
HYDROCARBON PROSPECTS AROUND 
NEOGENE EVAPORITES

by
P. Sonnenfeld

Introduction. A relationship between gas and oil pools and evaporites has been 
recognized for a long time (W oolnough, 1937; W eeks, 1958; M oody, 1959; H ed- 
berg, 1964; G oncharev and K ulibakina, 1973). It goes back to H arbort (1913), 
was again revided by Szatmári (1980) and Sonnenfeld (1984, 1985). Worldwide, 
the vertical and lateral environs of ancient evaporite basins, the surroundings of salt 
stocks and some of the seams in underground mines have been the sites of commercial 
and non-commercial hydrocarbon occurrences. This relationship is not accidental.

Oil field palaeo-latitudes cover a belt almost identical to that of evaporite deposits 
(Irving and Briden, 1962; Irving and G askell, 1962; G ordon, 1975); over three- 
quarters of all hydrocarbons known in Europe, the Middle East and the USSR are 
stored under evaporites or occur in lateral contiguity to them (Solowjow , 1978; 
K ozlov, 1978). Hydrocarbon reserves are associated in North America with evaporites 
in the Michigan, Paradox, Delaware, Midland, and Elk Point basins, to name but a 
few.

The facies distribution in an evaporite basin

Brine saturation can occur in a marine embayment whenever run off and inflow 
cannot match evaporation and seepage losses. The surface inflow is charged with 
nutrients that allow reef tops to flourish; the expansion of reefs further decreases 
the cross sectional area of the inflow, hinders the outflow, and thus accelerates the 
progressive concentration of the resident brine.

To concentrate a brine to saturation for halite and other chlorides requires a 
water surface several times the size of the halite precipitation area; the shoals and 
shelves become the sites of gypsum precipitation, act as saturation shelves (Fig. 1). 
Rapidly subsiding parts of the basin collect brines that contain a variety of chloride 
complexes in a gradually decreasing amount of solvent. Without synsedimentary 
subsidence, the basin would fill up promptly, once halite precipitation commences. 
Halite preservation rates are at least 0.1 —4.0 mm/year (Barnett and Straw , 1983). 
Dissolved potassium and magnesium chlorides become both less dense and less 
soluble upon cooling. They do not mark the deepest part of the basin because they 
eventually precipitate on basin slopes and outer shelves.

Organic matter in evaporite basins

Well oxygenated surface waters in any evaporite basin are rich in biota. The 
swept-in surface waters carry a very prolific fauna and flora, the generation of organic
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matter per square meter of bay surface is 2 —3 orders larger than that of the open 
ocean. An elaborate food chain is developed from planktonic algae to schools of fish. 
A Messinian eel (Sturani, 1973) that had ventured far from shore in search of food 
was preserved in the evaporites because upon sinking through the density interface it 
died but did not decompose before burial.

The bottom brines become anoxic as soon as they are separated from the atmos
phere. The increasing osmotic pressure of bottom waters eliminates the bottom dwel
lers and burrowers, and organic matter dropping through the pycnocline is not con
sumed. Only bluegreen algae persist within the photic zone and anaerobic bacteria in 
the remaining brine column, as bottom dwelling faunas, grazers and scavengers are 
eliminated and bioturbation of sediments ceases.

The disappearance of this fauna reduces recycling of organic matter, which 
accumulates in hypersaline brines at an extremely fast rate. Sediments beneath a 
density stratified brine have a negative redox potential; low solubility of oxygen 
in hypersaline brines prevents decomposition, leaving it up to anaerobic bacteria to 
macerate the organic matter. Organic matter continuously raining down from surface 
waters is decomposed by bacteria, goes into solution or settles on the bottom. Addi
tional hydrocarbons are produced by algae, diatoms and bacteria. Anaerobic fer
mentation process in the Cariaco Trench, Venezuela, produce both alkanes and 
molecular nitrogen (L innenbom and Swinnerton, 1971). In an anaerobic environ
ment, more organic matter enters the bottom sediments when rates of accumulation 
accelerate, not when decomposition is slowed down (R ichards, 1970).

Halite and gypsum appear to be at first sight devoid of organic matter. However, 
the evidence for its presence is manifold. Evaporites contain many direct fossil forms, 
e.g., embedded fish, plankton, insects, spores, pollen, leaves, tree trunks, or stroma
tolites replaced by gypsum or halite. Fluid inclusions in evaporite minerals invari
ably contain both liquid and gaseous hydrocarbon fractions and some organic nit
rogen. Organic matter controls the rate of precipitation of evaporite minerals, the 
crystal size and habit of both sulphates and chlorides. Indirect evidence for organic 
matter and its maceration products is offered by discoid gypsum crystals, favoured 
over prismatic ones in the presence of phenols, by an octahedral habit of NaCl and 
KC1 due to adsorbed amines. Amino acids raise gypsum solubility and have been 
found in ancient anhydrites; unflushed organic matter causes slower setting of gypsum 
from salinas than from quarries. Sylvite nucleates much more slowly than carnallite; 
its precipitation at ambient temperature is due to organic nitrogen compounds, as 
alcohols and other organic surfactants reduce KCl-solubility but urea complexes 
Mg-chloride preventing its coprecipitation with sylvite. Oxidation of nitrogen com
pounds leads to carnallite precipitation; dissolved bivalent iron complexes are con
currently also oxidized producing very fine hematite needles embedded in primary 
carnallite. The presence of aliphatic acid anions can contribute a major portion of 
the measured alkalinity in a brine (Carothers and and K haraka, 1978).

Bitumina in evaporites

Many bitumina, notably members of the alkane series, are produced in the 
evaporite environment (Fig. 2). They form by metabolism of anaerobic bacteria, 
some algae and diatoms. Dissolved organic matter alters the viscosity of the brine, 
its ability to hydrate ions, and its proficiency to transport organic and inorganic 
substances.
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Sulphate ions are digested by bacteria within the anaerobic water column but 
hydrogen sulphide does not become available in the bottom sediment for pyritization 
of available iron complexes. It either escapes or is reoxydized by bluegreen algae in 
the photic zone. Hydrogen liberated in the reoxidation of hydrogen sulphide causes 
unsaturated compounds to change to saturated ones. Adsorption of swept-in organic 
compounds onto Ca-sites in a gypsum or calcite lattice or even the stripping COO- 
radicals by Ca-hydroxides leads to the production of alkanes. Mixed-layer clays 
perform the same function.

Another path to alkane Produktion is a bacterial degradation of algal matter 
that accepts hydrogen from flocculating montmorillonites. Montmorillonites change 
in the anaerobic brine to mixed-layer clays with brucite pillars and induce catalytic 
cracking (illitization inactivates these clays). The brucite incorporation leads to the 
break-up of any available hygroscopic alcohol-Mg-chloride complexes. Alkanes also 
dissociate from brines stripped of magnesium by dolomitization or by ion exchange 
with clays. Especially the red bed facies, which is closely related to evaporites, con
tains clays that have a pronounced catalytic effect on sedimentary organic matter and 
hydrocarbons (Veber and G orbunova, 1969). Conversion of blown-in clays into 
Mg-chlorites liberates both silica and alumina. The presence of Al-chlorides in the 
brine is indicated by the formation of koenenite or loewigite. These aluminium chlo
rides turn animal fats and naphthalenes into alkanes.

Limestone and dolomite, reacting with fatty acids, generate liquid bitumina. 
Calcium sites in gypsum fosters the formation of gaseous homologues, but permeable 
dolomite intercalations in evaporites frequently yield commercial oil and gas. A 
bacterial reduction of sulphate to hydrogen sulphide prevents the formation of methana 
and stimulates the formation of liquid hydrocarbons (Sonnenfeld, 1984). If bacterial 
sulphate reduction is a prerequisite to the production of liquid petroleum, the absence 
of such activity may explain why ancient gypsum shelves, such as the Miocene Po 
Valley of Italy (Selli, 1973; R izzini and D ondi, 1978) and the northern Adriatic 
Sea, located a thousand km of several interconnected gypsum-containing subbasins 
away from the edge of a salt basin, have yielded natural gas, but little liquid petroleum. 
Gas has been reported in Sicilian gypsum for a century (Sjoegren, 1893).

Hydrocarbons in salt and potash beds must be formed in situ: Crude oil from 
evaporite beds tends to be immature, a high-gravity gasoline-range petroleum. Seeps 
of crude oil are common in undisturbed halite and potash beds (Peterson and H ite, 
1969), blow-outs are well-known from Miocene potash mines in Poland, occasionally 
leaving behind a white, waxy “mountain tar.” Fluid inclusions of light oil are common 
in recrystallized halite (K ityk and Petrichenko, 1978) and extractable oil in crushed 
sylvite. The apparent immaturity of evaporite-related crude oils is a consequence of 
their mode of genesis. One has to bear in mind, that vitrinite reflectivity, a maturation 
index, sets oil genesis in elastics at 0.5 —0.7, but at less than 0.4 in evaporites, i. e. 
20—40% lower (H öllerbach, 1980).

In short, the organic compounds are altered catalytically into hydrocarbons by 
Ca7montmorillonites, calcites, gypsum and even by potash deposits. As Ca-mont- 
morillonite and other clays change to mixed-layer Mg-varieties, dispersed organic 
matter transforms into syngenetic hydrocarbon fluids. Hydrocarbons generated in 
anaerobic bottom brines contain saturated homologues, whereas oxygenated surface 
waters generate primarily undersaturated olefins, a rare component of unrefined crude 
oils (L innenbom and Swinnerton, 1970).

The amount of hydrocarbons generated in evaporite basins is substantial: For 
each gram of organic matter contained in 1 m3 of incoming seawater, at least 0.003
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barrels of crude oil, 57° API-gravity, accrue per m3 of salt precipitated. Organic carbon 
may reach 150 ppt in uncompacted Holocene evaporites but most ancient salt se
quences still contain 2 — 5 ppt (W ilson, 1984). Translated into liquid petroleum that 
represents about 300 bbls of oil generated per 100 m3 of salt, of which 4—10 bbls of 
oil are still retained in ancient sequences. Ancient evaporite deposits measuring several 
hundred km were capable of generating many billions of barrels of oil; much of 
this was again consumed by anaerobic bacteria but a significant quantity was able to 
migrate into surrounding reservoirs.

Metallic ores

Seawater contains substantial quantities of base metals, which are concentrated 
in the residual brine when precipitation of evaporite minerals commences. The pre
valent whitish color of salt proves that iron remained in solution as bivalent chloride — 
or organochloride complexes. Some metals are selectively removed by algae and are 
later released from decomposing organic materials, again as organo —metallic 
complexes. Organic complexes travelling alongside metal chloride complexes 
increase solubilities with rising salinities of the brines. Organometallic complex
es are quite capable of transporting quantities of base metals adequate to form 
a deposit. Wherever the pH of the percolating brine is lowered and hydrogen 
sulphur bearing formation waters are encountered, the metals are then precipitated, 
the organics cleaved from their chlorides. An association of organic matter and ore 
deposition has been noted in many localities. However, when mobilized, the heavy 
metal-bearing brines then travel downward, and the hydrocarbons tend to move 
up dip, to be trapped in geographically and stratigraphically separated reservoirs. 
Messinian evaporite deposition occurred on such a large scale that exploration for 
commercial deposits of lead—zinc or copper ores, or for light-gravity petroleum 
could be rewarding especially on the periphery of Messinian salt basins.

Migration of hydrocarbons

The settling out of organic matter occurs indiscriminately over the whole floor 
of the brine basin and organic materials are trapped only when they settle out over 
impervious parts. Precipitating gypsum or halite slush is very porous; the accruing 
organic matter is flushed into the subsurface and delivered to reservoirs. The brine 
seeping carries out with it entrained organic matter as small molecules and dissolved 
compounds. High rates of salt precipitation increase both the geostatic pressure on 
underlying beds and their pore pressure; they increase the pressure gradient between 
hydrocarbon-bearing strata and reservoirs and promote flushing and migration. The 
diffusion co-efficients for potassium chloride or sodium chloride and amino acids are 
entirely related to their volume and shape of diffusing molecules and not to their 
molecular weight (M ehl and Schmidt, 1937) and are temperature-dependent. This 
is true also of many other organic compounds.

Where the substrate is porous, but not permeable, such as in micritic limestones 
and marine clay beds, the organic matter is trapped. Clays offer adsorption surfaces 
more than two orders larger than those of the finest-grained carbonates. Large hyd
rocarbon molecules are easily trapped when they settle out over impervious clays or 
dens calcilutites; by echanging Al-hydroxide cations clay can attain a pore volume
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of over 40 percent and a surface area of 600 — 2200 m2/cm3 ; its highly active micro
space is easily filled to 70% with alkanes (Suess, 1970; Serratosa, 1979; Occelli 
et al., 1981). Clays are thus able to adsorb large quantities of bitumine before poly
merizing them into solids.

In that manner the clays trap the organic matter in muddy bottoms of a bay, 
later compacted into bituminous shales. The shales act as retaining sponges. However, 
there is no indication how much of the original organic matter has been flushed into 
aquifers through adjacent previous substrates. Indeed, impermeable beds adjacent to 
evaporites (shales or micritic limestones) also are often bituminous: organic matter 
forms pyrite-rich sapropels and is buried in stinkstones, finely grained, bituminous 
nearshore limestones, dolomites and shales that originally lined the evaporite basin.

Once entrapped in the claystones the organic matter is unable to move until a 
substantial pressure is applied. Thermal oil generation from bituminous shales re
quires a burial depth at which compaction would have completely eliminated the 
effective permeability; moreover, the clays then act as semi-permeable membranes 
capable of filtering out all but the smallest molecules (Szatmári, 1980). Mere burial 
pressure is insufficient to expel the crude oil: Clays containing about equal amounts 
of crude oil and water still keep almost 50% of the crude oil at a pressure equivalent 
to more than a 5 km burial (Snarsky, 1962). Potonié argued in 1928 that if crude oil 
migrated out of compacting shales, compounds ought to be segregated geographically 
according to individual threshold pressures and temperatures of fractionation.

The farther the ancient shores of a barred evaporite basin the higher is the 
hydrogen content of hydrocarbons and thus the greater the oil yield (Breger and 
Brow n , 1963). As the brine concentrates and becomes more dense, more and more of 
it seeps through an initially porous substrate, displaces lighter formation waters 
underneath the basin floor and carries with it into aquifers dissolved or complexed 
base metals, silica and organic maceration products. The hydrocarbons move into 
reservoirs underneath at the flanks and later even into overlying reservoirs (Sonnen
feld, 1984). Because oil tends to migrate up dip, the shelf edges and structural traps 
within a basin, rather than nearshore sites become important exploration targets. 
Favourable entrapment areas are reef chains, basin-margin fault traps and post- 
Miocene erosional unconformities. Hydrocarbons, because of their buoyancy tend 
to separate from the direction of brine movement, wherever an antiform structure 
such as a reef is passed. Tectonically squeezed evaporites yield their hydrocarbons 
to aquifers; these hydrocarbons fill reservoirs abutting salt domes. Burk et al. (1969) 
found highly aromatic and asphaltic high-gravity oils in the caprock of Jurassic 
Louann salt in the Sigsby Knoll, Gulf of Mexico.

Rock salt is permeable to non-aqueous fluids and crude oil moving through it 
is undergoing changes (Sonnenfeld, 1985): a few ppt are adsorbed, alkane structures 
increase their chain lengths and are favoured over aromatics, resins and asphaltenes 
increase. Heavy oil filtered through potash beds becomes alkane-rich light oil (G raefe, 
1910). Halite veinlets in anhydrite often smell of gasoline; carnallite and at times halite 
decrepitate when dissolved as gases escape: Miocene “crackle salt” in Poland has a 
weakly bituminous taste (R ose, 1839). Gasoline-range hydrocarbons and their 
gaseous homologues are seeping into overlying sediments from Upper Miocene 
evaporites beneath the Mediterranean Sea (M cIver, 1973).

Rising brine salinity lowers the solubility of oil (Faingersh, 1977); excess sodium 
or potassium ions in the percolating brines convert oil-wet to water-wet rocks and 
thus mobilize any hydrocarbons adsorbed onto pore walls (Leach et al., 1962). 
It is no coincidence that Miocene oil flanks Fars evaporites in Iran, Mediterranean
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salts in Libya, Transylvanian salts at Ploiesti, occurs off-shore Thrace close to salt- 
filled grabens; similar grabens in the Tyrrhenian Sea have not been investigated.

Both Neogene and Permian salt precipitation are unique in that they were shortly 
followed by a glacial period with large-scale entrapment of ocean water in ice caps. 
A drop in sea level bared gypsum shelves, meteoric waters became quickly saturated 
with calcium sulfate and were able to penetrate into the young, as yet undercompacted 
evaporite sequence, sulphatizing all K —Mg-salts and most of the time increasing 
thereby the tenor of the potash ores. However, where such well oxidized brines pen
etrated into surrounding aquifers, they changed the redox potential into a positive 
one, the pH into an acidic one and much of the organic matter in all likelihood was 
destroyed.

Conclusion

If a genetic relationship exists between gas field and gypsum or anhydrite shelves, 
and between liquid hydrocarbons and the flanks and substrates of salt basins then 
this would provide a focus to any exploration strategy; a heavy emphasis would be 
placed on exploring the environs of that portion of the evaporite basin where primary 
chlorides were precipitated. Penecontemporaneous migration patterns then determine 
the early maturation history of hydrocarbons because of additional catalytic in
fluences of host rocks. Hydrocarbons that migrate with brines through the initially 
porous substrate, move into reservoirs underneath, at the flanks and later even into 
younger reservoirs. Crude oil can travel up dip and this favours within a basin as 
exploration targets shelf edges and structural traps, such as reef chains and basin- 
margin faults, rather than nearshore sites. A regional evaluation of palaeomigration 
patterns of percolating brines and bitterns from evaporite basins would prove to be a 
powerful exploration tool for stratigraphic traps around Middle and Upper Miocene 
salt basins.
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