marine evaporites are summarized in table 27;
they were taken from the work of Blitz and Marcus
(1911), Harder (1959), Kropachev (1960), and Moore
(1960). (See tables 23 and 24.) There is agreement
that the salt clays are notably enriched in boron.
Harder has shown that this is true of clays in general.
The boron contents of the other types of rocks and of
the various minerals show very large variations; this
might be due in part to irregular disseminations of
borate minerals and in part to the presence of clay in
the samples. Harder observed a notable enrichment
of boron in the Zechstein Basal Anhydrite.

Bromine.—A selection of the numerous data on
bromine is given in table 28.
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TABLE 27.—Boron in the minerals and rocks of marine evaporites

DATA OF GEOCHEMISTRY

TaBLE 28.—Bromine in the minerals and rocks of marine

Ntl)]em~ {(ppm) Boron
Material ofr Source of data
sam- Range Aver-
ples age
Halite rock_.___.. 6 0-50 |[-...| Harder, 1959.
DOceceae e 2 0-379 |-... Billtgzl:;nd Marcus,
Do____._... 7 0-4 |.__. Moore,' 1960.
Sylvinite__.______ 3 0 ———- Bxlltagz1 1sa.nd Marcus,
Bischofite.._._..__ 1 3 RO Do.
Sylvite. . .o _.._ 1 0 JEUN PP Do.
Carnallite________ 1 0 ———— Ha.rder, 1959,
Carnallite-halite
rocks__________ 19 0-625 |158 Bllltgz1 1and Marcus,
Halite-kieserite )
rocks._.__._.__. 5 31-152 | 89 |--.-. Do.
Halite-polyhalite
rock. . ______.. 1 0 ----| Moore, 1960
Polyhalite....__.__ 1 0 ———— Bllltg1 and Marcus,
1.
Do ... 1 |=800 ---| Harder, 1959.
Hartsalz..__._._. 6 0-516 |356 Billtgl f,nd Marcus
.......... 2 0 --.-| Harder, 1959.
Anhydnte rock_._._ 3 6-21 13 | Moore, 1960.
Do e 62 1-500 | 68 | Harder, 1959.
Do__________ 22 |- 16 | Kropachev, 1960,
Gypsum rock
epigenetic) ... .| 207 | . ____._ 17 |- Do.
Gypsum rock - 2 0-14 |-...| Harder, 1959.
Salt clays________ 8 0-1240|606 Bllltgzﬂnd Marcus,

Small amounts of bromine (ionic radius 1.96 .A)
replace chlorine (1.81 A) in all the chlorides. Bischofite,
carnallite, some sylvite, and the secondary mineral
tachyhydrite contain the element in notable quantity.
Practically no bromine separates from the brines during
the deposition of the carbonate and sulfate zones of
marine evaporites. As soon as deposition of halite
begins, bromine is extracted from the liquid, but because
of its larger ionic radius, it tends to become concentrated
especially in the later products, as the table shows, and
the Br:Cl ratio gradually increases in the residual
liquid. The bromine content of halite therefore in-
creases steadily toward the top of a primary sequence,
whereas in a series of secondary evaporites the bromine
content may behave irregularly. Bromine may there-
fore prove to be a key element in studies of the origin
of evaporite rocks, and this has led to much interesting
work (D’Ans and Kiihn, 1940, 1944; D’Ans, 1947b;
Baar, 1954, 1955; Kiihn, 1953; 1955a, b, c), which has
been recently summarized by Kiihn (1955¢). The
following data (table 29) from the latter publication
show how the bromine content of halite increases
consistently through the primary sequence at Stassfurt.

Chromiuym.—Frélich (1960) found 1 ppm chromium
in halite rock, sylvite, polyhalite, and gypsum rocks
from the Zechstein, but much larger amounts in
Zechstein clays.

evaporites
Bromine Weight Source of data
percent
Bischofite....._._.. 0. 467 Winkler (1917).
Boracite_ . _._._ . 005 Kiihn (1955a).
Ericaite__ ... . 083 Do.
Carnallite....___.___ 0. 07-0. 46 | Chirkov (1944) Efremov
and Veselovski (1928);
Kiihn (1955a); Lind-
berg (1946); Winkler
(1917).
Halite. . ooeeeoaoae 0. 001-0. 069 Ch(ilrsl;(ogr )(1944); Kiihn
55a).
Kainite__ ..o ._._ 0. 036-0. 131 | Kithn (1955a).
Koenenite..__..._._ 0. 029-0. 065 Do.
Langbeinite_ _______ . 016 Winkler (1917).
Rinneite. . ... ___.__ 0. 04 -0. 065 Bo(eil%% 5(1§)09b, ¢); Kithn
a).
Sylvite - e 0. 05 —0. 46 Chirkov (1944); Kiihn
. (1955a); Lindber;
(1946); ‘Winkler %1917)
Tachyhydrite....... 0.18 0. 44 Ki.’(lil&%!)%a) Winkler
Carnallite-bearing 0.01 —0.25 | Chirkov (1937); Lindberg
rocks. (1946) ; Mir (1946)
Halite-sylvite rock._| 0. 014-0. 331 Armstrong and others
(1951) ; Chirkov (1944);
Lmdber%V 1946) ; Mir
(1946); Winkler (1917).
Halite-sylvite- . 027 kaler ( 1917).
kieserite rock.
Halite rock______.__ 0. 002-0. 02 | Aleksandrov and Lev-
chenko (1953); Moore
(1960) Shchepetumn
(1937).
Polyhalite rock...__ <. 002 Moore (1960).
Anhydrite rock.____ <. 002 Do.

TaBLE 29.—Bromine content of halite of Stassfurt evaporiles

[From Kiihn, 1955¢]
Weight percent Br
per 100 8ercmt

Source of halite
Carnallite zZone. . oo v e 0. 028-0. 048
Kieserite zone. - e oo e e . 023~ . 028
Polyhalite z0ne_ - oo .017- . 023
. 003- . 017

Anhydrite zone____ oo

Copper.—In the Stassfurt salts, Biltz and Marcus
(1909b) found 0.16-0.5 ppm copper in halite rock;
0.6-0.75 ppm in carnallite; 0.75-0.45 ppm in anhydrite
rock; and 1.7-6.5 ppm in salt clays. Lietz (1951)
found 0.16-0.45 ppm copper in halite rock from the
Reitbrook salt dome. Runnels and others (1952)
found that copper is concentrated mainly in water-
insoluble residues in Kansas salt. In Russian evapo-
rites, Galachowskaya (1953) found 0.019-0.16 (average
0.079) ppm copper in four samples of halite rock, and
0.06-2.76 (average 0.8) ppm in four samples of halite-
sylvite rock. Kropachev (1960) reported average
contents of 5 ppm copper in 22 anhydrite rocks and 23
ppm copper in 116 epigenetic gypsum rocks (formed by
hydration of anhydrite) from the Permian of the fore-
Urals. The mechanism of this apparent enrichment in
copper (also in manganese and strontium) during the
process of hydration is not clear.
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Fluorine.—Fluorine occurs principally in sulfate
deposits and salt clays, where fluorite and sellaite have
been recorded. The following figures for German
evaporites are from Koritnig (1951): 0.013-0.087 per-
cent fluorine in gypsum rock; 0.013-0.081 percent in
anhydrite rock; 0.089 percent in anhydrite residue from
rock salt; 0.0002-0.0057 percent in halite rock; 0.002
percent in polyhalite rock; 0.030 percent in potash
zone; and 0.275 percent in gray salt clay. Danilova
(1949) reported 0.012 to 0.02 percent fluorine (average
0.0142 percent) in 7 samples of anhydrite, and 0.010-
0.015 percent (average 0.0125 percent) in 5 samples of
gypsum.

Gallium.—None has been found in the soluble salts,
but clay from evaporite deposits contains 5-10 ppm
gallium (Goldschmidt, 1954).

Germanium.—Goldschmidt and Peters (1933) re-
corded 1-5 ppm GeQO, in German salt clays.

Gold.—Friend and Allchin (1940) reported 23 ppm
gold in blue halite, and 4 ppm in blue anhydrite. Gold
and silver have been detected in salt dome caprocks
(Hanna and Wolf, 1941). (See also Goubeau and
Birckenbach, 1938.)

Iodine.—The relatively large ionic radius of iodine
impedes its replacement of chlorine and should lead to
its concentration in the late liquids. The relatively
low I:Cl ratio in marine evaporites relative to that of
sea water has been ascribed to loss of iodine to the
atmosphere during evaporation (Goldschmidt, 1954).
Data on iodine have been collected by the Chilean
Iodine Education Bureau (1956). A selection of these
data is given in table 30 and is based on the works of
Aleksandrov and Levchenko, 1953; Bleyer, 1926; Bohn,
1917; Cavaye and Hoyos, 1953; Eckstein, 1928;

TaBLE 30.—Iodine expressed as parts per million, in the minerals
and rocks of marine evaporites

Number
Range Average of
samples
Carnallite . . _ . _________ 0-5.0 0.24 57
inite . - .. 0-0.9 .23 9
Kieserite. . - o oo 0-0. 062 . 020 7
Rinneite. ..o 0. 026 . 026 1
Sylvite .. 0-0. 060 . 014 7
Tachyhydrite_______________.__ 0~0. 009 . 005 2
Carnallite rock (carnallitite)..__ 0-0. 09 .03 6
Halite-sylvite rock (sylvinite). .. 0-0. 133 . 012 43
Halite - sylvite - kieserite rock
(hartsalz) . ______________ 0-0. 106 . 018 18
Halite-sylvite-langbeinite rock
(langbeinitic hartsalz) ...._.__ 0-0. 023 . 008 3
Haliterock. - oo 0-1.0 . 102 170
Anhydrite rock________________ 0.016-0. 3 . 106 7
Gypsum roek. ___.____________ 0-0. 27 . 065 4

1 Winkler’s values (1916a, b) have been omitted, because they include the extraor-
dinary value of 73.1 ppm.
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Efremov and Veselovski, 1928; Fellenberg, 1924;
Geilmann and Barttlingck, 1942; Koelichen, 1913;
Krafft, 1924; Kraze, 1909; R&dulescu and Georgescu,
1925, 1927; Roeber, 1938 a, b; Rozsa, 1917b, 1924;
Scharrer and Schwaibold, 1928; Schreiber, 1926; and
Winkler, 1916a, b.

Iron.—Herrmann (1958) detected traces of iron (34.1
ppm average) in 5 out of 21 analyzed samples of halite
from the Older Rocksalt of the South Harz in Germany.
In three vertical sections through a layered series of
halite rocks and hartsalz, he found the following average
concentrations: 21 ppm iron in halite from layers of
halite rock; 77 ppm in halite from hartsalz layers; and
448 ppm in sylvite from hartsalz layers. In Russian
evaporites, Galachowskaya (1953) found 3.7-5.1 (av-
erage 4.4) ppm iron in 2 samples of rock salt, and
1.5-7.36 (average 3.3) ppm in 4 samples of halite-
sylvite rock.

Lead—The lead content of German Zechstein
evaporites was studied by Born (1934), who found
0.08-0.49 ppm (average 0.17) in 8 samples of halite;
0.01 ppm in 2 samples of blue halite; 3.17 ppm in
sylvite associated with blue halite; 0.17-0.27 (average
0.20) ppm in 4 sylvinite samples; and 0.04 (average)
ppm in 4 carnallite samples. Lietz (1951) found 0.76
and 0.17 ppm in halite from the Reitbrook salt dome.
In Russian evaporites, Galachowskaya (1953) found
0.0412-0.049 (average 0.045) ppm lead in 2 samples of
rock salt, and 0.0076-0.032 (average 0.016) ppm in 4
samples of halite-sylvite rock.

Manganese.—In Russian evaporites, Galachowskaya
(1953) found 0.0252-2.38 (average 0.63) ppm in 4
samples of halite rock, and 0.015-0.298 (average 0.17)
ppm in 4 samples of halite-sylvite rock. Kropachev
(1960) reported averages of 120 ppm manganese in
80 anhydrite rocks, and 370 ppm manganese in 283
epigenetic gypsum rocks from the Permian of the
fore-Urals.

Nitrogen.—Biltz and Marcus (1909a) found that NH,
occurred only in very small quantity in most Stassfurt
salts, but that carnallite and sylvite contained up to 77
and 61 ppm NH; respectively. They found almost 10
ppm N,O; in salt clay.

Morachevskii and others (1937) recorded the presence
of N, H,, and CH, in carnallitic rocks that are held at
pressures as great as 50 atmospheres in the Verkhnek-
amsk district.

Phosphorus.—Phosphorus is concentrated principally
in the clays; Koritnig (1951) found 0.092 percent P,O;
in gray salt clay and the following percentages in
German evaporites: 0-0.006 in gyspum rock; 0-0.005
in anhydrite rock; 0.005 in the anhydrite residue from
rock salt; and 0-0.0004 in halite rock.
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TaBLE 31.—Trace element analyses of halste and water-insoluble mateg’;zl from halite rocks of German Zechstein evaporites.(afier Herrmann
196,

Feo determined colormetrically; the other elaments spectrographically, N.d., not determined; (*), below limit of determination, Averages and ranges of composition com.
L ! ted from Herrmann'’s tables 14—'19, and 22, which give results of individual analyses]

Source and number of
8amples_ . coeeacauen A (23) B (12) (o X)) D@ E (19 F@

In milligrams of elements in 100 g of halite

0.013 (<0.001-060) 0,041 (0.006-0. 086) 0.006 (0.003-0.009) 0.002 (0-0.006) 0.026 (0-0,170, : 0.003 (0,002-0.005)
.0105((2-0 024)) . :; 021 (0-0..055) .001 (0-0, 004) 003 ((()690 ,010; ) 000 (0-0, 0)36)
080 (0.009-0,251) 018 (0.001-0.0 .056 (0-0.200) 1028 (0.010-0,072) .040 (0.010-0. 090; 106 (0.014-0.191)
026 (0-0.135) 037 €0.005-0.090 037 (0.015-0,088) 007 (0-0 014) 079 (0,020-0,150; 075 (0.040-0,116)
00003 (0-0.0005) <.002 (0.<0.002) 0001 (0-0,001 0002 (0-0.f *

.232 (0-1.125) .114 (0-0.966) >.510 (0.053->>2,000) <.020 (0-0.025) . 147 (<0,020-0,743) 081 (0.038-0.197)

N.d. N.d. N.d. 2.36 (1 sample only) | N.d. N.d.

In parts per million, by weight, of el ts in water-insoluble material which includes anhydrite, kieserite, and clay

<10 (0-10) <10 (<10-10) o) <10 <1o-10) <10 (0-10) <10 (0-<10)
<10 (0-10) <10 (0-10) o <10 (0°10 . ’
<10 (0-100) 30 (<10-100) <10 (0-<10 o< 1ooo) <10 (<10-10) <10 (<10
20 (<10-100) 10 (<10-<100) <10 o-m).) <10 (<m)() <10 (0-<10 <10 (<10-10)
>500 (1o->1ooo) (0->>1000) 730 (10->1000) 10-(<1000) (<10-100) 257 (10-1

S LI $3000 (<1000->5000) | (4300->>5000) 2600 (1200-4000) (3800->>5000) (1900->>5000) (3700->>5000)

A, Older Rocksalt, Kaliwerk *QGliickauf”’ Sondershausen, South Harz region (Herrmann, tables 14, 15, 7%
B Older Rocksalt. Kaliwerk “Karl Marx” Sollstedt-Craja, South Harz region (Herrmann, 1958, table 16
Younger Rocksalt., Grona 2 and Grona 4 boreholes, Magdebnrg-Halbetstadt region (Herrmann, 19858, table 17),
lé[oanttg-gck (“IIIJnstrutbaxlllft"'s). tan}’oTs ;ayers interbedded with halite-carnallite rock in the Older "Potash deposits (Stassfurt series): Kaliwerk ‘“Gliickauf,” Sondershausen
uf arz (Herrmann,
E. Halite rock (‘lgsg'sttrugll:ml)z”) From layers interbedded with hartsalz in the Older Potash deposits (Stassfurt series). Kaliwerk “Gliickauf’’, Sondershausen, South Harz
errmann, 2|
F. ]éalite rock.” From KCl-poor part of hartsalz bed (‘‘Vertaubung”) in the Older Potash deposits (Stassfurt series). Kaliwerk “Gliickauf”, Sondershausen, South Harz
(Herrmann, 1958, table 22).

o]}

TaBLE 32.—Trace-element analyses of halite, carnallite, and water-insoluble material from carnallite-halile rocks of the German Zechstein
evaporites (after Herrmann, 1958)

[Determined spectrographically; (*), below limit of determination. Averages and ranges of composition computed from Herrmann’s tables 18, 20, 21, which give the results

of individual analyses|
Source of samples....... A B (o}
Mlneral and number of
samples. - oceooeeeao. Halite (5) Carnallite (5) Halite (3) Carnallite (3) Halite (3) Carnallite (3)
In milligrams of elements in 100 g of mineral
| o | T 0. 006 (0. 005-0. 008) (‘; 0. 010 (0. 005-0. 019) 0. 008 (0. 003-0. 016 0.023 (0. 012-0. 032) 0.003 (0. 002-0. 004
:: g:; %: 4 ; .068 (0.( 9)22—0. 14 %:; .028 (0. 928-0.
L] . 017 (0. 007-0. 034; (‘; . 061 (0. 015-0 091; .133 (0. 064-0. 228; . 320 (0.170-0. 500; . 276 (0. 253-0. 312
Mn . 030 (0. 017-0. 0586 0. 0006 (0-0.003) .044 (ona sample, . 011 (0. 010-0.013 36 (0.072-0.175, .019 gO . 011-0. 023,
Ag * 1% ¢ <0.002 (0-<0. 002) 0. 002 (0-<0. 002)
Al <0. 020 (0-<0.020) (&4 + 217 (0. 070-0. 340) .135 (0. 046-0. 184) (0. 508->>2000) . 519 (0. 431-0. 626)
In parts per million, by weight, of el ts in water-insoluble material, which includes anhydrite, kieserite, and clay
10 10 0~100, o 10 (0- <10; *
élo 5&210} <go (0-%0) 0 < 2‘)< ) (j‘ <10 (02<10
66 (10-100, 80—1000) h 33 (0-100) <10 0—10 40 (<10-100]
>10 ( > 10-10) <<ll ) (5'_12—11(%) (0-100) <10 %9;<10) <10 (<10-10 <10($0-10)
240 (0-1000) 200 (0-1000) (0->1000) (0~1000) (1000->1000) >1000 &1090.%
(0->>5000) (<1000->>5000) (0-1400) <1000 (0 <1000) 4500 (4100-5000) 4200 (39004

A, OCarnallite-halite rocks. From layers interbedded with halite rocks (Herrmann, 1958, table 18). Older Potash depostis (Stassfurt series). Kaliwerk “Glatickaut,” Son-
dershausen, South Harz.

B Cmamwhns'llw rocks, From layer lnterbedded with hartsalz (Herrmann, 1958, table 20). Same locality.
Carnallite-halite breccia (“Trimmercarnallitit”’). From layers interbedded with hartsalz (Herrmann, 1958 table 21). Same locality.
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Selenium.—Less than 0.5 ppm selenium has been
reported in anhydrite, polyhalite, kainite, and kieserite
(Goldschmidt and Hefter, 1933).

Strontium.—This element occurs in celestite and the
very rare heidornite, strontianite, strontiohilgardite,
p-veatchite, and goyazite. Most of the strontium of
marine evaporites, however, replaces calcium in the
sulfates and carbonates. Noll (1934) found 0.17-0.69
percent SrQO in anhydrite rock; 0.003-0.13 percent in
gypsum rock; 0.12 percent in polyhalite rock; and
0.00002-0.0002 percent in sylvite and carnallite. He
found that the gypsum which has replaced earlier
anhydrite by hydration at ordinary temperatures can-
not always retain all the strontium of the anhydrite,
and so celestite is formed. This may provide a clue to
the origin of some anhydritic deposits, because primary
anhydrite might contain more strontium than anhy-
drite which bas replaced primary gypsum. Kropachev
(1960) reported an average of 0.07 percent SrO in 22
anhydrite rocks, and 0.16 percent SrO in 207 epigenetic
gypsum rocks from the Permian of the fore-Urals.

Uranium.—Bell (1960) has shown that the average
uranium content of evaporitic minerals is less than 0.1
ppm. The uranium of evaporitic rocks is concentrated
in clays and organic matter. He found as much as 380
ppm uranium in samples from a clay-rich layer in the
Salado potassium-bearing evaporites. The high figures
are associated with an exceptionally high phosphate
content. Uranium contents of the black shales of the
Paradox basin (6-57 ppm) are considerably higher than
those of the associated dolomite and anhydrite (1-11
ppm).

Vanadium.—Kropachev (1960) reported no vana-
dium in 9 anhydrite rocks and an average of 2 ppm
vanadium in 17 epigenetic gypsum rocks from the
Permian of the fore-Urals.

Zine.—1.5 and 0.35 ppm zinc were reported in rock
salt from the Reitbrook salt dome (Lietz, 1951); 18 and
32 ppm were recorded from German salt -clays
(Wedepohl, 1953).

Zirconium.—Degenhardt (1957) gives 0.2 and 0.5
ppm zirconium in halite rock, less than 0.1 ppm in
sylvite, and 0.1 ppm in sylvinite. All the rocks are from
the German Zechstein.

SECONDARY CHANGES
GENERAL

—

Some of the most noteworthy differences between

natural and experimental evaporite successions are as

follows:

1. Gypsum is practically absent in nature except in
near-surface deposits.

2. Carbonate is more abundant in many sulfate zones

than would be expected.
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3. Polyhalite is often absent. Where present, it is
sometines associated with anhydrite rather than
halite.

4. The potassium-free magnesium sulfate zone is often
absent. Where it is present, it does not normally
contain salts such as epsomite, blédite, and hexa-
hydrite; their place is taken by kieserite or rarely,
langbeinite, loeweite, or vanthoffite.

5. Kainite is generally absent, occurring in significant
quantity only in cap zones over potash deposits.

6. Sylvite appears in experimental successions in very
small quantity at exceptionally low and high tem-
peratures, but not at all at normal temperatures.
Yet sylvite is the most abundant potassium-
bearing chloride in natural deposits, and it is
frequently associated with kieserite—a paragenesis
stable only above 72°C.

7. Other salts not expected on experimental grounds,
such as rinneite and tachyhydrite, are present in
small quantity in some natural deposits.

8. Bischofite is very rare in natural deposits, although
a thick bischofite zone would be expected.

9. Calculations of composition of the more complete
natural profiles show large discrepancies between
the proportions of some major ions in evaporites
and in sea water. Especially obvious is the
deficiency of magnesium in most evaporite bodies,
brought out very clearly by the ratios given by
D’Ans (1915) for the Stassfurt succession:

Berlepsche, Stassfurt Sea water
K:Mg 1:4.33 1:10.09
SO, :Mg 1:1.57 1:3

Some of these anomalies can be explained by vari-
ations in conditions of deposition, by metastable crystal-
lization or by temperature variations of the type con-
sidered by Borchert (see p. 25). The presence of excess
carbonate in sulfate zones suggests introduction of
terrestrial carbonate into the basin by rivers. This
could result in early separation of much calcium and
magnesium as carbonate, leading to a deficiency of
magnesium in the residual brines, and the separation
of sylvite rather than carnallite in the potash zones.
The absence of bischofite could be due partly to this;
but bischofite is so readily soluble that it would only

‘very rarely be deposited at all, and then would often

be redissolved and removed by later surface water.
Excess of carbonate could also result from reduction of
sulfate by bacteria in the presence of organic matter.
The introduction of terrestrial calcium by rivers might
lead to early deposition of an abnormal amount of
sulfate, resulting in a deficiency of polyhalite, kainite,
and other sulfates of magnesium and potassium in the
later products. The scarcity of salts like epsomite,
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blédite, and hexahydrite may in some cases be due to
their reaction with the residual brines, in which the
stable magnesium sulfate is kieserite.

Many features remain that cannot easily be explained
by depositional factors. The complete absence of
gypsum from a primary succession would require a
temperature of more than about 34°C, and if the sea
water were modified by terrestrial water still higher
temperatures would be needed. Such temperatures are
too high for this early stage of deposition. It is true
that much higher temperatures have been recorded in
modern salt lakes (over 70°C in Hungarian salt lakes—
Kaleczinsky, 1902), but these high temperatures are
found only in exceptional cases, in highly concentrated
bitterns where evaporation is very slow and the dense
brines absorb the sun’s heat. It seems exceedingly
unlikely that the temperatures required for the primary
formation of such salts as langbeinite, loeweite, and
vanthoffite, and such parageneses as sylvite—keiserite,
would prevail during the relevant stages of evaporation.
Nearly all salt geologists accept the fact that secondary
changes are responsible for these features.

There is abundant petrographic evidence of secondary
changes in the rocks. Recrystallization textures are
exceedingly widespread, particularly in the chloride
zones, and include platy and linear parallelism of grains,
breaking up of relatively brittle sulfate layers and
cementing of the broken parts by recrystallized halite,
coalescence of small grains to form larger ones which
retain the original arrangement of inclusions, and other
features. Such evidence is so widespread as to suggest
that nearly all the deeper chloride bodies have under-
gone complete recrystallization, often accompained by
significant flow, since their formation. In a few cases,
however, primary structures indicate relatively little
disturbance; and, in this connection, the ‘“hopper”
structure in the halite of the Salina Formation of
Michigan, recorded by Dellwig (1953, 1955), is of
considerable interest.

Evidence of replacement is also abundant. It in-
cludes pseudomorphs showing the characteristic shape
of the original minerals or characteristic structure or
arrangement of inclusions, corroded relicts of the re-
placed minerals, replacement veins with irregular mar-
gins, and larger structural features such as the presence
of cap salts related to the present land surface, or to
unconformities rather than to the bedding of the
evaporites. From such evidence it is quite clear that
most large evaporite bodies have suffered widespread
metasomatic changes since their original formation.

The large-scale changes include dolomitization of
limestone at the base of many evaporite sequences,
replacement of carbonate rocks by anhydrite (Fowler,
1944; Dunham, 1948; Stewart, 1949, 1951a, b),
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replacement of sulfate rocks by halite, and replace-
ment of anhydrite and halite rocks by polyhalite
(Schaller and Henderson, 1932; Bessert, 1933; Stewart,
1949). Pseudomorphous structures show that gypsum
was once abundant in the sulfate zones of the Salado
formation and has been replaced by halite, polyhalite,
and other salts (Schaller and Henderson, 1932). Similar
pseudomorphs indicate that some of the thick sulfate
zones of the English Zechstein originally consisted
largely of gypsum but are now entirely replaced,
mainly by anhydrite. The replacement sequences
gypsumm ——> anhydrite —— halite —— polyhalite,
gypsum ——> anhydrite —> polyhalite, anhydrite ——
gypsum ——> anhydrite —> polyhalite (Stewart, 1949,
1953), and polyhalite —— kieserite (Armstrong and
others, 1951) have been recognized here. Pseudo-
morphs after early gypsum have also been recorded
from the German Zechstein (Borchert and Baier,
1953). Gypsum has replaced anhydrite in bulk in
many places (for example, Hammerschmidt, 1883;
Sherlock and Hollingworth, 1938; Goldman, 1952).
Considerable amounts of sulfur have occasionally been
formed at the expense of calcium sulfates (for example,
see Goldman, 1952).

In the potash zones, a great number of replacements
have been recorded. There is convincing evidence of
the secondary development in bulk of sylvinite and
hartsalz from carnallite-halite rock (Beck, 1912;
Naumann, 1913; Repetski, 1926; Bessert, 1933; Baar,
1944; and other authors). Langbeinite has replaced
halite and sylvite, and anhydrite and halite have
replaced langbeinite (Bessert, 1933; Borchert and Baier,
1953; and other authors). Some of the replacement
series are complex; in the Potash zone of the English
Middle Evaporites, for example, the replacements
involve two generations of carnallite, sylvite, rinneite,
and anhydrite, and four generations of halite (Stewart,
1956). In the Carnallitic marl, complex replacements
were recorded by Armstrong and others (1951) and
involve large amounts of secondary carnallite with
sylvite, rinneite, and other minerals.

Many smaller scale replacements have been found
in evaporites. In the Salado formation, for example,
Schaller and Henderson (1932) have shown that
polyhalite has replaced glauberite, kieserite, leonite,
and sylvite; anhydrite has replaced halite, leonite,
and magnesite; other replacements include glauberite
——> halite, halite — carnallite, kieserite —> leonite,
langbeinite ——> kainite, sylvite —> langbeinite. Minor
replacements in the English Zechstein include, among
others, anhydrite — magnesite, dolomite —> halite,
anhydrite —> sulfur, anhydrite —— quartz, halite —
quartz, rinneite ——> halite, rinneite — sylvite, halite
——> rinneite.
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The dating of many of these replacements is extremely
difficult, although it has proved possible to place some
of them in successive series. It is clear, however,
that they have developed in many different ways;
the principal possibilities are discussed below.

PENECONTEMPORANEQUS CHANGES

1. Reaction of manerals with the brines through
which they sink—A mineral may react with the brines
through which it sinks. In a density stratified basin,
for example, gypsum might form near the surface and
be replaced by anhydrite during its downward pas-
sage through denser brine.

2. Reaction of early-formed minerals with residual
liguids—The reaction of early-formed minerals with
residual liquids could sometimes result in the conver-
sion of such sulfates as epsomite, hexahydrite, and
kainite to kieserite and other salts that are in equilib-
rium with the latest brines. Widespread metasoma-
tism would result from percolation of supernatant
brines through a mesh of early crystals. It is not
known how far this would be possible, but at least a
certain amount of replacement of gypsum by anhy-
drite would be expected. It is tempting to regard
some dolomitization of limestone as penecontempo-
raneous reaction with supernatant brines, because this
might go a long way toward explaining the deficiency
of magnesium in evaporite bodies. Because dolomiti-
zation is normally a volume for volume replacement, the
introduction of large amounts of magnesium would
set free calcium which could result in the precipitation
of an abnormally large amount of evaporitic calcium
sulfate. 'This would lead to a deficiency of both sul-
fate and magnesium in the late salts; to perhaps the
virtual absence of kainite, polyhalite, and other sul-
fates; and to the formation of primary sylvite at a
late stage.

3. Reaction of minerals with early interstitial liquids—
Upward movement of early interstitial liquids into
higher strata would result in replacement of more
soluble by less soluble minerals. This would probably
not become important until postconsolidation squeezing
took place, unless compaction were delayed enough to
allow the denser brines from above to sink through a
permeable crystal mush and displace the lower and less
dense brines.

4. Changes owing to influx of sea water or terrestrial
water—Freshening of the brine by periodic additions
of sea water or terrestrial flood water would cause
some solution and replacement of more by less soluble
salts. Anhydrite, for example, would be replaced by
gypsum, which might be converted back to anhydrite
after further evaporation. An important change of
this type is the formation of sylvite from carnallite,
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with the MgCl;, going into solution. This would
sometimes result from penecontemporaneous leaching
of carnallite by ground water.

5. Changes due to variations of temperature—Seasonal,
or even diurnal, changes in temperature would be
expected to promote some replacements.

POSTCONSOLIDATION CHANGES

6. Effects of burial—The effects of burial are ex-
ceedingly important. With only a moderate increase
in temperature and pressure, which results from burial
beneath an appreciable thickness of later rock, evapo-
rites suffer extensive changes.

Familiar pressure effects include the development of
structures resembling schistosity and gneissic banding,
brecciation of brittle rocks, and flow of chlorides to
form salt anticlines, domes, and other structures.
These effects will not be discussed here, but it should be
noted that selective movement of different salts may
result in successions different from the original ones.

Changes that depend to a large extent on rise of
temperature have received a great deal of attention,
and the literature on geothermal metasomatism is
large. Some of the more important work is included in
Baar, 1944; Borchert, 1940, 1959; Borchert and Baier,
1953; Geller, 1930; Jinecke, 1916, 1917, 1923, 1929;
Lotze, 1957; Rinne, 1914, 1916, 1920; and Rozsa,
1915a, b, 1916a, b, ¢, 1919, 1931. Experimental work
shows that new salts such as langbeinite and vanthof-
fite can be formed by reactions between dry powdered
salts at temperatures of about 80°C (Ide, 1935;
Leonhardt, 1951 ; Leonhardt and Berdesinski, 1949-50).
Nearly all the natural chlorides contain liquid-filled
cavities, however, and most changes are certainly
effected by the action of solutions which occur in three
different states: (a) Connate brines enclosed in the
salts, (b) water of crystallization of the salts, and (c)
migrating fluids from the surrounding rocks.

With rising temperatures, many reactions would
release a quantity of solution (see, for example, table
12), and the incongruent melting of some salts would
give rise to less hydrated salts and solutions. A re-
placement of gypsum by anhydrite would release about
20 percent water, and this would be expected with
burial to a depth of about 2,000 feet (MacDonald,
1953). This change would explain the absence of
gypsum in deep-seated deposits. Major changes in
the upper zones include the formation of hartsalz at
72°C:

Carnallite + kainite—=kieserite }sylvite4-33.5 percent .
solution. Bischofite melts at 117°C, corresponding
to a depth of about 12,000 feet, and. releases MgCl,
solution. Carnallite decomposes above 167.5°C to
give sylvite and solution, but the presence of some



MARINE EVAPORITES

apparently primary carnallite in many evaporite de-
posits indicates that this temperature is very rarely
reached.

After consideration of the experimental work, Jinecke
gave the following scheme of geothermal metasomatism
for the older succession of the German Zechstein
(Phillips, 1947):

Y

Theoretical profile Geothermally changed profile
Bischofite zone Yields MgCl; solution
Carnallite ———> Carnallite or hartsalz zone

Kainite zone ———> Hartsalz zone
Potassium-free magnesium
sulfate zone ——— Loeweite-vanthoffite zone—>

kieserite zone
—— Polyhalite zone
{Glauberite zone
Anhydrite zone
——— Anhydrite zone

Polyhalite zone
Anhydrite zone

Gypsum zone

Jénecke considered the initial and final products of
metasomatism, and Borchert (1940, 1959) considered
in detail the intermediate stages with reference to the
experimental work on the quinary system (figs. 5-9).
Borchert traced a series of changes of composition of
solids and solutions in a ‘‘step-metamorphism.” In
the potassium-free magnesium sulfate zone, for ex-
ample, the paragenesis thenardite-vanthoffite-halite is
an intermediate stage in the transformation of blodite—
halite to loeweite-vanthoffite-halite. If the solutions
were squeezed out of the rocks during metamorphism,
such intermediate stages would be preserved. They
are preserved in some cases, but it appears that the
solution generally remained long enough for the final
stages to be reached. The lack of widespread reversed
metamorphism in the German deposits indicates that
the solutions were largely pressed out before the removal
of much of the overburden by erosion.

Various workers have stressed the importance of the
solution set free in the gypsum —— anhydrite change.
This solution would presumably remain in the sulfate
layer until breaks in the impervious salts above were
produced by tectonic movements. Then, the large
amount of solution often involved would penetrate to
and metasomatize the soluble salts above. Some of the
barren areas in the German potash mines seem to be
related to regions of tectonic weakness where ascending
solutions have effected the following changes (Baar,
1944; Borchert and Baier, 1953). Halite-carnallite-
kieserite rock —— sylvite-rich hartsalz —— normal
hartsalz —— halite-langbeinite-sylvite rock —— anhy-
drite-halite rock. Such changes involve the introduc-
tion of considerable amounts of NaCl and CaSO, and
the removal of MgCl, and KCl in the solution.

By the action of MgCl,-rich solution on anhydrite,
solutions rich in CaCl, may form and react with carnal-
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lite to produce tachyhydrite:
2 carnallite4-CaCl;=tachyhydrite+2 sylvite.

Reaction of metamorphic brines with the clastic mate-
rial enclosed in the salts apparently results in the forma-
tion of such minerals as rinneite, hematite, quartz, and
talc.

7. Action of percolating ground water—Ground water,
gaining access to evaporites at any time after their
deposition, causes total or selective solution and sub-
sequent reaction between the salts and the solutions.
A significant change is the'replacement of anhydrite by
gypsum. Total or partial hydration of anhydrite takes
place in most areas at depths of 1,000 feet or less below
the present surface. The depth varies with the compo-
sition of the associated solution, the geothermal
gradient, and the ratio of hydrostatic to lithostatic
pressure (MacDonald, 1953). Some of the depths
given for natural deposits are: up to 1,000 feet, Lower
Fars evaporites, Iran (Strong, 1937); 1,037 feet, Zech-
stein evaporites, Cerebos no. 21 boring, northern
England (Dunham, 1948); 1,230 feet, Louisiana (New-
land, 1921); and rarely below 1,183 feet, gypsum,
Sulphur Salt Dome, Louisiana (Goldman, 1952). The
exceptional records of gypsum at considerably greater
depth (for example, 2,467 feet in Hayton boring,
nothern England [Dunham, 1948]) may perhaps result
from alteration of borehole cores during or after the
drilling. It is probable that a great deal of the gypsum
now exposed in evaporites has been formed by hydra-
tion of earlier anhydrite, and, of course, much of the
earlier anhydrite may have replaced primary gypsum
during burial.

When ground water enters a zone containing bittern
salts, the effects are far-reaching. Bischofite dissolves
very readily. Carnallite is changed to sylvite with
removal of MgCl,. Kainite is sometimes formed in
large quantity at the expense of carnallite, kieserite, and
sylvite:

Carnallite+kierserite - water=kainite +MgCl,
solution
Sylvite-} kieserite+ water=Lkainite.

In general, the solutions become enriched in MgCl; as
they percolate downward. Picromerite, aphthitalite,
blodite, and leonite may form in the upper parts, above
secondary kainite, sylvite, and epsomite. The kainite
cap zones of the German Zechstein have had consider-
able economic importance.

Many complex replacements in the cap zones of
salt domes have been described (for example, by
Goldman, 1952). Especially noteworthy are the
removal of chlorides in solution and the accumulation
of insoluble residues, especially anhydrite, to form a
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cap; the replacement of anhydrite by gypsum; and the
replacement of sulfates by carbonates.

8. Thermal metasomatism related to igneous activity—
Thermal metasomatism related to igneous activity has
considerably affected some Zechstein salts in the the
Werra and South Harz regions (Dietz, 1928; Bessert,
1933; Storck, 1954; Ahlborn, 1955) and some Tertiary
salts of Baden (Hasemann, 1952; Wimmenauer, 1952).
Near basalt intrusions, there has been conversion of
carnallite-halite rock to sylvite-halite rock (often con-
taining blue halite) and development of kainite at the
expense of the sylvite and kieserite of hartsalz. Other
reactions include the formation of leonite and aphthi-
talite. In this type of metasomatism, magmatic and
connate water and the water of crystallization released
from the salts must all play a part.

9. Changes effected by bacteria—The agency of
bacteria in the formation of some secondary sulfur
deposits seems to be well established (Feely and Kulp,
1957, many references to earlier literature are given
by them). Experiments indicate that sulfur bodies
like those of the Gulf Coast salt domes of Texas and
Louisiana could not have been formed by reduction
of sulfate by petroleum within the geological time
available. However, it would seem that less than a
million years would be enough for the formation of
these deposits by reduction of sulfate to hydrogen
sulfide by bacteria (Desulfovibrio), and oxidation of
part of the hydrogen sulfide to sulfur by reaction with
sulfate ion.

The reality of these processes is supported by evi-
dence from isotopic studies. The experiments show
that the S%/S* ratio in the hydrogen sulfide produced
by Desulfovibrio is increased, with respect to that in
the initial sulfate (about 21.85), by at least 2.7 percent
with slow bacterial growth. In the water of the cap-
rocks of the Gulf Coast salt domes, the S*/S* ratio of
hydrogen sulfide is several percent higher than that of
the associated sulfate. The sulfate of the calcite cap-
rock shows a complementary but variable enrichment
in sulfur-34 relative to the sulfate of the anhydrite cap-
rock. The C®¥/C ratios in calcite and petroleum
from the caprocks are similar to one another and as
much as 4.3 percent lower than the ratios from sedi-
mentary limestones. This indicates that the calcite
caprock resulted from precipitation of carbonate
during the oxidation of petroleum by bacteria. The
S%2/S3 ratio of the caprock sulfur is usually a few tenths
of a percent lower than that of the hydrogen sulfide
of the salt dome and supports the idea of its formation
by oxidation of the sulfide by sulfate.

LITERATURE CITED

Adams, G. I, and others, 1904, Gypsum deposits in the United
States: U.S. Geol. Survey Bull. 223, 129 p.

DATA OF GEOCHEMISTRY

Adams, J. E., 1944, Upper Permian Ochoa series of Delaware
basin, west Texas and southeastern New Mexico: Am.
Assoe. Petroleum Geologists Bull., v. 28, p. 1596-1625.

Adams, J. E., and Frenzel, H. N., 1950, Capitan barrier reef,
Texas and New Mexico: Jour. Geology, v. 58, p. 289-312.

Adams, L. H,, 1931, Equilibrium in binary systems under
pressure—an experimental and thermodynamic investiga-
tion of the system NaCl-H,;0, at 25° C: Am. Chem. Soc.
Jour., v. 53, p. 3769-3813. -

Ahlborn, Otto, 1955, Die Floze “Thuringen” und “Hessen” der
Werraserie und ihre wechselseitigen Beziehungen: Deutsche
geol. Gesell. Zeitschr., v. 105, p. 664-673.

Aleksandrov, G. P., and Levchenko, T. F., 1953, Bromine and
iodine contént of rock salt from Transcarpathian deposits:
Gigiena i Sanitariya, no. 1, p. 43.

Aprodov, V. A,, 1945, Blue halite from the Solikamsk potassium
deposits: Acad. sei. U.R.S8.8., Comptes rendus, v. 48, p.
346-348.

Armstrong, G., Dunham, K. C., Harvey, C. O., Sabine, P. A,
and Waters, W. F., 1951, The paragenesis of sylvine, car-
nallite, polyhalite, and kieserite in Eskdale borings nos.
3, 4 and 6, north-east Yorkshire: Mineralog. Mag., v. 29,
p. 667-689.

Assarsson, G. 0., 1950, Equilibria in aqueous systems containing
K+, Nat, Ca?t, Mg?, and Cl-: Am. Chem. Soec. Jour., v.
72, p. 1433-1444.

Assarsson, G. 0., and Balder, Aino, 1954, Equilibria in the
aqueous systems containing Cat++, Sr++, K+, Nat, and Cl-
between 18° and 114°: Jour. Phys. Chemistry, v. 58, p.
253-255.

1955, The polycomponent aqueous systems containing
the chlorides of Cat+, Mgt+, Sr++, K+ and Nat+ between
18° and 93°: Jour. Phys. Chemistry, v. 59, p. 631-633.

Autenrieth, Hans, 1953, Neuere Entwicklungen auf dem Gebiet
der graphischen und rechnerischen Behandlung der Vor-
ginge bei der Gewinnung von Kalidiingemitteln aus Roh-
salzen: Kali u. Steinsalz, no. 2, p. 3-17.

1954, Die stabilen und metastabilen Gleichgewichte des
reziproken Salzpaares K,Cl,+ MgS0,=K,80,+ MgCl; ohne
und mit NaCl als Bodenkorper, sowie ihre Anwendung
in der Praxis: Kali u. Steinsalz, no. 7, p. 3-22.

Autenrieth, H., and Braune, G., 1958, Ein neues Salzmineral,
seine Eigenschaften, sein Auftreten, und seine Existenzbe-
dingungen im System der Salze ozeanischer Salzablagerun-
gen: Naturwissenschaften, v. 45, p. 362-363.

Baar, August, 1944-1945, Entstehung und Gesetzmissigkeiten
der Fazieswechsel im i#lteren Kalilager am westlichen
Stidharz unter besonderer Beriicksichtigung des Kali~
werkes Bismarkshall: Kali, 1944, no. 10, p. 175-181; no.
11, p. 189-197; no. 12, p. 207-211; 1945, no. 1, p. 3-6.

1954, Untersuchungen des Bromgehaltes im Zechstein-

salz: Bergbautechn. v. 4, 284-288.

1955, Zur stratigraphischen Orientierung im Kalibergbau
durch den Bromtest: Bergbautechn. v. 5, p. 40-47.

Bailey, R. K., 1949, Talc in the salines of the potash field near
Carlsbad, Eddy County, New Mexico: Am. Mineralogist,
v. 34, p. 7T57-759.

Beck, Kurt, 1912, Petrographisch-geologische Untersuchungen
des Salzgebirges im Werra-Fulda-Gebiete der deutschen
Kalisalzlagerstitten: Kali, v. 6, p. 262-265.

Bell, K. G., 1960, Deposition of uranium in salt-pan basins:
U.S. Geol. Survey Prof. Paper 354-G, p. 161-169.

Bellamy, C. V., 1900, A deseription of the salt lake of Lanarca:
Geol. Soc. London Quart. Jour., v. 56, p. 745-758.




MARINE EVAPORITES

Bellanca, Angelo, 1942, L’Aftitalite nel sistema ternario K,SO,
Na,S80,~CaSO0,: Periodica Mineral., v. 13, p. 21-92.

Berdesinski, Waldemar, 1952a, Sanderit, Leonhardtit, Allenit,
und Hexahydrit, neue Mineralien der marinen Kalisalz-
lagerstdtten: Neues Jahrb. Mineralogie Monatsh., no. 1, p.
28-29.

1952b, Uber die Synthese aluminiumreicher Koenenit:
Neues Jahrb. Mineralogie Abh., v. 84, p. 147-188.

Berg, Georg, 1929, Vorkommen und Geochemie der minera-
lischen Rohstoffe: Akad. Verlagsgesell., Leipzig, p. 128-129.

Bessert, Friedrich, 1933, Geologisch-petrographische Unter-
suchungen der Kalilager des Werragebietes: Arch. lager-
stitten. Forsch., no 57, Berlin, 45 p.

Blitz, Withelm, and Marcus, E., 19092, Uber das Vorkommen
von Ammoniak und Nitrat in den Xalisalzlagerstitten:
Zeitschr. anorg. u. allg. Chemie, v. 62, p. 183-202; Kali, v.
3, p. 189-194, 512.

1909b, Uber das Vorkommen von Kupfer in dem Stass-

furter Kalisalzlager: Zeitschr. anorg. u. allg. Chemie, v. 64,

p. 236-244.

1911, Uber die Verbreitung von borsauren Salzen in den
Kalisalzlagerstitten: Zeitschr. anorg. u. allg. Chemie, v. 72,
p. 302-312.

Bischof, F., 1875, Die Steinsalzwerke bei Stassfurt: 2d ed.,
Halle.

Bischof, G., 1864, Lehrbuch der chemischen und physikalischen
Geologie: 2d ed., Bonn, v. 2.

Blasdale, W. C., 1927, Equilibria in saturated salt solutions:
Am. Chem. Soc. Mon., New York, Chem. Catalog Co., 197 p.

Bleyer, B., 1926, Zur Kenntnis des Jods als biogenes Element:
Biochem. Zeitschr., v. 170, p. 265-276.

Bodaleva, N. V. ,and Lepeshkov, I. N., 1956, Solubility study
in the system K,SO~MgS0,~CaSO~H;0 at 55°: Zhur.
Neorg. Khim., v. 1, p. 995-1007 {in Russian].

Boeke, H., 1909a, Die kinstliche Darstellung des Rinneit auf
Grund seines Léslichkeitdiagrammes: Preuss. akad. Wiss.,
Sitzber., p. 632-638.

1909b, Das Rinneitvorkommen von Wolkramshausen

am Stdharz: Neues Jahrb. Mineralogie, v. 2, p. 19-56.

1909c, Rinneit, ein neugefundenes eisenchloriirhaltiges

Salzmineral: Centralbl. Mineralogie, 1909, p. 72-75.

1910, Eine graphische Darstellung der Salzgesteine und

ihre Anwendung auf die verbreitetsten Salzarten: Kali, v.

4, p. 1-5.

1911, Uber die Eisensalze in den Kalilagerstitten: Neues
Jahrb. Mineralogie, v. 1, p. 48-76.

Bohn, R. M., 1917, The iodine content of food materials: Jour.
Biol. Chemistry, v. 28, p. 375-381.

Boldyreva, A. M., 1936, Hydroboracite and inyoite of Inder
mountains (western Kazakhstan): Tsentral’. nauchno-issled.
geol.-razved. inst. Materialy, no. 1, p. 62-65 [in Russian].

Borchert, Hermann, 1933, Die Vertaubungen der Salzlager-
stitten und ihre Ursachen; pt. 1—Physikalisch-chemische
Grundlagen: Kali, v. 27, p. 97-100.

1934, 1935, Die Vertaubungen der Salzlagerstitten und

ihre Ursachen; pt. 2—Das dynamisch-polytherme System

der Salze der ozeanen Salzablagerungen: Kali, 1934, v. 28,

p. 290-296, 301-305; 1935, v. 29, p. 1-5.

1940, Die Salzlagerstatten des deutéchen Zechsteins:

Archiv fiir Lagerstittenforschung, no. 67, 196 p.

1959, Ozeane Salzlagerstdtten: Berlin, Gebriidder Born-
traeger.

Borchert, Hermann, and Baier, Ernst, 1953, Zur metamorphose
ozeaner Gipsablagerungen: Neues Jahrb. Mineralogie Abh.,
86, p. 103-154.

Y45

Born, Hans-Joachim, 1934, Der Bleigehalt der Norddeutschen
Salzlager und seine Beziehung zu radioaktiven Fragen:
Chemie der Erde, v. 9, p. 66-87.

Branson, E. B., 1915, Origin of thick gypsum and salt deposits;
Geol. Soc. America Bull.,, v. 26, p. 231-242.

Briggs, L. 1., 1958, Evaporite facies: Jour. Sed. Petrology, v.
28, p. 46-56.

Biicking, H., 1889, Glaserit, Blodit, Kainit, und Boracit von
Douglashall bei Westeregeln: Zeitschr. Kristallographie, v.
15, p. 561-575.

Bundy, W. M., 1956, Petrology of gypsum-anhydrite deposits
in southwestern Indiana: Jour. Sed. Petrology, v. 26, p.
240-252.

Bundy, W. M,, and Conley, R. F., 1956, Gypsification via
transient double salts [abs.]: Geol. Soc. America Bull.,
v. 67, p. 1677.

Buyalov, N. L., and Lepeshkov, I. N., 1937, Ozinskii potassium-
magnesium ore deposit: Kalii [U.S.8.R.], no. 4, p. 26-28
[in Russian].

Bye, Jean, and Kiehl, J. G., 1948, Das System Calciumsulfat—
Natriumehlorid: Soc. chim. France Bull., no. 7/8 p. 847-848.

Campbell, A. N., Downes, K. W., Samis, C. S., 1934, The
system magnesium chloride—potassium chloride-magnesium
sulfate-potassium sulfate-water at 100°: Am. Chem. Soc.
Jour., v. 56, p. 2507-2512.

Catheart, J. B., 1949, Open fracture in langbeinite, Inter-
national Minerals and Chemical Corporation’s potash
mine, Eddy County, New Mexico: Am. Inst. Mining
Metall. Engineers Trans., v. 184, p. 256-258.

Cavayé Hazen, E., and Hoyos Ruiz, A., 1953, Contenido de
yodo en muestras espafiolas de sal: Anales Bromatol., v.
5, p. 277-286.

Chilean Iodine Education Bureau, 1956, Geochemistry of
iodine, iodine in rocks, minerals and soils, annotated
bibliography 1825-1954; London, Stone House, 150 p.

Chirkov, 8. K., 1937, Iodine and bromine contents of Solikamsk
carnallite, sylvinite, sylvine and halite: Kalii [U.S.8.R.].
no. 9, p. 21-28 [in Russian].

1944, Solid solutions of potassium, sodium, and mag-
nesium halides: Zhur. Obshch. Khimii [Jour. Gen. Chemis-
try] [U.S.8.R.], v. 14, p. 415 [in Russian].

Clarke, F. W., 1915, Analyses of rocks and minerals from the
laboratory of the United States Geological Survey, 1880-
1914: U.S. Geol. Survey Bull. 591, 376 p.

1924, The data of geochemistry, 5th ed.: U.S. Geol.
Survey Bull. 770, 841 p.

Clifton, R. L., 1944, Palaeoecology and environments inferred
for some marginal Middle Permian marine strata: Am.
Assoc. Petroleum Geologists Bull., v. 28, p. 1012-1031.

Conley, J. E., Gabriel, Alton, and Partridge, E. P., 1938, Equilib-
ria in the system potassium sulfate-magnesium sulfate—
calcium sulfate-water at 100°: Jour. Phys. Chemistry, v.
42, p. 587-616.

Conley, J. E., and Partridge, E. P,, 1944, Potash salts from
Texas-New Mexico polyhalite deposits, commercial possi-
bilities, proposed technology, and pertinent salt-solution
equilibria: U.S. Bur. Mines Bull. 459, p. 1-251.

Cunningham, W. A., 1934, The potassium sulfate mineral poly-
halite in Texas: Texas Univ. Bull,, v. 3401, p. 833-867.

Danilova, V. V., 1949, Content of fluorine in rocks: Akad.
Nauk SSSR, Biogeokhim Lab. Trudy, no. 9, p. 129-134
[in Russian].

D’Aps, Jean, 1915, Untersuchungen iiber die Salzsysteme
ozeanischer Salzablagerungen; experimentell bearbeitet
mit A. Bertsch und A. Gessner: Kali, v. 9, 148 p.




Y46

D’Ans, Jean, 1933, Die Losungsgleichgewichte de Systeme der
Salze ozeanischer Salzablagerungen: Berlin, Verlagsanst.
f. Ackerbau.

1935, Auswertung rdumlicher Ldslichkeitsdiagramme

Anwendung der Methoden der Parallelprojektion: Kali,

v. 29, p. 43-48.

1944, Untersuchung i{iber metastabile Loslichkeiten in

Systemen der Salze ozeanischer Salzablagerungen: Kali,

v. 38, p. 42-49, 70-73, 86-92, 181-184.

1947a, Anwendung der Methode der Schnitte zur graphi-

schen Auswertung von riumlichen Loslichkeitsdiagrammen:

Kaliforschungsanstalt, Berlin.

1947b, Uber die Bildung und Umbildung der Kali-

salzlagerstitten: Naturwissenschaften, v. 34, no. 10 for

1947, p. 295-301.

1949, Kalisalz-Lagerstiatten—neue Untersuchungen iiber

ihre Entstehung: Umschau, v. 49, p. 103-107.

1950, Chemie der Stein- und Kalisalze, n G. Spackeler,

Lehrbuch des Kali- und Steinsalzbergbaus: Halle/Saale,

W. Knapp.

1952, Die Bedeutung von van’t Hoffs Arbeiten iiber
Losungsgleichgewichte und der Methoden ihrer Unter-
suchung und graphischen Darstellung: Zeitschr. Elektro-
chem., v. 56, p. 497-505.

D’Ans, Jean, Bredtscheider, D., Eick, H., and Freund, H. E.,
1955, Untersuchungen uber die Calcmmsulfate Kali u.
Steinsalz, no. 9, p. p. 17-38.

D’Ans, Jean, Busse, W., and Freund, H. E., 1955, Uber basische
Magnesiumchloride: Kali u. Steinsalz, no. 8, p. 3-7.

D’Ans, Jean, and Freund, H. E., 1954, Versuche zur geochemi-
schen Rinneitbildung: Kali u. Steinsalz, no. 6, p. 3-9.

D’Ans, Jean, and Kithn, Robert, 1940, Uber den Bromgehalt
von Salzgesteinen der Kalisalzlagerstatten: Kali, v. 34,
p- 43-46, 59-64, 77-83.

1944, Der Bromgehalt jiingerer Steinsalze und des
dlteren Steinsalzes von Kriigershall sowie in unmittelbar
iibereinander liegenden ‘‘Jahresringern’” Mutterlaugenreste
in Salzgestein: Kali, v. 38, p. 168-169.

D’Ans, Jean, and Schreiner, O., 1909, Untersuchungen iiber
Calcium—Alkali-Sulfate: Zeitschr. anorg. u. allg. Chemie,
v. 62, 129 p.

Degenhardt, Heinz, 1957, Untersuchungen zur geochemischen
Verteilung des Zirkoniums in der Lithosphire: Geochim.
et Cosmochim. Acta, v. 11, p. 279-309.

Dellwig, L. F., 1953, Hopper crystals of halite in the Salma of
Michigan: Am. Mineralogist, v. 38, p. 730-731.

1955, Origin of the Salina salt of Michigan: Jour .Sed.
Petrology, v. 25, p. 83-110.

Dietz, Curt, 1928, Salzlagerstitte des Werra-Kaligebietes:
Archiv fir Lagerstittenforsch., no. 40, 129 p.

Doelter, C., and Leitmeier, H., 1929, Handbuch der Mineral-
chemie, v. 4, pt. 2: Dresden and Leipzig, Theodor Stein-
kopff, 1494 p.

Druzhinin, I. G., 1938, On the nature of solid solution of the
glaserite and burkeite type: Acad. sci. Leningrad. Buil.,
Sér. Chim., p. 1141-1166.

Dunham, XK. C., 1948, A contribution to the petrology of the
Permian evaporite deposits of northeastern England:
Yorkshire Geol. Soe. Proe., v. 27, p. 217-227.

Dunham, K. C., and Purdon, F. F., 1946, Barytes and pyrite in
north West Germany: British Intelligence Objectives Sub-
Committee, B.I.O.8. Final Rept., no. 287, item 22.

Dunlap, J. C., 1951, Geologic studies in a New Mexico potash
mine: Econ. Geology, v. 46, p. 909-923.

DATA OF GEOCHEMISTRY

Dyer, B. W., 1945, Discoveries of potash in eastern Utah: Am.
Inst. Mining Metall. Engineers Tech. Pub. 1775, Mining
Technology, v. 9, no. 1, p. 56-61.

Eckstein, 0., 1928, Das Jodproblem und seine Zusammen-
hinge mit Volksgesundheit und Landwirtschaft: Land-
wirtsch. Jahrb., v. 68, p. 423-434.

Edwards, Wilfred, 1951, The concealed coalfield of Yorkshire
and Nottinghamshire: Great Britain Geol. Survey Mem.,
England and Wales, ed. 3, 285 p.

Efremov, N. N., and Veselovski, A. A., 1928, Bromine content of
Solikamsk ecarnallites: Zhur. Khim. Promish., v. 5, p.
1365-1369 [in Russian].

Engelhardt, Wolf von, 1936, Die Geochemie des Barium:
Chemie der Erde, v. 10, p. 187-246.

Everding, H., 1907, Zur Geologie der deutschen Zechsteinsalze,
in Deutschlands Kalibergbau, Festschr. X. allg. Berg-
mannstag Eisenach: Berlin, 1907.

Faiziev, M. K., 1952a, Empirical equations for crystallization
fields in the system NaCl-MgSO,~H,0 at 25°: Akad. nauk
Uzbek SSR. Doklady, no. 3, p. 17-21 [in Russian}.

1952b, Solubility of astrakhanite in the system NaCl-
MgSO,~H,0 at 25°: [Tashkent], Sredneazat. Gosudarst.
Univ. Trudy v. 33, no. 4, p. 49-55 [in Russian].

Feakes, F., 1952, The system potassium—magnesium—-sodium—
sulfate-chloride-water at 90°: Am. Chem. Soc. Jour., v. 74,
p. 2360-2361.

Feely, H. W., and Kulp, J. L., 1957, Origin of Gulf Coast salt-
dome sulphur deposits: Am. Assoc. Petroleum Geologists
Bull,, v. 41, p. 1802-1853.

Fellenberg, T. von, 1924, Untersuchungen iiber das Vorkommen
von Jod in der Natur., 7. Uber der Jodgehalt der Gesteine,
der geologischen Formationen und der Mineralien: Biochem,
Zeitschr., v. 152, p. 153-171.

Fiege, Kurt, 1939, Die zyklische Sedimentation in der Salzfazies
des deutschen Zechsteins und die Grossflutenhypothese:
Zentralbl. fir Mineralogie, Abt. B., no. 9, p. 353-390.

Foshag, W. F., 1920, Aphthitalite (glaserite) from Searles Lake,
California: Am. Jour. Sci., v. 49, p. 367-368.

Fowler, A., 1944, A deep bore in the Cleveland Hills: Geol.
Mag., v. 81, p. 193-206, 254-265.

Friend, J. N., and Allchin, J. P., 1940, Blue rock salt: Nature,
v. 145, p. 266-267.

Frolich, F., 1960, Beitrag zur Geochemie des Chroms: Geochim.
et Cosmochim. Acta, v. 20, p. 215-240.

Frondel, Clifford, 1950, Notes on arcanite, ammonian aphthitalite
and oxammite: Am. Mineralogist, v. 35, 0. 596-598.

Fulda, Erpst, 1925a, Die Temperatur bei der Bildung der
deutschen Zechsteinsalze: Kali, v, 19, p. 213-216.

1925b, Das chemische Gleichgewicht bei der Bildung

der deutschen Kalilagerstitten: Kali, v. 19, p. 333-337.

1935, Handbuch der vergleichenden Stratigraphie

Deutschlands, Zechstein: Berlin, Gebriider Borntraeger.

1939, Urlaugen und Tagewsisser im deutschen Kali-
bergbau: Zeitschr. prakt. Geologie, v. 47, p. 11-14.

Galachowskaya, T. W., 1953, The determination, by spectro-
graphic analysis, of small traces of Mn, Cu, Pb, Fe and Ni
in the soluble part of halite, sylvite, and sylvinite: Vses.
nauchno-issled. inst. Galurgii Trudy, no. 27, p. 230 [in
Russian].

Gautier, A., 1903, Arsenic dans les eaux de mer, dans le sel
gemme, le sel de cuisine, les eaux minérales ete.—son
dosage dans quelques réactifs usuels: Acad. sci. Paris
Comptes rendus, v, 137, p. 232.




MARINE EVAPORITES

Geilmann, W., and Barttlingck, H., 1942, Zur Bestimmung
kleinster Mengen Jod in Salzen: Mikrochemie, v. 30,
p. 217-225.

Geller, A., 1930, Das Schmelzen von Salzen bei hohen Drucken
in seiner Bedeutung fiir den Vorgang der Salzmetamorphose:
Fortschr. Mineralogie, v. 14, p. 143-166.

Gentner, W., Goebel, K., and Priig, R., 1954, Argonbestimmungen
an Kalium-Mineralien; pt. 3—Vergleichende Messungen
nach der Kalium- Argon- und Uran-Helium-Methode:
Geochem. et Cosmochim. Acta, v. 5, p. 124-133.

Gentner, W., Prig, R., and Smits, F., 1953, Argonbestimmungen
an Kalium-Mineralien; pt. 2—Das Alter eines Kalilagers
im Untern Oligozéin: Geochim. et Cosmochim, Acta. v. 4,
p. 11-20.

Godlevsky, M. N, 1937, Mineralogical investigation of the Inder
borate deposits: Soc. russe minéralogie Mém., ser. 2, v. 66,
p. 651-671.

Goldman, M. I., 1952, Deformation, metamorphism, and
mineralization in gypsum-anhydrite cap rock, Sulphur Salt
Dome, Louisiana: Geol. Soc. America Mem. 50, 169 p.

Goldschmidt, V. M. (edited by A. Muir), 1954, Geochemistry:
Oxford, Clarendon Press, 730 p.

Goldschmidt, V. M., and Hefter, O., 1933, Zur Geochemie des
Selens: Gesell. Wiss. Géttingen, Nachr. Math.-phys. KI.
no. 2, p. 245-252.

Goldsechmidt, V. M., and Peters, Cl,, 1933, Zur Geochemie des
Germaniums: Gesell. Wiss. Géttingen Nachr., Math.-phys.
KLl no. 2, p. 141-166.

Goodman, N. R., 1957, Gypsum in Nova Scotia and its associated
minerals, in The geology of Canadian industrial mineral
deposits: Canadian Inst. Mining Metallurgy, Indus. Min-
erals Div., p. 110-114.

Gorgey, R., 1909, Salzvorkommen aus Hall im Tirol: Tschermaks
mineralog. petrog. Mitt., v. 28, p. 341-344.

1912, Zur Kenntnis der Kalisalzlager von Wittelsheim
im Ober-Elsass: Tschermaks mineralog. petrog. Mitt.,
v. 31, p. 339-468.

Goubeau, Josef, and Birckenbach, Lothar, 1938, Untersuchung
des Edelmetallgehaltes von Kalisalzlagerstatten: Zeitschr.
anorg. u. allg. Chemie, v. 236, p. 37-44.

Grabau, A. W., 1913a, Principles of stratigraphy: New York,
Seiler & Co., 1185 p.

1913b, The origin of salt deposits with special reference

to the Siluric salt deposits of North America: Mining

Metall. Soc. America Bull. 57, p. 33-44.

1920, Geology of the nonmetallic mineral deposits other
than silicates; V. 1-—Principles of salt deposits: New York,
McGraw-Hill, 435 p.

Hahn, O., 1934, Der Einfluss des Bleigehalts auf die Verfir-
' bungsvorginge in Chlornatrium und Chlorkalium bei
Radiumbestrahlung: Naturwissenschaften, v. 22, p. 137.
Hahn, Otto, and Born, Hans-Joachim, 1935, Das Vorkommen
von Radium in nord- und mitteldeutschen Tiefenwissern:

Naturwissenschaften, v. 23, p. 739-740.

Hammerschmidt, Franz, 1883, Beitriige zur Kenntnis des Gips-
und Anhydritgesteins: Tschermaks mineralog. petrog. Mitt.,
v. 5, p. 245-285,

Hanna, M. A, and Wolf, A. G., 1941, Gold, silver and other
elements in salt-dome cap-rocks: Am. Assoc. Petroleum
Geologists Bull., v. 25, p. 750-752.

Harbort, E., 1928, Uber Zirklerit: Kali, v. 22, p. 157-161.

Harder, Hermann, 1959, Beitrige zur Geochemie des Bors;
pt. 2—Bor in Sedimenten: Akad. Wiss. Gottingen Nachr.,
2, Math.-phys. Kl., 1959, no. 6, p. 123-183.

Y47

Hartwig, Georg, 1941, Stratigraphie der Grenze Zechsteinfolge;
pts. 3-4: Kali, verwandte Salze und Erdél, v. 35, no. 1, p.
8-14.

Harvey, H. W., 1955, The chemistry and fertility of sea waters:
Cambridge Univ. Press, 224 p.

Hasemann, W., 1952, Das Ankaratrit-Vorkommen ins Kalisalz-
lager von Buggingen in Baden: Badische Geol. Landesan-
stalt, Mitteilungsbl. p. 106-116.

Hawkins, A. C., 1918, Minerals of the saline domes of the
Texas-Louisiana coastal plain: Am. Mineralogist, v. 3, p.
189-192.

Heide, F., 1955, Uber bemerkenswerte Borazitvorkommen in den
Kalilagern des Siidharzbezirkes: Chemie der Erde, v. 17, p.
211-216.

Herrmann, A. G., 1958, Geochemische Untersuchungen an
Kalisalzlagerstitten in Stidharz: Freiberger Forschungshefte,
C 42, p. 1-112.

Hey, M. H., and Bannister, F. A., 1952, The identity of crypto-
morphite and ginorite: Mineralog. Mag., v. 29, p. 955-959.

Heyne, G., 1812, Uber die Eisenchloriirdoppelsalze des Rubidi-
ums und Caesiums und Untersuchungen iiber Vorkommen
und Verteilung des Rubidiums in deutschen Salzlagerstit-
ten: Géttingen Univ. Inaug. Dissert.

Hill, A. E., 1937, The transition temperature of gypsum to
anhydrite: Am. Chem. Soe. Jour., v. 59, p. 2242-2244,

Hill, A. E,, and Wills, J. H., 1938, Ternary systems; pt. 24—
Calcium sulfate, sodium sulfate and water: Am. Chem.
Soc. Jour., v. 60, p. 1647-1655.

Hite, R. J., and Gere, W. C., 1958, Potash deposits of the
Paradox basin [Utah], én Intermountain Assoc. Petroleum
Geologists, Guidebook 9th Ann. Field Conf., p. 221-225.

Hollingsworth, S. E., 1942, The correlation of gypsum-anhydrite
deposits and the associated strata in the north of England:
Geologists’ Assoc., London Proc., v. 53, p. 141-151.

How, H., 1857, On the occurrence of natro-boro-calcite with
glaubersalt in the gypsum of Nova Scotia: Am. Jour. Sei.,
ser. 2, v. 24, p. 230-235.

1861, Natro-boro-calcite and another borate occurring in

the gypsum of Nova Scotia: Am. Jour. Sci., ser. 2, v. 32, p.

9-13.

1877, Contributions to the mineralogy of Nova Scotia:
Mineralog. Mag., v. 1, p. 257-260.

Ide, K. H., 1935, Uber eine neue Synthese von Langbeinit,
Vanthoffit, und Polyhalit: Kali, v. 29, p. 83-86, 93-96,
103-105.

Igelsrud, Ivor, and Thompson, T. G., 1936a, Equilibria in the
saturated solutions of salts occurring in sea water; pt. 1—
Ternary systems magnesium chloride—caleium chloride—
water, calcium chloride-water, calcium chloride-potassium
chloride-water, and calcium chloride-sodium chloride—
water at 0°: Am. Chem. Soc. Jour., v. 58, p. 318-322.

1936b, Equilibria in the saturated solutions of salts
occurring in sea water; pt. 2—Quaternary system MgCl,—-
CaCl~-KCl-H,0 at 0°: Am. Chem. Soec. Jour., v. 58, p.
2003-2009.

Ilinskii, V. P., and Danyushevskaya, A. I., 1956a, Polythermic
evaporation of sea water concentrates at the boiling tem-
perature (atmospheric pressure): Akad. Nauk SSSR.,
Dalnevostock. Filiala im V. L. Komarova, Trudy, Ser.
Khim., no. 2, p. 43-53 [in Russian].

1956b, Isothermic evaporation of sea water concentrates

at 55° and 75°: Akad. Nauk SSSR., Dalnevostock. Filiala

im V. L. Komarova, Trudy, Ser. Khim., no. 2, p. 54-73

[in Russian].




Y48

International Critical Tables, 1926-33: New York, Mc¢Graw-Hill.

Jander, Gerhart, and Busch, Franz, 1930, Gewinnung von
Rubidium- und Ciasium-Priparaten aus Carnallit; pt. 2:
Zeitschr. anorg. u. allg. Chemie, v. 187, p. 165-176.

Jinecke, Ernst, 1913, Uber die Schmelzen der Salzmischungen
KCl1-MgS0,; MgCl,-K;80, und ein neues Kalisalz KCl-
MgSO,: Kali, v. 7, p. 137-143.

1916-17, Uber das Schmelzen kristallwasserhaltiger

Kalisalze und Salzgemische: Kali, 1916, v. 10, p. 371-375;

1917, v. 11, p. 10-13, 21-26.

1917, Einige kurze Bemerkungen iiber die Ausscheidung

und Thermometamorphose der Zechsteinsalze nach der

Auffassung von Rozsa: Zeitschr. anorg. u. allg. Chemie, v.

99, p. 1-4.

1923, Die Entstehung der deutschen Kalisalzlager: 2d

ed., Brunswick.

1929, Die Entstehung der Salzlagerstitten, ¢n Doelter,

C., and Leitmeier, H., Handbuch der Mineralchemie:

Dresden-Leipzig, Theodor Steinkopff, v. 4, pt. 2, p. 1250~

1296.

1935, Neue Kalimodelle, riumliche Darstellung der Sit-

tigungsverhiltnisse von Kalisalzen: Kali, v. 29, p. 136-138.

1950, Uber das Schmelz- und Erstarrungsbild des doppelt-
terndren Systemes (Kp-Naz-Mg) (Cl-804): Zeitschr. anorg.
u. allg. Chemie, v. 261, p. 213-225.

Johnsen, A., 1909, Beitrige zur Kenntnis der Salzlager. 1.
Regelmissige Verwachsung von Carnallit und Eisenglanz:
Centralbl. Mineralogie, 1909, p. 168-173.

Jones, C. L., 1954, The oceurrence and distribution of potassium
minerals in southeastern New Mexico, in New Mexico Geol.
Soce. Guidebook, 5th Field Conf., Oct. 1954, p. 107-112,

Kaleczinsky, A., 1902, Uber die Hungarischen warmen und
heizen Kochsalzseen: Budapest.

Karlik, Berta, and Kropf-Duschek, Fritzi, 1950, Bestimmungen
des Heliumgehaltes von Steinsalz-proben: Acta Phys.
Austriaca, v. 3, p. 448-451,

Karsten, O., 1950, Diagramme der Ldsungsgleichgewichte des
quindren Systems Na,Cl;, K,Cl,, MgCl,, MgSO, und H,0
unter besonderer Beriicksichtigung metastabiler Zustande:
Zeitsehr. anorg. u. allg. Chemie, v. 263, p. 292-304.

Kelley, K. K., Southard, J. C., and Anderson, C. T., 1941,
Thermodynamic properties of gypsum and its dehydration
products: U.S. Bur. Mines Tech. Paper 625, 73 p.

Kemény, Etel, 1941, Uran- und Radiumgehalt von Steinsalz und
Sylvin: Akad. Wiss. Wien Sitzungsber., v. 150, Abt. 2a, p.
193-207.

King, P. B., 1942, Permian of west Texas and southeastern New
Mexico: Am. Assoc. Petroleum Geologists Bull., v. 26, p.
535-763.

1948, Geology of the southern Guadalupe Mountains,
Texas: U.S. Geol. Survey Prof. Paper 215, 183 p.

King, R. H., 1947, Sedimentation in Permian Castile sea: Am.
Assoe. Petroleum Geologists Bull., v. 31, p. 470-477.

Kling, P., 1913, Das Tachhydritvorkommen in den Kalisalz-
lagerstitten der Mansfelder Mulde (Dissert. Hallewitten-
berg, 1913): Centralbl. Mineralogie, 1915, p. 44~50.

Koechlin, R., 1902, Verschiedene Salze von Kalusz in Ostgalizien:
Tschermaks mineralog. petrog. Mitt., v. 21, p. 355-356.

Koelichen, K., 1913, Uber ein Jodvorkommen im Kalisalzlager:
Kali, v. 7, p. 457-459.

Koritnig, S., 1951, Ein Beitrag zur Geochemie des Fluor: Geo-
chim. et Cosmochim. Acta, v. 1, p. 89-1186.

Krafft, K., 1924, Untersuchungen von Wiirttembergischen
Steinsalz- und Gesteinsformationen auf ihren Jodgehalt:
Chemikerzeitung, v. 48, p. 49-50, 62.

DATA OF GEOCHEMISTRY

Kraze, K., 1909, Vorkommen und Nachweis von Jod in einigen
natiirlichen Salzmineralien: Halle Univ., Inaugural Dissert.

Kroenlein, G. A., 1939, Salt, potash, and anhydrite in the Castile
formation of southeast New Mexico: Am. Assoc. Petroleum
Geologists Bull., v. 23, p. 1682-1693.

Kropachev, A. M., 1960, Minor elements in anhydrites and epi-
genetic gypsums of the Permian of the fore-Urals: Vses.
Mineralog. Obshch. Zapiski, v. 89, p. 589-602 [in Russian].

Krumbein, W. C., 1951, Occurrence and lithologic associations of
evaporites in the United States: Jour. Sed. Petrology, v. 21,
p. 63-81.

Kihn, R., 1951, Zur Kenntnis des Koenenits: Neues Jahrb.
Mineralogie Monatsh., 1951, p. 1-16.

1952a, Reaktionen zwischen festen, insbesondere ozeani-

schen Salzen: Heidelberg. Beitr., Mineralogie u. Petro-

graphie, v. 3, p. 147-168.

1952b, Sellait als salinares Mineral [abs.]: Fortschr.

Mineralogie, v. 29-30 (for 1950-51), p. 390.

1953, Petrographische Studien an Jahresringen in Stein-

salz: Fortschr. Mineralogie, v. 32, p. 90-92.

1955a, Uber den Bromgehalt von Salzgesteinen, insbe-

sondere die quantitative Ableitung des Bromgehalts nicht-

primirer Hartsalze oder Sylvinit aus Carnallitit: Kali, v. 9,

p. 3-16.

1955b, Tiefenberechnung des Zechsteinmeeres nach dem

Bromgehalt der Salze: Deutsche geol. Gesell. Zeitschr.,

v. 105, p. 646-663.

1955¢, Mineralogische Fragen der in den Kalisalzlager-
stitten vorkommenden Salze: Internat. Kali-Institut, Bern
1955, Kalium-Symposium.

Kiihn, R., and Schaacke, 1., 1955, Vorkommen und Analyse der
Boracit- und Ericaitkrystalle aus dem Salzhorst von Wath-
lingen-Hanigsen: Kali und Steinsalz, no. 11, p. 33-42.

Kurnakov, N. 8., Bokii, G. B., and Lepeshkov, I. N., 1937,
Kainite and polyhalite in the salt beds of the Soviet Union:
Acad. sci. U.R.8.8. Comptes rendus v. 15, p. 331-336.

Lang, W. B., 1937, The Permian formations of the Pecos Valley
of New Mexico and Texas: Am. Assoc. Petroleum Geolo-
gists Bull,, v. 21, p. 833-898.

1950, Comparison of the cyclic deposits of the Castile and
Salado formations of the Permian of the Southwest [abs.]:
Geol. Soc. America Bull,, v. 61, p. 1479.

Lees, G. M., and Taitt, A. H., 1946, The geological results of the
search for oilfields in Great Britain: Geol. Soc. London
Quart. Jour. v., 101, p. 255-317,

Leimbach, Georg, 1925, Beitrag zur Kenntnis der ozeanischen
Salzablagerungen—Die Polythermen der Gleichgewichts-
16sungen des KCl-Feldes, der Punkte Y und Z: Kali, v. 19,
p. 417-422,

Leonhardt, .., 1951, Der kleinste Laugentroppen als Grenz-
grosse zwischen van’t Hoffschen Gleichgewichts-systemen
und laugenfreien Synthesen ozeanischer Salze: Naturwis-
senchaften, v. 38, p. 477-478.

Leonhardt, J., and Berdesinski, W., 1949-50, Zur laugenfreien
Synthese von Salzmineralien: Fortschr. Mineralogie, v. 28,
p. 35-38.

1951, Uber die Effloreszens des Kieserits in Salzberg-
werken: Zeitschr. anorg. u. allg. Chemie, v. 265, p. 284-287.

Leonhardt, J., and Tiemeyer, R., 1938, Sylvin mit gesetzmaéssig
eingelagertem Eisenglanz: Naturwissenschaften, v. 26,
p. 410-411.

Lepeshkov, I. N., and Bodaleva, N. V., 1940, Kieserite, bischofite,
and other salts discovered in salt deposits of the southern
part of the Permian sea: Acad. sci. U.R.S.S. Comptes
rendus, v. 27, p. 978-982.




MARINE EVAPORITES

Lepeshkov, 1. N., and Bodaleva, N. V., 1949, Solubility iso-
therm of the acqueous reciprocal system K;Cl,+MgS0,=
K504+ MgCl; at 25°: Akad. Nauk. 8.8.8.R., Inst. Obshch.
Neorg. Khim., Izv. Sektora Fiz.-Khim. Anal., v. 17, p.
338-344 [in Russian].

1952, The order of crystallization of salts on evaporation
of Aral Sea water: Akad. Nauk. S.8.8.R. Doklady, v. 83,
p. 583-584 [in Russian].

Lietz, Joachim, 1951, Sulfidische Klufterze im Deckgebirge des
Salzstockes Reitbrook: Hamburg Geol. Staatsinst. Mitt.,
no. 20, p. 110-118.

Lightfoot, W. J., and Prutton, C. F., 1946, Equilibria in saturated
solutions; pt. 1—The ternary systems CaCl,-MgCl,—H,0,
CaCl-KCI-H.,0 and MgCl;-KCI-H,0 at 35°: Am. Chem.
Soc. Jour., v. 68, p. 1001-1002.

1947, Equilibria in saturated salt solutions, pt. 2—The

ternary systems CaCl,-MgCl,-H;0, CaClL-KCI-H,0 and

MgCl-KCI-H,0 at 75°: Am. Chem. Soc. Jour., v. 69,

p. 2098-2100.

1948, Equilibria in saturated salt solutions, pt. 3—The
quaternary system CaCl,-MgClL-KCl-H,0, at 35°: Am.
Chem. Soc. Jour., v. 70, p. 4112-4115.

Lightfoot, W. J., Prutton, C. R., and Meyer, T. A., 1949, Equi-
libria in saturated salt solutions; pt. 4—The quaternary
system CaCl-MgCl-KCl-H;0 at 75°; pt. 5—The quinary
system CaCl-MgCl-KCl-NaCl-H;0 at 35°: Am. Chem.
Soe. Jour., v. 71, p. 1233-1235.

Lindberg, M. L., 1946, Occurrence of bromine in carnallite and
sylvite from Utah and New Mexico: Am. Mineralogist,
v. 31, p. 486-494.

Linstedt, H., 1955, Zur Frage der Bildungs- und der Zerfalls-
temperatur des Kainits: Neues Jahrb. Mineralogie,
Monatsh., v. 7, p. 157-160.

Lotze, Franz, 1938, Steinsalz und Kalisalze Geologie: Berlin,
Gebriider Borntraeger, 936 p.

1957, Steinsalz und Kalisalz v. 1 (allgemein-geologischer

teil), Zweite Auflage (neubearbeitet): Berlin, Gebrider

Borntraeger, 465 p.

1958, Der englische Zechstein in seiner Beziehung zum
deutschen: Geol. Jahrb., v. 73, p. 135-140.

Lukyanova, E. 1., Sokol, V. I., and Sokolova, G. N., 1956,
Solubility in the quaternary reciprocal system (2KCl+
MgSO,—K,S0,+ MgCly) + H,0 at 75°: Zhur. Neorg. Khim.
v. 1, p. 298-307 [in Russian].

MacDonald, G. J. F., 1953, Anhydrite-gypsum equilibrium re-
lations: Am. Jour. Sci., v. 251, p. 884-898.

Madgin, W. M., and Swales, D. A., 1956a, Solubilities in the
system CaSO,~NaCl-H,0 at 25° and 35°: Jour. Appl.
Chemistry, v. 6, p. 482-487.

1956b, Specifie-conductivity measurements directly
related to solubilities with special reference to calcium
sulfate (anhydrite) solutions: Chem. Soc. Jour., p. 196-200.

Mansfield, G. R., 1930, Potash in the United States: Jour. Chem.
Education, v. 7, p. 737-761.

Mansfield, G. R., and Lang, W. B., 1935, The Texas~New
Mexico potash deposits: Texas Univ. Bull, v. 3401, p.
641-832.

Marr, Ulrike, 1957, Zur Verteilung der Eisengehalte in Salz-
gesteinen des Stassfurt-Zyklus: Geologie [Berlin], v. 6, p.
41-70, p. 149-169.

Marsal, Dietrich, 1952, Der Einfluss des Druckes auf das System
CaS0,~H,0: Heidelberger Beitr. Mineralogie Petrographie,
v. 3, p. 289-296.

Mayrhofer, H., 1953, Gorgeyit, ein neues Mineral aus der Ischler,
Salzlagerstitte: Neues Jahrb. Mineralogie, Monatsh., v. 2,
p. 35-44,

Y49

Meixner, Heinz, 1955, Zur Identitit von Mikheewit (Micheewit)
mit Gérgeyit: Geologie, v. 4, p. 576-578.

Mir Amoros, Jesus, 1946, Sobre el contenido en bromo de las
sales potdsicas de la cuenca del Llobregat (Barcelona):
Inst. geol. min. Espafia, Notas y Commun. no. 16, p. 269-287.

Mokievsky, V. A., 1953, The scientific session of the Federov
Institute together with the All-Union Mineralogical Society:
Veses. Mineralog. Obshch. Zapiski, ser. 2, v. 82, p. 311-317;
Nefedov, E. 1., Report on the new minerals discovered by
him, p. 317.

Moore, G. W., 1960, Origin and chemical composition of evapo-
rite deposits: U.S. Geol. Survey open-file report.

Moore, G. W., and Hayes, P. T., 1958, Evaporite and black-mud
deposition at Pupuri salina, Mexico [abs.]: Geol. Soec.
America Bull., v. 69, p. 1616.

Morachevskii, Y. V., and others, 1937, Gas occlusion in the
potassium salt deposits of the Verkhnekamsk district: Kalii
[U.8.S.R.], v. 6, no. 7, p. 24-31 [in Russian].

Morris, R. C., and Dickey, P. A., 1957; Modern evaporite dep-
osition in Peru: Am. Assoc. Petroleum Geologists Bull.,
v. 41, p. 2467-2474.

Miigge, O., 1913, Uber die Minerale in Ruckstand des roten
Carnallits von Stassfurt und des schwarzen Carnallits von
der Hildesia: Kali, v. 7, p. 1-3.

Nacken, R., 1907, Uber die Bildung und Umwandlung von
Mischkristallen und Doppelsalzen in den bindren Systemen
der dimorphen Sulfate von Lithium, Natrium, Kalium und
Silber: Neues Jahrb. Mineralogie, Beil.~Band, v. 24, p. 1-68.

1910, Ueber die Umwandlungserscheinungen in Misch-~
kristallen aus Natriumsulfat und Kaliumsulfat: Centralbl.
Mineralogie, 1910, p. 262-271.

Naumann, M., 1911, Beitrag zur petrographischen Kenntnis
der Salzlagerstatte von Gliickauf-Sondershausen: Neues
Jahrb. Mineralogie, Beil.-Band, v. 32, p. 578-626.

1913, Entstehung des ‘konglomeratischen” Carnallit-
gesteins und des Hartsalzes sowie die einheitliche Bildung
der deutschen Zechsteinsalzlager ohne Deszendenzperioden:
Kali, v. 7, p. 87-92.

Newell, N. D., Rigby, J. K., Fischer, A. G., Whiteman, A. J.,
Hickox, J. E., and Bradley, J. 8., 1953, The Permian reef
complex of the Guadaloupe Mountains region, Texas and
New Mexico: San Francisco, Freeman & Co., 236 p.

Newland, D. H., 1921, Geology of gypsum and anhydrite:
Econ. Geology, v. 16, p. 393-404.

Nikolaev, A. V., 1946, On the formation of the borate deposits of
Inder: Acad. sci. U.R.S.S. Comptes rendus, v. 51, p. 289-290.

1947, Physico-chemical study of natural borates: Moscow,
Acad. Sci. U.S8.S.R. [in Russian]

Nikolaev, V. I., and Fradkina, K. B., 1950, Kinetics of trans-
formation of carnallite and magnesium sulfate hexahydrate
into kainite: Akad. Nauk S.8.S.R. Izv. Sektora Fiz.-Khim.
Anal., v. 20, p. 269-276 [in Russian].

Noddack, W., and Zeitler, G., 1954, Age determination of granites
by the argon method: Zeitschr. Elektrochem., v. 58, p.
643—-646.

Noll, W., 1934, Geochemie des Strontiums; mit Bemerkungen
zur Geochemie des Bariums: Chemie der Erde, v. 8, p.
507-600.

Ochsenijus, Carl, 1877, Die Bildung der Steinsalzlager und ihrer
Mutterlaugensalze: Halle, C. E. M. Pfeffer, 172 p.
1902, Das Gesetz der Wiistenbildung von Joh. Walther,
Berlin, 1900: Centralbl. Mineralogie, 1902, p. 551-562,

577-590, 620-633.

Paneth, F. A., and Peters, Kurt, 1928, Heliumuntersuchungen;

pt. 2—Anwendung des empfindlichen Heliumnachweises




Y50

auf Fragen der Elementumwandlung: Zeitschr. physikal.
Chemie, Abt. B, p. 170-191.

Pelsh, A. D., 1953a, Diagram of the aqueous reciprocal systems
Na;80,+ MgCL—2NaCl + MgSO, at 25°: Vses. nauchno-
issled. inst. Galurgii, Trudy no. 27, p. 3-16 [in Russian].

1953b, Diagram of the 0, 2.5, and 5° isotherms of the

reciprocal aqueous system Nay;SO,+ MgCl,==2NaCl -}

Mg80,: Vses. nauchno-issled. inst. Galurgii trudy no. 27,

p. 17-33 [in Russian].

1953¢, A square diagram for presentation of a quinary
reciprocal system Na-K-Mg-Cl-S80,-+H,0: Vses. nauchno-
issled. Inst. Galurgii Trudy, no. 27, p. 84-112 [in Russian].

Perrier, C., and Bellanca, A., 1940, Aftitalite e palmierite nel
sistema ternario K;SO,~Na:SO~PbSQ,: Periodico Mineral.,
v. 11, p. 163-300.

Phillips, F. C., 1947, Qceanic salt deposits: Chem. Soc. Quart.
Rev., v. 1, p. 91-111.

Pitkovskaya, Z. N., 1939, Goyazite in the breccia of the Romny
and Issachki salt domes: Acad. sci. U.R.S.8. Comptes
rendus, v. 25, p. 502-503.

Posnjak, Eugene, 1938, The system CaSO~H,;0: Am. Jour.
Sei., ser. 5, v. 35-A, p. 247-272.

1940, Deposition of calcium sulfate from sea water:
Am. Jour. Seci., v. 238, p. 559-568.

Preobrazhenskii, P. I., 1939, Potassium salt deposits: Vses.
nauchno-issled. Inst. Halurgii, Byull. no. 3, p. 65-75 [in
Russian].

Prinz, W., 1908, Qbservations sur le sel gemme blane et bleu:
Soc. belge géol., paléontol., hydrol.,, Mém., v. 22, p. 63-82.

Przibram, Karl, 1953, Verfirbung und Lumineszenz; Beitrige
zur Mineralphysik: Vienna, Springer-Verlag, 275 p.

———- 1956, Irradiation colours and luminescence; a contri-
bution to mineral physies (Translated and revised in col-
laboration with the author by J. E. Caffyn): London,
Pergamon Press, 332 p.

Przibylla, Carl, 1904, Das specifische Gewicht des Sylvins, des
Bischofits, des Carnallits und die Bildung des Letzteren
aus seinen Componenten: Centralbl. Mineralogie, 1904,
P. 234-241.

Quaide, W., 1958, Clay minerals from salt concentration ponds:
Am. Jour. Sci., v. 256, p. 431-437.

Ri#dulescu, Dan, and Georgescu, Victor, 1925, Sur la teneur en
iode du sel des mines de sel roumaines: Anal., Minelor
Romaénia, v. 8, p. 604-605.

1927, Sur la teneur en iode du sel des mines de sel rou-
maines; pt. 2—Répartition de 'iode dans le sel de la mine
de Cosciu: Anal. Minelor Roméinia, v. 10, p. 31-33.

Rankama, Kalervo, and Sahama, T. G., 1950, Geochemistry:
Chicago Univ. Press, 912 p.

Raymond, L. R., 1953, Some geological results from the ex-
ploration for potash in northeast Yorkshire: Geol. Soe.
London Quart. Jour., v. 108, p. 283-310.

Renner, O., 1912, Uber Baeumlerit, ein neues Kalisalzmineral:
Centralbl. Mineralogie, 1912, p. 106-107.

Repetzki, Kurt, 1926, Beitrige zur Frage der Metamorphose,
insbesondere der Thermodynamometamorphose der Salz-
gesteine der deutschen Zechsteinsalzlager und ihrer Mineral-
paragenese: Kali, v. 20, p. 37-40.

Richards, F. A., 1957, Some current aspects of chemical oceanog-
raphy: Physics and Chemistry of the Earth, v. 2, p. 77-128.

Rickaby, H. C., 1923, The mineral association of the salt deposits
at Malagash, Nova Scotia: Toronto Univ., Studies, Geol.
ser., no. 16, p. 46-52.

DATA OF GEOCHEMISTRY

Riedel, Otto, 1913, Chemisch-mineralogisches Profil des &lteren
Salzgebirges im Berlepschbergwerk bei Stassfurt: Zeitschr,
Kristallographie, v. 50, p. 139-173.

Rinne, F., 1914, Metamorphosen von Salzen und Silikatgesteinen:
Neidersichs. geol. Ver., Jahresber. 7, p. 252-269.

1916, Entstehung der kieseritischen Sylvinhalite durch

geothermale Pressungsmetamorphose: Neues Jahrb. Mine-

ralogie, 1916, p. 1-9.

1920, Die geothermischen Metamorphosen und die
Dislokationen der deutschen Kalisalzlagerstitten: Fortschr.
Mineralogie, v. 6, p. 101-136.

Rinne, F., and Kolb, R., 1911, Chemische Natur, Bautypus und
Vorkommen des Rinneit: Centralbl. Mineralogie, 1911,
p- 337-342.

Roeber, J., 1938a, Die Jodverteilung in den deutschen Salz-
lagerstitten. Griinde fiir Auftreten und Fehlen von Jod in
verschiedenen Horizonten des Zechsteins und in Erdol-
wassern: Kali, v. 32, p. 209-211, 221-223, 233, 236.

1938b, Der Jodgehalt der deutschen Salzlagerstitten
Halleschen Verb. Erforsch. mitteldeutschen Bodensch.
Jahrb., new ser., v. 16, p. 129-196. )

Rozsa, M., 1911, Neuere Daten zur Kenntnis der warmen
Salzseen. Bericht fiber die physikalische und chemische
Untersuchung des Erwirmungsprozesses der Siebenbiirger
Salzseen: Berlin, Friedlinder & Sohn.

1914, Uber den organischen Aufbau der Stassfurter

Salzablagerungen: Berlin, Friedlinder & Sohn.

1915a, Die Entstehung des Hartsalzes und die sekundiren

Umwandlungen der Zechsteinsalze: Zeitschr. anorg. u.

allg. Chemie, v. 91, p. 299-308.

1915b, Zusammenfassende Ubersicht der in den Kalisalz-

lagern stattgefundenen chemischen Umwandlungsprozesse:

Zeitschr. anorg. u. allg. Chemie, v. 92, p. 207-300.

1916a, Die quantitativen chemischen Beziehungen der

Hydrothermalmetamorphose des Hauptsalzes im Stass-

furter Kalisalzlager: Zeitschr. anorg. u. allg. Chemie,

v. 94, p. 92-94.

1916b, Uber die Ausscheidung und Thermometamor-

phose der Zechsteinsalze Bischofit, Kainit, und Astrakanit:

Zeitschr. anorg. u. allg. Chemie, v. 97, p. 41-55.

1916¢, Uber die posthumen Einlagerungen im Hauptan-

hydrit: Zeitschr. anorg. u. allg. Chemie, v. 98, p. 327-332.

1916d, Das Vorkommen und die Entstehung des Hart-

salz-Kainitits: Centralbl. Mineralogie, 1916, p. 505-511.

1917a, Die Entstehung der Zechsteinsalzlager aus

chemischgeologischen Gesichtspunkten: Centralbl. Minera-

logie, 1917, p. 35-41.

1917b, Jodgehalt und Laugeneinschliisse im Zech-

steinsalzlager: Centralbl. Mineralogie, 1917, p. 172-176.

1919, Das Bestehen von Bischofitlagern und die sekun-

ddren Umwandlungsvorgénge der Zechsteinkalisalze: Kali-

v. 13, p. 24-28.

1924, Uber den Jodgehalt der deutschen Zechsteinsalze:

Kali, v. 18, p. 249-252.

1931, Entstehungs- und Umwandlungsvorginge in den
deutschen Kalisalzlagern: Kali, v. 25, p. 136-139.

Runnels, R. T., Reed, A. C., and Schleicher, J. A., 1952, Minor
elements in Kansas salt: Kansas Geol. Surv. Bull. 96, p.
185-200.

Rustamov, P. G., 1957a, Polytherm of the potassium and
sodium chlorides and sulphates systems: Akad. Nauk
Azerbaidzban. SSR Izv., no. 4, p. 33-34 [in Russian].

1957b, Investigation of aqueous systems of sodium and

potassium chlorides and sulphates at —20°, —15°, —10°,




MARINE EVAPORITES

and —5°: Akad. Nauk Azerbaidzhan. SSR., Izv. no. 5,
p. 45-57 [in Russian].

Sahama, T. G., 1945, Abundance relation of fluorite and sellaite
in rocks: Acad. Sci. Fennicae Annales, ser. A, III Geol.
Geog., no. 9, p. 1-21.

Schaefer, Walter, 1920, Thermische und kristallographische
Untersuchung der terniiren Systeme aus Lithium-, Natrium-,
Kaliumchlorid und Calcium-, Strontium-, Bariumchlorid:
Neues Jahrb. Mineralogie, Beil.-Band, v. 43, p. 132-189.

Schaller, W. T., and Henderson, E. P., 1932, Mineralogy of
drill cores from the potash field of New Mexico and Texas:
U.S. Geol. Survey Bull. 833, 124 p.

Scharrer, K., and Schwaibold, J., 1928, Zur Kenntnis des Jods
als biogenes Element; pt. 16—Jodvorkommen in Futter-
mitteln und kiinstlichen Diingemitteln: Biochem. Zeitschr.,
v. 195, p. 233-237.

Schreiber, W., 1936, Uber den Jodgehalt deutscher Kalidiinge-
salze: Landwirtsch. Versuchs-Stat., [Berlin] v. 127, p. 57-
66.

Scruton, P. C., 1953, Deposition of evaporites: Am. Assoc.
Petroleum Geologists Bull., v. 37, p. 2498-2512.

Sella, A., 1887, Uber den Sellait und die Mineralien welche ihn
begleiten: Accad. Linc. Mem., v. 4, p. 455-469.

Serowy, F., 1922, Beitrige zur Kenntnis wichtiger Gleichge-
wichtslosungen ozeanischer Salzablagerungen bei 83 Grad:
Kali, v. 16, p. 11-186.

1923, Die Polythermen der Viersalzpunkte des Chlor-
kaliumfeldes im quindiren System ozeanischer Salzablage-
rungen; ihre teilweise Nachpriifung und Vervolistindigung
bis zu Temperaturen iiber 100°C: Kali, v. 17, 289 p.

Shehepetunin, I. F., 1937, Bromine in the salt beds of the
Irkutsk sait-bearing basin and in the waste waters of the
salt plant: Problemy Sovet. Geologii, v. 7, p. 726-729
[in Russian].

Sherlock, R. L., and Hollingworth, S. E., 1938, Gypsum and
anhydrite, and celestine and strontianite: Great Britain,
Geol. Surv, Mem., 98 p.

Shlezinger, N. A., Zorkin, F. P., and Petukhova, E. V., 1940,
The conditions of origin of kainite: Acad. sci. U.R.S.8.
Comptes rendus, v. 27, p. 466-469.

Shternina, E. B., and Frolova, E. V., 1945, Solubility in the
system CaCO;CaSO~NaCl-CO;-H;0 at 25°: Acad. sci.
U.R.S.8. Comptes rendus, v. 47, p. 33-35.

Siedentopf, H., 1905, Ultramikroskopische Untersuchungen
tber Steinsalafirbungen: Physikal. Zeitschr.,, v. 6, p.
855-866.

Sloss, L. L., 1953, The significance of evaporites: Jour. Sed.
Petrology, v. 23, p. 143-161.

Smith, H. I., 1933, Potash development in southeastern New
Mexico: Am. Inst. Mining Metall. Engineers Contr. 52,
15 p.

1938, Potash in the Permian salt basin: Indus. and Eng.
Chemistry, v. 30, p. 855-860.

Smits, F., and Gentner, W., 1950, Argon-bestimmungen an
Kalium-Mineralien; pt. 1—Bestimmungen an tertiiren
Kalisalzen: Geochim. et Cosmochim. Acta, v. 1, p. 22-27.

Soloveva, E. F., 1956, Investigation of the solubility in the
aqueous system 2KClI + MgS0,=K:;SO, + MgCl, at 25°:
Vses. nauchno-issled. Inst. Galurgii Trudy, no. 27, p. 48-66
[in Russian].

Stewart, F. H., 1949, The petrology of the evaporites of the
Eskdale no. 2 boring, east Yorkshire; pt. 1—The Lower
Evaporite Bed: Mineralog. Mag., v. 28, p. 621-675.

Y51

1951a, The petrology of the evaporites of the Eskdale no.

2 boring, east Yorkshire; pt. 2—The Middie Evaporite Bed:

Mineralog. Mag., v. 29, p. 445-475.

1951b, The petrology of the evaporites of the Eskdale no.

2 boring, east Yorkshire; pt. 3—The Upper Evaporite Bed:

Mineralog. Mag., v. 29, p. 557-572.

1953, Early gypsum in the Permian evaporites of north-

eastern England: Geologists’ Assoc. [London] Proc. v. 64,

p. 33-39.

1954, Permian evaporites and associated rocks in Texas

and New Mexico compared with those of northern England:

Yorkshire Geol. Soc. Proc., v. 29, p. 185-235.

1956, Replacements involving early carnallite in the
potassium-bearing evaporites of Yorkshire: Mineralog.
Mag., v. 31, p. 127-135.

Storck, Ulrich, 1954, Die Entstehung der Vertaubungen und des
Hartsalzes im Flz Stassfurt im Zusammenhang mit regel-
missigen Begleiterscheinungen auf dem Kaliwerk Konigs-
hall-Hindenburg: Kali und Steinsalz, v. 1, no. 6, p. 21-31,

Strong, M. W., 1937, Micropetrographic methods as an aid to the
stratigraphy of chemical deposits: 2 Congrés Mondiale
du Pétrole, 2me, Paris 1937, Sec. 1, p. 395-399.

Strunz, Hugo, 1958, Kristallographie von I’ Ansit, ein auf marin-
sedimentiren Lagerstitten zu erwartendes Salz: Neues
Jahrb. Mineralogie, Monatsh., 1958, p. 152-155.

Sturmfels, Ernst, 1943, Das Kalisalzlager von Buggingen (Siid-
baden): Neues Jahrb. Mineralogie, v. 78, p. 131-216.

Sverdrup, H. U., Johnson, M. W., and Fleming, R. H., 1942,
The Oceans: New York, Prentice-Hall, 1087 p.

Sveshnikova, V. N., 1951, The formation of calcium chloride in
natural brines: Akad. Nauk SSSR Doklady, v. 79, p. 447-
450.

Tanaka, Yasuo, Takasago, Shozo, and Komatsu, Takashi, 1950,
Equilibrium of the system of sea salts at 110°: Chem. Soc.
Japan Bull, v. 23, p. 14-16.

Taylor, R. E., 1937, Water-insoluble residues in rock salt of
Louisiana salt plugs: Am. Assoc. Petroleum Geologists Bull.,
v. 21, p. 1268-1310.

Thompson, T. G., and Nelson, K. H., 1956, Concentration of
brines and deposition of salts from sea water under frigid
conditions: Am. Jour. Sci., v. 254, p. 227-238. p

Thomson, S. J., and Wardle, G., 1954, Coloured natural rock-
salts: a study of their helium contents, colours and im-
purities: Geochim. et Cosmochim. Acta, v. 5, p. 169-184.

Tollert, Hans, 1950 Uber die Verteilung der Temperatur,
der Konzentration und der Stromungsgeschwindigkeit
in dynamisch-polythermen Systemen: Zeitschr. physikal.
Chemie, v. 195, p. 281-294.

1952, Die dynamisch-polytherme Untersuchung des

Systems des reziproken Salzpaares Na:Cl; + MgS80.=

Na,;80; + MgCl,: Zeitschr. physikal. Chemie, v. 200, p.

210-249.

1956, Die kinetische und stationire Bestimmung von
Lésungsgleichgewichten leichtlgslicher Salze und deren
thermodynamische Grundlagen zur Deutung des meta-
stabilen Sittigungszustandes mit Hilfe der Hydratations-
enthalpien: Zeitschr. physikal. Chemie, neue Folge, v. 6,
p. 242-260.

Tollert, H., and Bruns, G., 1956, Kinetische Ermittlung der
Lé¢sungsgleichgewichte in Sylvin- und Carnallit-Feld des
quiniren Systems bei 20°C. und deren Darstellung in einem
Rasterdiagramm: Chem.- Ing. Tech., v. 28, p. 481-486.

Tomkins, R. V., 1955, Potash in Saskatchewan: Canadian
Mining Metall. Bull., v. 58, p. 38-41.




Y52

Udden, J. A., 1924, Laminated anhydrite in Texas: Geol. Soc.
America Bull., v. 35, p. 347-354.

Urasov, G. G., and Polyakov, V. D., 1956, Salts of Kara-Boghasz-
Gol: Priroda, no. 9, p. 61 [in Russian].

Usiglio, J., 1849, Analyse de Peau de la Méditerranée sur les
cotes de France: Annalen der Chemie, v. 27, p. 92-107,
172-191.

Valyashko, M. G., 1951, Volume relations of liquid and solid
phases in the process of evaporation of oceanic water as a
factor determining the formation of deposits of potassium
salts: Acad. sci. U.R.S.8. Comptes rendus, v. 77, p. 1055—
1058 [in Russian].

Valyashko, M. G., and Nechaeva, A. A., 1952, Experimental
study of the conditions of formation of polyhalite: Lvov
Geol. Obshch. Mineral. Sbornik, v. 6, p. 153-160 [in
Russian].

Valyashko, M. G., and Soloveva, E. F., 1949, Metastable
equilibria in the system 2Nat—2K*—Mg*+t—S80,~—2Cl-
—H,0: Vses. nauchno-issled. Inst. Galurgii Trudy, no.
21, p. 197-217 [in Russian].

1953, Crystallisation of sylvite upon evaporation of sea
water: Vses. nauchno- issled. Inst. Galurgii Trudy, no. 27,
p. 159-170 {in Russian].

van’t Hoff, J. H., 1905, Die Bildung der ozeanischen Salzabla-
gerungen; V. I: Leipzig, Viewig und Séhn.

1909, Die Bildung der ozeanischen Salzablagerungen; pt.

2: Leipzig, Viewig and Sohn.

1912, Untersuchungen iiber die Bildungsverhiltnisse der
ozeanischen Salzablagerungen, insbesondere das Stassfurter
Salzlagers: Leipzig.

Walther, Johannes, 1900, Das Gesetz der Wiistenbildung:
Berlin.

1903, Die Entstehung von Salz und Gips durch topo-
graphische oder klimatische Ursachen: Centralbl. Minera-
logie, 1903, p. 211-217.

Wedepohl, K. H., 1953, Untersuchungen zur Geochemie des
Zinks: Geochim. et Cosmochim. Acta, v. 3, p. 93-142,
Wells, R. C., 1937, Analyses of rocks and minerals from the
laboratory of the United States Geological Survey, 1914-36:

U.S. Geol. Survey Bull. 878, 134 p.

Wengerd, S. A., and Strickland, J. W., 1954, Pennsylvanian
stratigraphy of Paradox salt basin, Four Corners region,
Colorado and Utah: Am. Assoc. Petroleum Geologists Bull.,
v. 38, p. 2157-2199.

Wetzel, W., 1938, Sedimentpetrographische Untersuchungen an
deutschen Salzgesteinen: Niedersichs. Geol. Ver. Jahres-
ber., v. 29, p. 89-100.

DATA OF GEOCHEMISTRY

Wienert, F. O., 1950, Solid solutions in potassium—sodiuin—
magunesium—chloride—sulfate—water systems: Royal Aus-
tralian Chem. Inst. Jour. and Proec., v. 17, p. 197-204.

Wieninger, Leopold, 1950, Uber die Bestrahlung natirlicher,
gefirbter Steinsalzkristalle mit a=Teilchen von RaF:
Osterreichischen Akad. Wiss. Sitzungsber., Math. naturw.
Kl., Abrt. IIa, v. 159, p. 113-128.

Wilke-Dorfurt, Ernst, 1912, Uber das Vorkommen des Rubidiums
in den Kalisalzlagerstitten: Kali, v. 6, p. 245-254.

Wimmenauer, Wolfhard, 1952, Petrographische Untersuchungen
iiber das Ankaratit- Vorkommen im Kalisalzlager von
Buggingen in Baden: Badische Geol. Landesanstalt,
Mitteilungsbl. p. 117-128.

Winkler, L. W., 1916a, Uber den Jodgehalt des Stassfurter
Sylvins und Carnallits: Zeitschr. angew. Chemie, v. 29,
p. 342-343.

1916b, Uber das Vorkommen des Jods in den deutschen

Kalilagern: Zeitschr. angew. Chemie, v. 29, p. 451-452.

1917, Uber den Bromgehalt der deutschen Kalisalze,
Urlaugen und Endlaugen: Zeitschr. angew. Chemie, v.
30, p. 95-96.

Yanateva, O. K., 1948, Equilibrium in the sea water system
Na, Mg, Cl, 80,, H;0 at 55°: Zhur. Priklad. Khim., v.
21, p. 26-34 [in Russian].

1949a, Solubility in the system Ca, Mg, CO;, SO, H,0:

Akad. Nauk 8.8.8.R. Doklady, v. 67, p. 479-481 [in Russian].

1949b, Equilibria in the sea system K, Na, Mg, Cl, SOy,
H,0 at 25°: Akad. Nauk S.S.S.R., Izv. Sektora Fiz.-
Khim., v. 17, p. 370-382 [in Russian].

Yanateva, O. K., and Orlova, V. T., 1956, Equilibrium in the
system K;SO~Nas;S0,~MgSO,~H,0 at 55°; Zhur. Neorg.
Khim., v. 1, p. 988-994 [in Russian].

Yarzhemskii, Y. Y., 1945, Potassium salts in the Inder uplift:
Acad. sci. U.R.S.S. Comptes rendus, v. 48, p. 191-192.

1952, Kurgantaite—a new borate mineral: Lvov Geol.
Obsheh. Mineral. Sbornik, v. 6, p. 169-174 [in Russian].

—— 1953, On the process of silicification of borate rocks of the
gypsum cap of Inder elevation: Acad. sci. U.R.S.S. Comptes
rendus, v. 88, p. 913-916 [in Russian].

Zambonini, F., 1921, Sulla palmierite del Vesuvio ed i minerali
che l'accompagnano: Com. geol. Ital., Boll. v. 38, no. 3,
30 p.

Zimmermann, E., 1913, Der thiringische Plattendolomite und
sein Vertreter im Stassfurter Zechsteinprofil, sowie eine
Bemerkung zur Frage der ‘“Jahresringe’: Deutsche Geol.
Gesell. Zeitschr., v. 65, Monatsber., p. 357-372.




INDEX

Page
Y1

Abstrnt't
minerals in evaporite deposits .

11

Anhydrit.e, solubilit

13,14

Anhydrite rock, yses

ﬂ)hthitalim, variation of composition..._.._..___...

Arg:gin

Bar theory of Bischof .. ...

Barium

Boceans de Virrila Lagoon, Peru..

Carbonates, mode of occurrence.

Castile Formation, Texas and New Mexico, vertical repetition in
[0TSR

Chlorides, mode of occurrence. .
Chromium

Clarke, F. W, ., quoted. .

Clays, iron content

Colorado, analyses.

Copper.

Differences between natural and experimental evaporite successions.. . ... ceea

8 8 BBERRERaoe BEoandln B8

England, analyses

Fluorides, mode of occurrence.
uorine

France, analyses. ..
Gallium

&

Germanium.

Germany, analyses

Gypsu.m, solubili

8

Gypsum rock, analyses.

Idaho, analyses,
Todine e

Iron

Lateral-variation scheme of Sloss..
Lead

Lithium

Louisiana, analyses.

MaeDonasld, G. J. F., quoted
M: ese

Marine evaporite deposits, United States.

NEE RES. 88 REUYRex JRELEE K82

Moediterranean water and bitterns, analyses... Y12
Michigan, analyses 33

New Brunswick, analyses. 33
New Mexico, analyses 33
Nitrogen... 39
Nova Scotla, analyses 34

Ovceanie salts, order of d ition. .. emecceemmemecmmmmmemmm—smasooae 24
stabmtytﬂelds i & 15,17, 19,20, 21
ure of formation.

theorepmt‘seal sneoesslmon of pitation
Ochoa evapoﬁtes, Texas and New Mexlco, vertical repetition 0. oo ooooo.o

aradox b: —-
Permian salc posits.d northwest Europe and British Isles.__.coueeuooceeao
., quote

m“&m rock, anaiyses
minor elements in.
Potassium-bearing marine evaporites, analyses.

Reaction gypsum=anhydrite+water.
Rubidiom

Salado Formati
distribution o salts

replacements in.
Salina Formation, Michigan basin, vertical repetitionin... ... ...
8alt cla; analm' e
52{3,1 down in concentration of sea water
South Dakots, analyses.
Sulfates mode of occurrence
Sulfar isotopes
Sylvite rock minor elements in._.
System Ca80,H;0
Mg—Na—K—Cl—SOr—HaO
at 25" C
at 66° C
at 83° C
Texas, analyses.

Uranium,
Utah, analyses,

Vanadium.

Wyoming, analyses

Zechstein, England
analyses.
replaeements in
succession

vertical mpetition in
in, Germany. analyses
msnts

Texas and New Mexico. 33,

=
EEEYRBUERELERE KX RRBSIRE BN

13

succession

vertical repetltlon in
Zine
Zireconium

gg &8
BEaNER.BER8 8 5 88 ¢ REE

Y53

O

U.S. GOVERNMENT PRINTING OFFICE: 1964 O~—745-880



