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Preface 

From the original idea of describing halophilic bacteria and their natural hab
itats, this volume grew to become a cross-disciplinary examination of the 
variety of halophilic microorganisms that thrive in extremely hypersaline en
vironments and also a presentation of their roles in modifying the geochem
istry of these milieux. Halophilic microorganisms may occur in almost any 
hypersaline environment: tropical to polar, terrestrial to submarine, acidic to 
alkaline, or aerobic to anaerobic. The organic and inorganic by-products of 
halophilic microorganisms affect the morphology, the kinetics of precipitation, 
and the actual occurrence of many evaporite minerals. Biological activity can 
also be traced through stable isotopic signatures and the composition of trapped 
fluids in evaporite minerals. 

There is no doubt that an understanding of the geochemical environment 
of halophilic microoganisms will lead to both new questions and new insights 
into their biology. Likewise, the exploration and analysis of both recent and 
ancient evaporite deposits should consider both general microbial processes 
that can help shape the environment as well as specific microorganisms or 
types of microoganisms that leave distinct biomarkers. It is hoped that this 
volume will help bridge the gap for the many microbiologists, geologists, 
chemists, and limnologists who share an interest in hypersalinity and eva
porites. 

For the purpose of describing microorganisms and biogeochemical pro
cesses in hypersaline environments, the descriptions in this book deal basi
cally with salinities >7-10%. Many organisms that inhabit normal seawater 
(3.5% salinity) are able to tolerate slightly elevated salinities, but only truly 
halophilic or halo tolerant species can thrive in habitats characterized by ex
treme hypersalinity and the precipitation of evaporite minerals. 

vii 
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Introduction 

Hypersaline environments are not mere scientific curiosities nor dead-ends 
of geochemical processes. They have been known to exist since Precambrian 
times, and ancient evaporites are a rich source of information concerning the 
development of oceanic and continental basins. A growing body of biogeo
chemical knowledge suggests that microorganisms and their products have 
played major roles in modifying both the precipitation and the diagenesis of 
chemical sediments in hypersaline environments. 

Some evaporite minerals and their associated secondary minerals (e.g., 
native sulfur) are economically important. Ancient halite deposits are the 
primary source of the world's sodium chloride while potash deposits are 
mined for use in agriculture and industry. Native sulfur associated with gyp
sum is believed to be a biological end-product of the activities of sulfate
reducing and sulfide-oxidizing bacteria. 

Evaporite minerals are also of indirect economic importance. In the pe
troleum industry, it is recognized that not only do many evaporite deposits 
contain reservoirs of petroleum, but they were probably the source rocks for 
petroleum genesis. While evaporite minerals may be poor in heavy metals, 
the brines from which the minerals precipitate are not. Evaporites are some
times associated with stratiform, metal-bearing, sedimentary rocks. Geological 
reconstruction of the sedimentary basins containing such deposits shows that 
the metalliferous deposits were probably a result of the biogeochemical in
teraction between the activities of anaerobic bacteria, metal-enriched brines, 
and porewater migration. 

Evidence indicates that different classes of microbially-produced dis
solved organic carbon (DOC) can modify, inhibit, or enhance the precipitation 
of various evaporite minerals and affect their crystal morphology. Models that 
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2 Introduction 

predict the order of precipitation of minerals during an evaporation event 
have generally ignored the possible role of organic matter and microbial ac
tivity in modifying ion activity and the solubility of chemical precipitates. It 
is unknown to what extent DOC may have modified the distribution of ancient 
evaporites. 

Using the tenet that the present is the key to the past, the study of modem 
evaporite deposits has been applied to the understanding of major trends in 
oceanic and continental evolution. The study of stable isotope fractionation 
in sedimentary sulfates and carbonates throughout Phanerozoic history has 
provided a unique window to observe changes in the distribution and organic 
productivity of ancient oceans. Studies in paleontology and plate tectonics 
have provided evidence to reconstruct the relative positions of the continents 
and world's oceans during the last 600 million years. Stable isotope analyses 
of ancient evaporites support the model of a dynamic crust marked by chang
ing ocean basins and continental margins. These analyses indicate periodic 
changes in sea level, the relative extent of shallow seas (which may indicate 
high organic productivity), and the relative amount of sulfur and carbon 
locked up in rocks during different geological periods. 

Stable isotope studies are useful because CO2-fixing organisms discrim
inate against l3C and sulfate-reducing bacteria discriminate against 34S. Al
though these two major biological activities have been recorded in ancient 
evaporite minerals, it remains uncertain to what extent stable isotope frac
tionation has occurred in situ under hypersaline conditions or under normal 
marine conditions, to be reflected in the chemical precipitates. Investigations 
of modem evaporite basins may provide the answers. 

Many hypersaline environments are inimical to macroscopic life, but are 
actually the preferred habitats of a wide variety of microorganisms. Both 
primary productivity and degradation occur in evaporite environments at high 
salinities. Among both eucaryotes and procaryotes, a broad variety of bio
chemical adaptations have evolved to allow the organisms to cope with os
motic and ionic stress, temperature changes, various light environments, and 
variations in Eh (particularly oxygen and sulfide concentrations). Yet to be 
addressed are questions concerning pressure tolerance and the chemical 
mechanisms that prevent the most salt-tolerant microorganisms from thriving 
in certain brines. 

Investigations of metabolic activities of isolated microorganisms from 
hypersaline habitats provide clues to their potential activities in nature. How
ever, there remain significant gaps between laboratory studies, field investi
gations, and interpretations from ancient evaporite environments. Some un
answered questions are given below. 

Although osmotic pressure due to dissolved salts is a major factor influ
encing biological activity, all hypersaline environments of equal osmotic pres
sure do not show the same extent of biological development. The chemical 
composition of the brine obviously plays a role. Why are some hypersaline 
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environments inimical or nearly inimical to life? Such environments include 
marine-derived bitterns brines, undiluted Dead Sea water, and Don Juan Pond 
in Antarctica (a CaCl2 brine). Crystalline NaCl and mirabilite (Na2S04" 10 H20) 
may contain viable bacteria, but anhydrous Na2S04 (thenardite) does not. 

Are carbon, nitrogen, and sulfur mineral cycles complete in hypersaline 
environments, or are they attenuated or interrupted? Photoautotrophy, meth
anogenesis, and anaerobic decomposition (fermentation) appear to occur in 
high salinities, but sulfate reduction may be attenuated by extremely hyper
saline conditions more so than these other processes. Attempts to demonstrate 
Nz fixation in extremely hypersaline environments have been unsuccessful, 
but such habitats may not be N-limited and therefore nitrogen fixation may 
not be expected. 

How important is an oxygenic photosynthesis in driving the carbon cycle 
in certain hypersaline environments? In some modern, extremely saline hab
itats, the only significant primary producers are cyanobacteria (e.g., marine
derived systems) or phototrophic bacteria (e.g., alkaline systems). Some cy
anobacteria can thrive by anoxygenic photosynthesis. Environments domi
nated by anoxygenic cyanobacteria or phototrophic bacteria would not only 
be distinguished by totally or predominantly anoxic conditions, but the hy
drocarbons of the buried autochthanous organic matter would largely or en
tirely be of procaryotic origin. Knowledge of the ecology and biogeochemistry 
of an oxygenic photosynthesis may help in understanding the origin of the 
important process of oxygenic photosynthesis in the Precambrian. 

What limits the development of microbial mats in hypersaline environ
ments? Organic-rich sediments associated with microbial mats do not appear 
to be important once brines have evaporated past the point of gypsum sat
uration and precipitation. High salinities alone may inhibit the growth of the 
microbial communities thriving in microbial mats, or the precipitation of gyp
sum may prevent nutrient recycling from the sediments below, a process that 
is necessary to maintain a microbial mat. Since microbial mats are potential 
stromatolite deposits, an understanding of the effect of salinity on mat for
mation may help in understanding the geomicrobiology of ancient and mod
ern stromatolites. 

Why do certain microorganisms dominate in hypersaline environments? 
Certain species of the green alga Dunaliella are common in hypersaline brines. 
Other eucaryotic algae, including diatoms, are usually present but they never 
appear to dominate. Dunaliella can grow in a broad range of salinities, yet 
cyanobacteria are often the dominant primary producers in salinities between 
about 5 and 15%. Yeasts and fungi as a whole are osmotolerant, yet they 
have never been described as important agents of biodegradation in hyper
saline environments. In culture medium, most species of halo bacteria thrive 
best in 20-25% salinity. They grow poorly in marine-derived brines of 25% 
or greater salinities, the brines in which they are most abundant in solar 
salterns. Are they merely passively concentrated by brine evaporation, or are 



4 Introduction 

there significant differences between growth observed in the laboratory and 
actual growth under natural conditions? 

Through cross-disciplinary studies of a variety of marine and non-marine 
hypersaline environments, of the different halotolerant and halophilic mi
croorganisms isolated from these habitats, and of the organic and inorganic 
geochemical markers associated with the sediments, it should be possible to 
reconstruct more accurately ancient evaporite basins and to recognize the 
contribution of microorganisms and their by-products to the mineralogy of 
the sediments. In turn, the analyses of ancient evaporites and observations 
and measurements of biogeochemical processes in modern hypersaline en
vironments may provide a basis for improvement and innovation in chemical 
technology and biotechnology. The role of microorganisms in solar salt pro
duction is well established, and the use of organic agents in potash processing 
is standard in the industry. Biotechnology using halophilic microorganisms 
is only just beginning, with ~-carotene and glycerol production from Duna
liella the pioneer. Halophilic microorganisms may prove to be rich sources 
of fine chemicals and novel pharmaceuticals, as well as important keys to 
exploration in the petroleum industry. 



1 

Geology and Chemistry 

The terms brines and evaporites are used in a generic way to describe con
centrated solutions of ions and the chemical precipitates from those solutions. 
Based on the order of precipitation of evaporite minerals from brines of known 
composition, geochemists have deduced the chemistry of brines from which 
ancient evaporites have been deposited. Modern evaporite basins and their 
brines also serve as models to reconstruct the physical and temporal devel
opment of ancient evaporite deposits. The following discussion highlights 
some of the major geological aspects of hypersaline environments as well as 
chemical and physical aspects of brines. The discussion of brine chemistry 
emphasizes the factors that are important in biological productivity. The mod
ern evaporite areas discussed in this book are shown in Figure 1.1. 

1.1 Brine and evaporite evolution 

Evaporites, defined as minerals precipitated from solution as a result of the 
evaporation of water, occur in both marine-derived (thalassic) and non-marine 
(athalassic) systems. Evaporites may be deposited in polar regions (in arid 
zones where cold temperatures promote the freezing-out of salts), continental 
lakes, subterranean aquifers, and subtropical marine environments. In marine 
environments, strong brines and evaporite formation can occur in coastal 
intertidal zones, supratidal zones (sabkhas), lagoons fed by direct flow from 
the sea, and sea-marginal lakes and ponds fed by percolation through a nat
ural barrier. A summary of chemical composition of a variety of hypersaline 
environments is given in Table 1.1. Evaporites are also recorded in larger, 
deeper basins and sub-sealevel basins with inflow from the sea. For the pur-
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8 Chapter 1 Geology and Chemistry 

poses of definition, athalassic brines and evaporites refer to systems that are 
not associated with marine environments, although the salts and brines may 
have been associated with a marine environment at an earlier time in geologic 
history. For that reason, the ion content of the Great Salt Lake, Utah (U.s.A.), 
is similar to that of evaporated seawater (Table 1.1). 

Evaporites constitute about 2% of all the sediments on the platforms of 
continents (Ronov, 1968). Evaporite deposits have been recorded from the 
Precambrian (with the oldest dating from 3.5 b.y. [Button, 1982]) through 
Phanerozoic time. Some of the greatest salt deposits known are associated 
with the Paleozoic, particularly the Permian (Figure 1.2). Permian evaporite 
basins probably covered more than 4.5 million km2 of the earth's surface and 
produced nearly 1.3 million km3 of rock salt (Zharkov, 1981, 1984). The 
distribution of modern evaporites is very localized and rather insignificant in 
terms of geologic time and sediment volume. Analyses of sedimentary sulfates 
through geologic time have been used to interpret major trends in crustal and 
atmospheric history (Claypool et a1., 1980; Veizer et a1., 1980) (see Chapter 
4). Studies of the distribution and composition of evaporites through geologic 
time have also demonstrated the intimate and dynamic interactions between 
the cycles of sulfide/sulfate and organic carbon/carbonate that control global 
O2 and CO2 production and consumption (Garrels and Perry, 1974; Garrels 
and Lerman, 1984). 

Chemical, physical, and geological aspects of the evolution of brines and 
evaporites have been thoroughly discussed in a number of reviews, including 
those largely on marine systems (Borchert and Muir, 1964; Braitsch, 1971) 
and those largely on non-marine systems (Hardie and Eugster, 1970; Eugster 
and Hardie, 1978). Hardie (1984) identified some of the major features that 
distinguish marine from non-marine evaporites, including kinds of primary 
and secondary evaporite minerals, associated non-evaporite rocks and sedi
ments, kinds of fossils, trace elements, stable isotope signatures, and fluid 
inclusion geochemistry. In some cases, the organic geochemical "fingerprints" 
of strictly marine or strictly non-marine, halophilic organisms should be de
tectable in the dissolved organic carbon (DOC) or particulate organic carbon 
(POC) associated with the evaporites. 

When normal seawater (3.5% salinity) undergoes evaporation, minerals 
precipitate in order of their solubility. In a simple batch evaporation sequence, 
the parent brines become concentrated (Figure 1.3) and the major minerals 
precipitate in the order: calcium carbonate (calcite or aragonite), gypsum, 
halite, and certain K-Mg minerals (potash) (Table 1.2). The theoretical succes
sion of minerals and the observed succession are often different, especially 
in the potash phases (Dean, 1978; Harvie et a1., 1980). The solubility of various 
minerals is strongly affected by the common ion effect and ion complexing 
(Holser, 1979a) as well as DOC in some cases (Chapter 3). The effects of 
DOC have not been included in any models of evaporite precipitation se
quences. 
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Table 1.2 Evaporite minerals discussed in the text 
Name 

Calcite 
Aragonite 
Dolomite 
Gypsum 
Anhydrite 
Halite, rock salt 
Hydrohalite 
Mirabilite 
Thenardite 
Antarctite 
Tachyhydrite 
Trona 
Natron 
Nahcolite 
Sylvite 
Carnallite 
Celestite 

Composition 

CaCO, 
CaCO, 
CaMg(CO,lz 
CaSO,2 H20 
CaSO, 
NaCi 
NaCi'2 H20 
Na 2SO,1O H20 
Na2SO, 
CaCi,.6 H20 
CaCI,.(MgCi2),-12 H20 
NaHCO,Na,CO,12 H20 
Na,C01'1O H,O 
NaHCO, 
KCI 
KCi·MgCi,.6 H20 
SrSO, 

Usual occurrence' 

1°,2°, • 
1°,2°,. 
2°, III 

10, If! 

1°,2°, .? 
1 0, '" 

1° 
1° • 
2° 
1° 
1 0, 2° 
1°,2°1 • 

1° 
1°,2°,. 
10 , 2°, *? 
10 , * 

1°,2°, • 

"10 = as a primary precipitate, 20 = as a secondary precipitate, • = demonstrated influence of 
biological activity or dissolved organic carbon on occurrence, solubility, or crystal morphology. 
(From Sonnenfeld, 1984). 

6 

0 
0 

x K 1.0 
III 
0 
0 4 

x 
::.::: 0" 
U (J) 

oi (ij 

::E "0 
2 ::E 

cti z 
(ij 

0.2 "0 
::E 

0 

Brine density ("Be) 

Figure 1.3 The composition of seawater brines from the Exportadora de Sal saltern 
during the course of evaporation (from Javor, 1983a). 

Evaporite models are further complicated when the brine composition 
deviates from that predicted by batch evaporation. Factors that can complicate 
the prediction of mineral sequences include: influx or contact with less saline 
water or with brines of different composition; contact with soluble rocks and 
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sediments; reflux of denser brines from the evaporation basin; biological ac
tivity or DOC; and non-steady state conditions (such as periodic brine fresh
ening or freezing-out of salts). If primary precipitates are altered during di
agenesis to produce secondary minerals, the composition of the interstitial 
brines may also change. This factor is important for understanding microbial 
activities in hypersaline sediments. Although a number of porewater and 
mineral analyses of evaporite sediments have been conducted, relatively few 
have been directly interfaced with measurements of biological activity (see 
Chapters 14, 15, 18, and 19). 

Non-marine evaporites and brines are often of markedly different ion 
composition than those found in marine environments (Table 1.1 and Chap
ters 17-20). The ion composition depends on the rock types associated with 
the aquifers feeding the system. The solute composition of the inflowing 
waters into some alkaline lakes (Chapter 20), such as those of the African 
Rift valley and the Great Basin of North America, is typically a result of 
associations with volcanic rocks. Inflowing springs are sometimes recharged 
from hot groundwater reservoirs causing the selective dissolution of subter
ranean minerals. Potassium ions are often screened out by ion exchange or 
adsorption. Ca2+ (and MgH) may be low in HC03 - -rich systems because their 
carbonate salts are less soluble in freshwater than in seawater, an effect caused 
by ion complexing (Berner, 1971). 

The dominant anions of Na + -rich, non-marine brines consist of HC03 - / 

COr, Cl-, and SO/- (present in varying concentrations). Sulfate reduction 
and the concomitant increase in HC03 - concentration has been documented 
as the mechanism of alkalinization of the inflowing springs into the Wadi 
Natrun lakes (Abd-el-Malek and Rizk, 1963). High concentrations of fluoride 
and borate may also accumulate in some systems and eventually precipitate, 
especially as sodium salts. A detailed study of the evolution of such brines 
and evaporites has been made in several lake systems described in Chapter 
20. All of these alkaline systems are associated with either high organic com
position or microbial decomposition in the sediments. 

In hypersaline lakes subjected to extremely cold conditions, hydrated 
minerals such as mirabilite often precipitate by freezing out. The Great Salt 
Lake and some of the Saskatchewan lakes experience such chemical precip
itation during the winter but redissolution occurs in warmer weather. Many 
of the Antarctic hypersaline lakes are nearly constantly subjected to extremely 
cold conditions in which the hydrated minerals remain stable (Chapter 16). 

1.2 Chemical and physical aspects of concentrated 
brines 

Total ion composition Salinity or total ion composition can be measured 
by a variety of techniques. Unfortunately, different investigators employ dif
ferent methods and there often is no means of comparison between studies. 
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The following discussion outlines techniques that are used by both geochem
ists and biologists. 

Salinity or total dissolved salt content is best measured by chemical anal
yses and summation for all specific dissolved ions. Although the analytical 
methods may be time-consuming and expensive, the problems of analytical 
error due to fluctuations in brine temperature are therefore avoided. In ad
dition, enrichments or depletions of certain ions are detected. Salinity is then 
expressed as the sum of the weight of the ions per kg water, per kg brine, 
or per liter brine. The molar or molal concentration of contributing species 
can be calculated to determine charge balance and ionic strength. 

In seawater-derived brines, the salinity can be expressed as the degree 
of evaporation based on the concentration of a conservative ion such as Br-, 
MgH (if the brines have not evaporated so far as to precipitate potash salts), 
or Cl- (if the brines have not precipitated NaCl). Other measurements listed 
by Holser (1979a) include measurement of volume or mass ratios of salts or 
brines relative to the original seawater. 

Measurement of salt content by dry weight determination (total dissolved 
solids, or TDS) is not particularly accurate in strong brines because minerals 
lose their water of hydration at different temperatures and caking in the 
evaporation vessels may not permit proper dehydration of all the hygroscopic 
salts. Gypsum loses all its hydration water at 57°C (Hardie, 1967). TDS mea
surements in the halite crystallizing basins of salterns by this technique led 
to the reports of salinities greater than 40% (Rodriguez-Valera et al., 1981, 
1985), whereas salinity measurements by specific ion content show brine 
salinity to be ca. 32-35% in crystallizers (Table 1.1). 

Hydrometry is a convenient method for measurement of brine density 
as well as salinity if the ionic composition is known. Hydrometers based on 
specific gravity (sp. gr.) or on a Baume scale CBe) are commonly used. At a 
temperature of 20°C, 0° Be is equivalent to a sp. gr. of 1.000. °Be at 20°C 
can be converted to specific gravity by the equation 

Sp. gr. = 145/(145- 0 Be) 

Hydrometer measurements at temperatures other than 20°C require com
pensation calculations. 

Like hydrometry, refractometry is suitable for salinity measurements in 
seawater-derived systems (based on batch evaporation) or in other saline 
bodies where ion composition can be measured or predicted. Refractometry, 
like hydrometry, is temperature-sensitive. An advantage of refractometry is 
that only a small volume of brine «0.1 ml) is needed for measurement, 
making refractometry a convenient and inexpensive method for determining 
salinity of sediment pore water. 

The specific conductance of hypersaline brines is a measurement often 
employed by limnologists and oceanographers who use this method to com
pare relative salinities of less saline lakes or normal seawater. Although the 
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Figure 1.4 The specific conductance of different salt solutions at 20°C (calculated 
from CRC Handbook of Chemistry and Physics [Weast, 1984]). 

specific conductance gives some measure of salinity, it is not particularly 
informative for strong brines because different ions affect the electrical con
ductivity in different ways (Figure 1.4.) NaCl solutions have a lower con
ductivity than other common chloride salts below 2-3 M concentration, but 
conductivity increases as NaCl approaches saturation. The specific conduct
ance of CaClz and MgCl2 solutions actually decrease in concentrated brines. 
Carbonate and sulfate solutions are less electrically conductive than chloride 
solutions. Conductivity measurements, which are expressed as mmhos'cm- 1 

(a mmho is equivalent to a millisiemen, mS), are temperature-sensitive. 
As brines increase in concentration, a variety of other physical and chem

ical attributes are affected (Table 1.3). The vapor pressure decreases as does 
the water activity. The succession of evaporite precipitation is strongly de-

Table 1.3 Some chemical and physical effects associated with increasing 
concentration of brines 

Higher TDS and specific gravity 
Change in ion content and ratios 
Increased ionic strength 
Change in activity coefficients 
Change in pH 
Lower water content 
Lower water activity 

TDS. total dissolved solids. 

Lower specific heat 
Increased surface tension 
Increased viscosity 
Lower gas solubility 
Lower gas diffusion coefficients 
Increased electrical conductance (usually) 
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pendent on the relative humidity of the brines and of the atmosphere. Using 
the measurements of brine vapor pressures of Rothbaum (1958) and con
verting them to water activity, aw (defined as the vapor pressure of the brine 
divided by the vapor pressure of pure water), it is possible to determine the 
stability of brines and chemical precipitates from seawater in any evaporation 
regime at 20°-30°C (Figure 1.5). Evap.oration will not proceed unless the 
relative humidity (= 100 X aw ) of the atmosphere is less than that of the 
brine. The data are expressed here in terms of aw rather than vapor pressure 
to emphasize the functional water content, a factor essential for the success 
of organisms in hypersaline brines. While halobacteria have been noted to 
thrive in NaCl-saturated marine brines (aw = :::::;0.77 at 25°C), they are absent 
and unable to grow in bitterns brines (aw = :::::;0.63 at 25°C) Uavor, 1983b, 
1984). The lower aw limit for halobacteria is not as low as that of xerophilic 
fungi growing in concentrated sugar solutions (aw = 0.61) (Horowitz, 1979). 

Brine concentration can also be expressed as osmolality (Os), defined as 
the freezing-point depression (0C) of a solution relative to that of distilled 
water, divided by 1.86. It is expressed as Osokg- 1 water. Like water activity, 
osmolality describes the interaction of water and solutes in brines. Unlike aw, 

osmolality is unaffected by temperature. Both types of measurements are 
useful for comparing biological activities in strong ionic and non-ionic so
lutions. 

pH and alkalinity In dilute freshwater, pH measurements are indicative 
of the alkalinity. However, the pH typically gives little indication of the total 

~ 
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It! .... 
(]) 

iii 
~ 
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0.90 

0.80 

0.70 

1.10 
~CaS04 

1.20 
~NaCI 

Specific gravity 

1.30 
~Potash 

Figure 1.5 Water activity of concentrated seawater brines at 25°C (calculated from 
Rothbaum, 1958). 
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alkalinity of brines. The pH of seawater increases with salinity until it is 
concentrated to about 5% (about pH 9), and then the pH drops with increasing 
salinity (Copeland, 1967). Amit and Bentor (1971) showed that the pH of 
Dead Sea and salt spring brines as well as seawater increased upon dilution. 
The effect was found only in solutions containing HC03 - salts. They con
cluded that the dissociation of HC03 - is depressed in strong brines. As di
lution causes dissociation and the formation of OH-, pH increases. A detailed 
review of the effects of salts on the pH of brines was presented by Krumgalz 
(1980). 

When measuring pH, the use of a liquid junction in the reference elec
trode may lead to significant error in the estimation of brine pH. Ben-Yaakov 
and Sass (1977) estimated the pH of artificial Dead Sea brine in an electro
chemical cell without a liquid junction and found that the pH of the artificial 
brine (5.86) was lower than that measured employing a liquid junction ref
erence electrode (6.22). In addition to electrode uncertainties, the use of dilute 
standard buffers for electrode calibration may be inappropriate for correct pH 
determination of brines. 

Changes in both ion pairing and in activity coefficients of dissolved ions 
contribute to the pH (or aH) and ionic strength of brines. As a result of ion 
complexing, the true ionic strength may be much lower than that calculated 
from the molalities of each ion (Berner, 1971). Seawater has an ionic strength 
of 0.7. Between a calculated ionic strength of 1.0 and 4.0 in NaCl solutions 
with HC03 - and COr, the activity coefficients of Na +, Mg2+, and Ca2+ 
increase, but those of HC03 - and COr decrease (Garrels, 1967). At ionic 
strengths >3, over 90% of the free carbonate is complexed in ion pairs. 
Because HC03 - complexes even more strongly with Mg2+ than with Na+ in 
artificial seawater (Garrels et al., 1961), it is reasonable to expect that even 
less free HC03 - and CO/- are found in concentrated seawater than in NaCl 
solutions. 

Because much of the dissolved HC03 - + COr is bound in complexes, 
the contribution of these ions to the salinity and to the total CO2 must be 
measured by alkalinity titration (total alkalinity). In seawater-derived brines 
which are devoid of sulfide and are low in ammonia, total alkalinity is con
servative with brine concentration (Figure 1.6). Evaporation of seawater under 
laboratory conditions results in a distinct deflection in total alkalinity where 
CaC03 precipitates (between 2.5 X and 4 X seawater concentration) (Lazar 
et al., 1983). The total alkalinity can increase significantly in hypersaline 
sediments due to bacterial sulfate reduction (Chapter 4). The mechanism of 
seawater buffering in anaerobic porewaters was described by Ben-Yaakov 
(1973). 

In concentrated seawater, borate may contribute significantly to the total 
alkalinity since it apparently concentrates conservatively until the potash phase 
of brine evolution. Borate accessory minerals are sometimes noted with potash 
salts (Holser, 1979a). Boron concentration in normal seawater is 0.4 mM. In 
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Figure 1.6 Total alkalinity (TA) of seawater brines from a solar saltern at different 
concentration levels (expressed as magnesium ion molality). 

some alkaline deposits, borate salts may be major precipitates. It is significant 
that the growth of some halophilic bacteria isolated from alkaline lake brines 
and sediments was unaffected by 1-5% sodium borate (Nehrkorn and 
Schwartz, 1961). 

Although activity coefficients, ion complexing, and total alkalinity have 
been measured in brines, the apparent dissociation constants of the carbonate 
system 

have been determined accurately only in Dead Sea brines (Sass and Ben
Yaakov, 1977). The investigators found that as salinity increased, the pK'} 
and pK' 2 decreased while the activity coefficient of H+ increased. Because the 
composition of Dead Sea brines is so markedly different from that of con
centrated marine seawater, the apparent dissociation constants of the car
bonate system of thalassic brines must be determined independently. 

The total alkalinity (HC03 - + CO/- + BOr + OH-) of a brine can 
be easily determined by acid titration because this measurement does not 
require the knowledge of the first and second dissociation constants of the 
carbonate system. However, measurements of primary productivity employ
ing }4CO/- cannot be accurately performed in marine-derived brines since 
such methods employ the carbonate alkalinity in the determination of the 
final specific activity of the radiotracer. The calculation of carbonate activity 
requires the knowldege of the apparent dissociation constants of the carbonate 
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system of each salinity in question. Errors may be especially introduced when 
primary productivity rates are determined at different depths in a salinity
stratified water column or at different dates when salinities are subject to 
seasonal changes. The resulting 14C02 fixation rates are affected by both the 
biological composition and activity as well as the carbonate chemistry of the 
brines of different salinities. All the productivity measurements in Solar Lake 
by Cohen and co-workers (Chapter 14) were performed with 14C radiotracers 
without calculations of the carbonate activity and they should therefore be 
regarded with caution. 

Specific heat Specific heat or the thermal capacity of brines (the heat 
required to raise the temperature of a given mass or volume of brine compared 
to that of pure water) decreases with increasing salinity. This means that for 
a given volume of brine, less heat is required to raise the temperature a given 
number of degrees than is necessary for an equivalent volume of pure water. 
The relatively low heat capacity of brines contributes to the ability of density
stratified brines to remain hot in heliothermallakes such as Solar Lake. 

It is believed that saltern crystallizer brines colored red by halobacteria 
retain more heat due to lower reflectance of the brine, but this effect has 
never been reported in the literature. However, an appropriate experiment 
was performed at Exportadora de Sal saltern in Baja California (H. Estrada, 
personal communication). Flasks containing crystallizer brines with halobac
terial enrichments of different bacterial densities (achieved by including 0, 
0.1, 0.5 or 1.0% peptone in the brine) were placed in the sun and the tem
peratures were recorded over a 6.5-hr period (Figure 1.7). The redder, more 
turbid brines not only heated faster but attained higher temperatures than 
the clearer brines, even though all the brines were heated significantly over 
the maximum ambient temperature (23.3°C). Garrett (1965) calculated that 
a salt pond with 15 cm of brine and a perfectly reflective bottom should retain 
>96% of the incoming solar radiation. The heat retention is even greater 
when the brines are turbid. 

Dissolved gases The diffusivity of gases at 25°C and 1 atm pressure 
decreases with increasing TDS or viscosity of a solution. For example, in 3 
M NaCl, the diffusivity of CO2 (defined as 105 X cm2'sec-1) is only 75% of 
that rate measured in pure water (Ratcliff and Holdcroft, 1963). Not only do 
gases diffuse more slowly as brine density increases, but the capacity to hold 
dissolved gases decreases. Kinsman et al. (1974) showed that the O2 solubility 
at 2rC decreased in marine brines from about 7 mg'kg- 1 water in normal 
seawater, to about 4 mg'kg- 1 water at the onset of gypsum saturation, and 
to about 2 mg'kg- 1 water at the onset of halite precipitation. In spite of their 
large surface-to-volume ratios, saltern crystallizers are typically anaerobic due 
to bacterial consumption of the O2 that diffuses from the atmosphere or is 
produced by Dunaliella (Javor, 1983b). 



18 Chapter 1 Geology and Chemistry 

45" 

40" 

'b 35" 

30" 

25" 

10:00 12:00 14:00 16:00 

Time of day 

Figure 1.7 Temperatures attained during the course of a day by flasks of saltern 
crystallizer brines of the same specific gravity but enriched with different densities of 
halobacteria. Open circles: O.D.s8o = 0.034 (control, no bacterial enrichment). Closed 
circles: O.D."o = 0.180. Triangles: O.D."o = 0.740. Squares: O.D'58o = 0.850. (Data 
of Hilario Estrada, Exportadora de Sal, Baja California). 

1.3 Trace elements and nutrients 

Trace elements Evaporite salts rarely precipitate as pure minerals but 
rather they typically include trace amounts of heavy metals. Heavy metals 
also accumulate in the brines associated with evaporite salts. Stratiform, me
talliferous deposits overlain by evaporite deposits account for about 30% of 
the copper produced in the world (Renfro, 1974). Some of the best known 
metalliferous deposits associated with evaporites are the Kupferschiefer beds 
of the Zechstein evaporites in Europe. Some deposits associated with eva
porites may also contain significant amounts of gold, lead, zinc, and cobalt. 
For example, in the Elk Point evaporite sequence (Saskatchewan, Canada), 
the basal shale and anhydrite zones are particularly enriched in Cu, Pb, and 
Zn, although these metals are found in much higher concentrations in the 
shale (Thiede and Cameron, 1978). Heavy metals also accumulate in halite 
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and potash minerals where they not only affect the crystal morphology and 
color of the salts, but they may catalyze crystallization. 

Trace metal accumulation in most hypersaline environments appears to 
involve both biological and purely chemical mechanisms. Metal-bearing brines 
in contact with low-redox, high-sulfide groundwater can precipitate metal 
sulfides. The trace metal content of some brines correlates with salinity and 
low Eh. Metals such as Cu and Zn are quite soluble in brines because they 
are largely complexed as chlorides or as organo-chlorides (Rose, 1976; Hall
berg et aI., 1980). In addition, trace metals can be selectively removed and 
concentrated by microorganisms. Trace metals are believed to accumulate in 
stratiform deposits by the migration of metal-enriched brines to zones of 
mixing with terrestrial groundwaters characterized by high Eh and low pH 
(Renfro, 1974). Alternatively, migrating brines may leach metals of igneous 
origin and redeposit them where chemical and structural conditions are fa
vorable (Davidson, 1965). 

Trace metal concentrations have been analyzed in many modern eva
porite brines and sediments, and they all show essentially the same enrich
ment patterns: heavy metal concentrations are significantly higher in the 
stronger brines of stratified water columns, and the highest concentrations 
are often associated with the accumulation of dissolved sulfide and organic 
matter. 

Besides heavy metals, other trace elements that occur in halite and potash 
salts include Br, I, Li, B, Rb, and others. Sr accumulates in gypsum and more 
soluble evaporites. A thorough discussion of the mechanisms of these trace 
element enrichments has been given by Holser (1979b). 

Nutrients Concentrations of the major nutrients of biological importance 
(NH. t , NO, -, and PO.' ) in most of the hypersaline environments presented 
in this book are summarized in Table 1.4. Moderately oligotrophic conditions 
promote microbial mat development, while under eutrophic conditions plank
tonic populations prevail. Under anaerobic conditions in hard-water brines 
of high organic activity, NH. + can reach millimolar concentrations. In hard
water brines, PO/ concentrations are typically low while they can be several 
millimolar in hypersaline soda lakes. In sabkha environments, sedimentary 
phosphate can be rather high (up to nearly 1 mg per g sediment) relative to 
overlying brines which contain up to several micromolar dissolved P043-

(Lyons et aI., 1984). In the Wadi Natrun soda lakes there is a high positive 
correlation between PO.] , COJ ' , and N03 - concentrations, while there is 
a large negative correlation between POl- and NH4 + concentrations (see 
Table 20.2). 

Although phosphates are rare in evaporite sequences, ammonia com
monly accumulates in evaporite salts. Inorganic nitrogen in evaporite deposits 
is almost entirely biogenic. Carnallite may contain 0.06% NH.Cl while sylvites 
accumulate up to 0.014% (Sonnenfeld, 1984). In these salts NH4Cl can sub-
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22 Chapter 1 Geology and Chemistry 

stitute in the crystal lattices. NH4Cl has also been reported from various 
evaporite minerals including dolomite, clay intercalations and brines from 
German Zechstein deposits, and other potash salts. NH4 + increases gypsum 
solubility but decreases that of KCl. NH4 + can also catalyze the conversion 
of gypsum or anhydrite to other sulfate minerals. 

Because the most highly productive hypersaline environments would be 
expected to be rich in nitrogen and phosphate nutrients, it may be useful to 
correlate nutrient content and bitumen content of ancient evaporites as a 
possible key for petroleum exploration. Like organic waste products from 
microorganisms (see Chapter 3), the inorganic waste product, ammonia, can 
modify the precipitation of evaporites. These observations stress the fact that 
many processes in hypersaline environments are under biogeochemical con
trol. 
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2 

Biology 

Two themes of this volume are 1) the comparative biology of different hy
persaline systems and 2) the diversity of microorganisms in the various hy
persaline habitats, topics that cannot be adequately addressed in a single 
chapter. From the tabulation of the different organisms known to inhabit 
various hypersaline environments, it is clear that macroscopic diversity is 
lacking but that microscopic and metabolic diversity are not. Comparisons of 
community metabolism or potential metabolic activity in different hypersaline 
habitats or in waters of different salinities in a single habitat do not necessarily 
indicate that productivity and decomposition processes decrease as salinity 
increases. Brines much more concentrated than seawater are often highly 
productive. The following discussion and tables outline the taxonomy, salinity 
tolerances, and biological activities of organisms from a variety of hypersaline 
environments. The summary presented here should serve as a starting point 
for the more detailed analyses of how halophilic microorganisms cope with 
and modify their environments, and how their activities can be recognized 
in evaporite sediments. 

2.1 Distribution of organisms 

Depending on a host of chemical and physical conditions, extremely hyper
saline lakes may have rather diverse assemblages of organisms, particularly 
microorganisms. Table 2.1 lists the biota of lakes described in Table 1.4. 
Diversity and productivity or standing crop appear to be largely unrelated in 
many hypersaline lakes (Table 2.2). Some of the highest biomasses and pro-

26 
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Table 2.1 Biota of extremely hypersaline lakes 

Lake and references 

Marine origin 
SOLAR SALT PONDS 

worldwide 
Davis, 1978 
Golubic, 1980 
Hof,1935 
Javor, unpubi. 
Klug et ai., 1985 
Mathrani and Boone, 1985 
Mitchell and Geddes, 1977 
Post et ai., 1983 
Rodriguez-Valera et ai., 

1981 

LIMANS 
Rubentschik, 1926a, 1926b, 

1929, 1933, 1946 
Saslowsky, 1928 

SOLAR LAKE 
Cohen et ai., 1977b, 1977c 
Gerdes et ai., 1985b 
Giani et ai., 1984 
Hirsch, 1980 
Krumbein et ai., 1977 
Por, 1972 
Potts, 1980 
Walsby et ai., 1983 
Wilbert and Kahan, 1981 

GA VISH SABKHA 
(>9.0% salinity) 

Erlich and Dor, 1985 
Gerdes et ai., 1985a, 1985b 

DEEP LAKE 
Campbell, 1978 
Hand, 1980 
Kerry et ai., 1977 

LAKE SURlBATI 
Wright and Burton, 1981 

Organisms and salinities (%) 

Cyanobacteria: 13 spp. including Aphanothece halophytica (or 
other similar forms) are common or abundant in 5.5-21.3%; 
Green algae (5.5-10.2%): Batophora oerstedii, Cladophora sp.; 
Dunaliella salina and D. viridis also at higher salinities; 
Dinoflagellates: 4 species in 5.5-10.2%; Cryptomonad 
Cryptomonas sp. common in 5.5-10.2%; Diatoms common in 
5.5-10.2%: Amphora sp., Navicula spp., Nitzschia spp., 
Amphiprora paludosa (up to 21.3%); Protozoa in > 15.0%: 14 
ciliates, 10 zooflagellates, 4 sarcodines; Bacteria, including 
moderate (up to ca. 25%) and extreme halophiles (mostly 
above 25%), phototrophic bacteria (up to ca. 15%), sulfur 
oxidizers (up to 30%), methanogens (moderate halophiles), 
sulfate reducers (up to NaCl saturation); Invertebrates: Artemia 
salina, Ephydra sp. 

Various aerobic and anaerobic bacteria including urea oxidizers 
(up to 13%), sulfate reducers (up to 30%), denitrifiers (up to 
30%), nitrifiers (up to 15%), methanogens (up to 15%). 

Cyanobacteria: 24 species, dominated by Oscillatoria limnetica, 
O. salina, Microcoleus sp., Aphanothece halophytica, Aphanocapsa 
littoralis, Dactylococcopsis salina; Diatoms: Amphora 
coffeaeformis, Nitzschia thermalis, Nitzschia sp., Navicula sp.; 
Phototrophic bacteria: Chromatium violescens, green 
Prosthecochloris sp., 121 morphologically distinct bacteria 
including Caulobacter, Hyphomicrobium, Desulfovibrio, sulfur 
oxidizers (Achromatium volutans, Beggiatoa sp.), fermenters, 
methanogens, flexibacteria; 28 eukaryotic protists including 16 
spp. of ciliates; Invertebrates: acoel flatworm Macrostomum sp., 
Artemia salina (surface water only), copepod Robertsonia sp., 
insects Octhebius sp. and Paraberosus sp. (larvae). 

Cyanobacteria: 21 spp. of which 14 tolerated up to 20%, 
Aphanothece halophytica and Oscil/atoria arenaria tolerated over 
25%; Phototrophic bacteria: Ectothiorhodospira, Chromatium, 
Thiocapsa, Chlorobiaceae, Chloroflexiaceae; other bacteria 
include sulfur oxidizers, sulfate reducers, budding bacteria, 
halobacteria; Green alga Dunaliella; Diatoms (up to 20%): 
Amphora coffeaeformis, Navicula spp., Nitzschia spp.; 
Invertebrates: 1 nematode, 1 turbellarian worm, 2 copepods 
(Robertsonia salsa and Nitocra lacustris), 2 ostracods (Cyprideis 
torosa and Paracyprideinae sp.), rotifers, fly larvae (Bezza sp., 
Atylotus agrestis, Hecamede grisescens), beetle larvae (2 spp.), no 
Artemia salina. 

Green alga Chlamydomonas (Dunaliel/a?); centric and pennate 
diatoms, rare silicoflagellates; rod-shaped bacteria (not viable in 
lake water medium); no invertebrates reported. 

Green alga Dunaliel/a; Diatom Tropidoneis; no phototrophic 
bacteria; no invertebrates recorded. 

(continued next page) 
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Table 2.1 Continued 

Lake and references 

Non-marine origin 
GREAT SALT LAKE 
Cronin and Post, 1977 
Post, 1977, 1981 
Felix and Rushforth, 1979 
Pack,1919 

DEAD SEA 
Elazari -Volcani, 1940, 

1943a, 1943b 
Nissenbaum, 1975 
Oren, 1983, 1986 
Oren and Shilo, 1982 

LAKE EYRE 
Baas-Becking and Kaplan, 

1956 

PINK LAKE 
Hammer, 1981 
Timms, 1983 

LITTLE MANITOU LAKE 
Hammer et al., 1983 

MONO LAKE 
Blinn, 1971 
Mason, 1967 
Winkler, 1977 
Melack, 1983 

BIG SODA LAKE 
Oremland et aI., 1982 
Priscu et aI., 1982 
Cloern et aI., 1983a, 1983b 

Organisms and salinities (%) 

Cyanobacteria: Aphanothece halophytica (common), Microcoleus 
lyngbyaceus (rare, S. Arm); Green algae Dunaliella salina (N. 
Arm only), D. viridis; Diatoms in S. Arm: Amphora coffeaeformis 
(most common), Biddulphia levis, Navicula spp., Entomoneis 
pulchra, A. delicatissima, Rhopalodia musculus, Nitzschia palea, 
Nitzschia epithemiodes, Surirella striatula; Fungus Chladosporium; 
Bacteria: halobacteria; sulfate reducers, methanogens, 
fermenters; no nitrifiers or N, fixers; Protozoa include 3 
flagellates, ciliates Uroleptus packii and Prorodon utahensis, 2 
amoebae; Invertebrates: Artemia salina, Ephydra hians, E. 
gracilis, Ephydra. sp. 

Green alga Dunaliella parva; Bacteria: Halobacterium spp., 
various aerobic and anaerobic eubacteria including fermenters, 
denitrifiers, sulfur oxidizers, possibly sulfate reducers; no 
nitrifiers or nitrogen fixers; one protozoan (amoeba) but not 
active in Dead Sea salinities; no higher organisms. 

Green algae: Dunaliella spp.; Diatom: Amphora coffeaeformis; 
Cyanobacteria include Nodularia spumigena, Lyngbya sp; 
Bacteria include sulfate reducers, sulfur oxidizers, fermenters, 
denitrifiers, methanogens; Protozoa: colorless ciliates and 
flagellates; Fungus: unidentified Chytid; Invertebrate: 
Parartemia zietziana. 

Green alga: Dunaliella salina; Invertebrates: Parartemia 
zietziana, ostracods Diacypris compacta and Reticypris herbsti. 

Green algae: Ctenocladus circinnatus, Rhizoclonium 
hieroglyphicum, Enteromorpha prolifera; Diatoms (common): 
Chaetoceros elmorei, Melosira granulata, Fragilaria crotonensis, 
Navicula cincta, Amphora coffeaeformis, Hantzschia amphioxys, 
Nitzschia spp.; Cyanobacteria: Microcystis aeroginosa, Lyngbya 
birgei, Nodularia spumigena; Others: Euglena spp., rare 
occurrences of other species including dinoflagellates; 
Invertebrate: Artemia salina. 

Green algae: Nannochloris (dominant), Chlamydomonas sp. or 
Dunaliella, Ctenocladus circinnatus; Diatoms: Nitzschia communis 
(dominant), Amphora coffeaeformis and others; Cyanobacteria: 
over 6 spp. including 2 spp. of Dactylococcopsis; Fungi include 
Chytridomycetes; Rotifers: Brachionus plicatus, Hexarthra 
jenkinae; protozoa; Invertebrates: Artemia monica, Ephydra 
hians, Ceratopogonidae (biting midge), unidentified oligochaete. 

Mixolimnion phytoplankton: Diatoms Nitzschia palea and 
Chaetoceros sp.; Phototrophic bacteria Ectothiorhodospira 
vacuo lata and/or Thiocapsa sp.; Chemoautotrophic bacteria. 
Monimolimnion: Bacteria (sulfide producers, methanogens). 

(continued next page) 



Table 2.1 Continued 
Lake and references 

LAKE MAGADI 
Jones et ai., 1977 
Eugster, 1980 
Tindall et ai., 1980 
Imhoff et ai., 1981 
De Rosa et ai., 1983 

WADI NATRUN 
Imhoff and Triiper, 1977 
Imhoff et ai., 1978, 1979 
Tindall et al., 1984 
Weisser and Triiper, 1985 
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Organisms and salinities (%) 

Phototrophic bacteria Ectothiorhodospira vacuolata; alkaliphilic 
halobacteria; "considerable biological activity" including sulfate 
reduction. 

Cyanobacteria: Spirulina sp. (up to 9.2%), Synechococcus sp. (up 
to 24%); Green alga: Dunaliella salina (up to 37.4%); 
Phototrophic bacteria: Ectothiorhodospira spp., Chromatium sp., 
green bacteria; Other bacteria: alkaliphilic halobacteria, 
chemoautotrophs, sulfate reducers, halophilic Bacillus; various 
unidentified bacteria; flagellated protozoa (up to 37.4%); no 
invertebrates. 

ductivity rates known in non-polluted systems are found in extremely hy
persaline lakes and ponds. 

Most marine-derived, hypersaline environments can be divided into four 
classes based on salinity and organism distribution (Por, 1980). The first class 
(ca. 6-7 to 10% salinity) contains a diverse biota of marine origin. Between 
about 10% and 14% salinity, the second class contains a biota largely of 
particularly adapted, halophilic or halo tolerant organisms related to fresh
water species. 

The third class includes the salinity range of ca. 14% to 30%. These 
salinities are marked by the disappearance of cyanobacteria and most crus
taceans besides Artemia (and Parartemia in Australia). Besides certain pho
totrophic bacteria, both moderately halophilic and extremely halophilic, non
phototrophic bacteria thrive in these salinities. The fourth class (>30% sal
inity) contains microscopic organisms only. Table 2.3 lists the upper limits of 
salinity, temperature, and pH of a variety of microorganisms and invertebrates 
found in extremely hypersaline lakes. 

Most freshwater or terrestrial bacteria do not thrive or even tolerate ex
posure to ~7-10% salt (Hill and White, 1929; Hof, 1935; ZoBell et aI., 1937). 
Moderately halophilic bacteria isolated from hypersaline soils belong to gen
era typical of normal soils and are more resistant to low salt concentrations 
than bacteria from hypersaline water (Quesada et aI., 1983; Rodriguez-Valera, 
1986). Many invertebrates have been documented from rather hypersaline 
brines (Table 2.3). Salt-tolerant marine fish (Cyprinodon variegatus and Men
idia beryllina) were found in hypersaline lagoons in 11.0% salinity but they 
were excluded once the salinity rose to 14.0% (Copeland, 1967). 

Depending on the total salinity, specific ion content, nutrients, and other 
chemical and physical factors, Dunaliella and halophilic bacteria may be ab
sent from the most concentrated brines. Strong brines that appear to be com
pletely sterile have been documented in the CaCl2 waters of Don Juan Pond, 
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Table 2.2 Productivity and biomass in hypersaline lakes' 

Lake and references 

Marine origin 
SOLAR SALT PONDS 
Copeland and Jones, 1965 
Rodriguez-Valera et ai., 

1985 

SOLAR LAKE 
Cohen et al., 1977b, 1977c 
J0rgensen and Cohen, 1977 
J0rgensen et ai., 1983 
Krumbein et ai., 1977 

GA VISH SABKHA 
Gerdes et ai.,1985a 

DEEP LAKE 
Campbell, 1978 

LAKE SURIBA TI 
Tominaga and Fukui, 1981 

Non-marine origin 
GREAT SALT LAKE 
Stephens and Gillespie, 

1976 
Post, 1977 

DEAD SEA 
Kaplan and Friedman, 1970 
Oren and Shilo, 1981, 1982 

PINK LAKE 
Hammer, 1981 

LITTLE MANITOU LAKE 
Haynes and Hammer, 1978 

MONO LAKE 
Mason, 1967 
Winkler, 1977 

BIG SODA LAKE 
Cloem et ai., 1983a, 1983b 

WADINATRUN 
Imhoff and Triiper, 1977 

Productivity and standing crop 

Photosynthesis up to 5.25 g O,/m'/d; Respiration up to 10.7 
g O,/m3/d (see Table 13.2). Dunaliella most abundant (10 4 

cells/ml) in 30% salinity; halobacteria most abundant (1.2 X 
10' colony forming units/ml) in 45% TDS; highest microbial 
species diversity in 10.0% TDS. 

Photosynthesis Mats: 1.2-17.6 mmol O,/m'/h (= 14.4-211.2 
mg C/m'/h); Plankton: max = 8015 mg C/m'/d, 4960 mg C/ 
m'/d; DARK CO, UPTAKE 1014 mg C/m3/d. 
Sulfate reduction rates: 5.4 ~mol SO,/cm3/d at mud surface. 
Planktonic microorganisms> 10' cells/ml during stratification; 
bacteria in surface sediments (colony-forming units/cc3): 2 X 
10' aerobes, 8 X 10' (or 6 X 10' /g sediment) anaerobes, 10' 
phototrophic bacteria, 2 X 10' (or 2.5 X 10' /g sediment) 
sulfate reducers, 2.3 X 10' sulfur oxidizers. 

Photosynthesis 150-520 mg C/m'/h; 24.6-55.1 ~g chi a/cm'; 
3.14-12.1 ~g bchl a/cm'. 

Photosynthesis 0-0.18 mg C/m'/h. Rarely> 10' cells/i. 

Very low primary productivity; photosynthesis detected below 
O°c. 1 mg chi aim'. 

Photosynthesis S. Arm: 145 g C/m'/yr, 2.13 g C/m'/d 
maximum. N. Arm (summer): 5 X 10' bacteria/mt 10' 
Dunaliella salina cells/mt 2000 D. viridis cells/mt 1 Artemia/ 
mJ. 

Up to 4 X 10' Dunaliella parva cells/ml in 1964, up to 8800 
cells/ml in 1980, currently low, ca. 10 cells/ml; Halobacteria 
up to 1.9 X 10' cell/ml in 1980. 

Photosynthesis max = 48.1 mg C/m'/h, avg = 184 mg C/ 
m'/d. Maximum phytoplankton = 1.08 X 10' cells/mi. 

Photosynthesis 1188 mg C/m'/d, 475 mg C/m3/d. Chi a = 
5.8-14.1 mg/m'. 

Photosynthesis 85-310 mg C/m'/h (summer), 0-25 mgC/m'/ 
h. 272-470 mg chi aim', 0-10 mg chi aim'; Standing crop at 
5 m depth (winter, cells/ml): 800 Dunaliella, 1500 
Nannochloris, 500 large Nitzschia, 140 small Nitzschia, 8 X 10' 
bacteria. 

CO, fixation 500 g C/m'/yr (60% by algae, 30% by 
chemoautotrophs, 10% by phototrophic bacteria); winter 
productivity was highest = 2830 mg C/m'/d. Chi a max >40 
mg/m', bchl a max = ca. 200 mg/m'. 

10"-10' viable phototrophic bacteria/i. 

"Chi a = chlorophyll a, bchl a = bacteriochlorophyll a. 
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Table 2.3 Upper salinity, temperature, and pH limits of selected halotolerant and 
halophilic taxa 

Salinity Temperature 
Organism (%) (0C) pH References 

Cyanobacteria 
Aphanothece halophytica 35 >43 Brock, 1976 
Oscillatoria limnetica 25 48 Erlich and Dor, 1985 
Microcoleus sp. 25 48 Erlich and Dor, 1985 
Oscillatoria arenaria 33 Erlich and Dor, 1985 
Dactylococcopsis salina 20 <46 Walsby et al., 1983 
Nodularia spumigena 13 Felix and Rushforth, 1979 
16 spp., Gavish Sabkha 18-20 Erlich and Dor, 1985 

Phototrophic bacteria 
Ectothiorhodospira 40 >50 10 Imhoff and Triiper, 1977 

halochloris 
E. halophila 30 47-50 >7.8 Raymond and Sistrom, 

1969 
E. vacuolata 10 >39 10 Imhoff et al., 1981 
Chromatium violescens >18 <60.5 Cohen et al., 1977a, 1977b 
Prosthecochloris sp. >18 <60.5 Cohen et al., 1977a, 1977b 
Rhodospirillum salexigens 20 45 Drews, 1981 
R. salinarum 24 45 >8.0 Nissen and Dundas, 1984 

Other bacteria 
Halobacteria 35 50 Borowitzka, 1981 
Alkaliphilic halobacteria satd >37 >10 Tindall et al., 1980 
Alkaliphilic halophilic 20 10 Weisser and Triiper, 1985 

eubacteria 
Denitrifiers 33 Elazari-Vo1cani,1940 

(continued next page) 

Antarctica (Benoit and Hall, 1970; Cameron et al., 1972; Horowitz et al., 1972) 
and bitterns brines of solar salterns (Javor, 1983). The report of sterile saltern 
brines is not contradictory with the fact that halophilic bacteria are commonly 
recovered from solar salt, since the ion composition of the salt is markedly 
different from that of the remaining bitterns brines (Chapter 1). 

Although many extremely hypersaline habitats lack macroscopic orga
nisms and easily recognizable microorganisms (such as cyanobacteria and 
eukaryotic algae), bacterial floras may be large and complex. Numerous, di
verse strains and species of halophilic, heterotrophic bacteria have been iso
lated from such environments (see Chapters 5 and 6). Phototrophic bacteria 
(Chapter 7) may also be important primary producers. At least in one case, 
dark CO2 assimilation by chemoautotrophic, sulfur-oxidizing bacteria was 
found to be the dominant autotrophic process in the summer in a hypersaline, 
meromictic lake (Cloern et al., 1983a). 

It appears to be a contradiction that brines can be good preservatives 
while many natural brines have rich and productive microbiotas. The re
maining chapters in this book address both the biological and environmental 
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Table 2.3 Continued 

Salinity Temperature 
Organism (%) (0C) pH References 

Urea oxidizers 13 42-47 Rubentschik, 1926a, 1926b 
Nitrifiers 15 Rubentschik, 1929 
Sulfate reducers satd 11 HoE, 1935; Imhoff et 

al.,1979; Klug et aI., 1985 
Sulfide oxidizers 30 Hof, 1935 

Protozoa 
Ciliates 23.6 9.9 Jaschof and Schwartz, 1961 
Ciliates, 9 spp. >20 Post et aI., 1983 
Zoomastigophora, 5 spp. >20 Post et al., 1983 
Sarcodina, 5 spp. >20 Post et aI., 1983 

Algae 
Dunaliella spp. 35 48 >9.2 Brock, 1975 
Green flagellates 23.6 9.9 Jaschof and Schwartz, 1961 
Ctenocladus circinnatus 11 28 >10.2 Cole et aI., 1967; Blinn, 

1971 
Diatoms, 7 spp. 20.5 Erlich and Dor, 1985 
Nitzschia spp. >18 >9.7 Winkler, 1977 

Invertebrates 
Rotifers 
Brachionus angularis > 16.1 Anderson, 1958 
Keratella quadrata > 16.1 Anderson, 1958 
Nematode sp. 12.5 Gerdes et aI., 1985b 
Turbellarian worm 
Macrostomum 13 Gerdes et aI., 1985b 
Gastropods 
Pirenella conica 10 Por, 1980 
Batillariella estuarina 15.9 Bayly and Williams, 1966 
Coxiella striata 11.3 Bayly and Williams, 1966 
Anostracans 
Artemia salina 33 31 10 Cole and Brown, 1967; 

Mitchell and Geddes, 
1977; Walsby et aI., 1983 

Parartemia zietziana 35.3 9.8 Geddes, 1976, 1981 
Copepods 
Platycypris 17.6 35 9.8 Geddes, 1976 
Diacypris 12.6 Geddes, 1976 
Various spp. 13-14 Bayly, 1972; Por, 1980; 

Gerdes et aI., 1985b 
Ostracod spp. 13 Gerdes et aI., 1985b 
Isopods 
Haloniscus searleslei 16 Bayly, 1972 
Insects 
Aedes detritus 10 Bayly, 1972 
A. australis 12.5 Bayly, 1972 
Ephydra cinerea 30 Bayly, 1972 
E. hians <18 >9.7 Winkler, 1977 
5 spp. Gavish Sabkha 28-30 Gerdes et aI., 1985b 
Chironomids 28.5 Bayly and Williams, 1966 
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Table 2.4 Selected reviews and keynote papers on the ecology and biology of 
extremely hypersaline environments 

Subject 

Microbial ecology: general 

Microbial ecology: specific 
environments 

Bacteria: general reviews 
Eubacteria 

Halobacteria 

Dunaliella and other eucaryotic 
microbes 

References 

Bauld (1981); Borowitzka (1981); Brock (1979); Larsen 
(1980); Rodriguez-Valera (1988) 
Nissenbaum (1975); Oren (1988); Post (1977); Wright and 
Burton (1981); Tindall (1988) 
Brown (1983); Kushner (1978); Morishita and Masui (1980) 
Imhoff (1986,1988); Kushner and Kamekura (1988); Oren 
(1986); Rodriguez-Valera (1986) 
Dundas (1978); Hochstein (1988); Kushner (1985); 
Rodriguez-Valera (1988); Tindall and Triiper (1986) 
Ben-Amotz and Avron (1983); Borowitzka and Borowitzka 
(1988); Brown (1976); Brown and Borowitzka (1979); 
Munns et al. (1983); Bayly (1972); Carpelan (1967); Geddes 
(1981) 

factors that promote or hinder the success of microorganisms in hypersaline 
habitats. For simplified reference, Table 2.4 has been included to give a se
lected list of reviews and keynote papers concerning the microbial ecology 
of hypersaline lakes and the physiology and ecology of the organisms that 
inhabit them. 

2.2 The upper salinity limits to life 

The upper salinity limits to life in strong brines are often measured. Besides 
detailed studies of osmoregulation in a variety of salt-tolerant organisms, other 
chemical and physical factors that might restrict biotic activity are not as well 
documented. The low solubility of O2 may limit the success of obligately 
aerobic organisms. The combination of low water activity, high ion content, 
and large concentrations of specific ions may preclude most organisms, in
cluding xerophilic yeasts and fungi that live in strong sugar solutions (Chapter 
11). The lowest limit of water activity in brines for halobacteria as well as 
yeasts and fungi appears to be between aw 0.6 and 0.7 (Chapter 1). 

The ionic character of salty brines may impose electrochemical restric
tions on cells with inefficient ion pumps. Many ions or ion complexes are 
highly hydrated and may compete with the cells for water. High Mg2+ con
centrations found in potash-phase brines (bitterns) are probably largely re
sponsible for excluding bactenallife Oavor, 1983). Mg2+ binds to the outside 
of bacteria and is required internally by the cells (Chapters 5 and 6), but 
regulation of its distribution within bacteria is poorly known. 

The relative concentrations of monovalent and divalent ions were found 
to be important in halobacterial distribution (Edgerton and Brimblecombe, 
1981). The relative and absolute concentrations of Ca2+ and Mg2+ affect the 
success of both Dunaliella and extremely halophilic bacteria (Baas-Becking, 
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1931; Tindall et al., 1980; Cohen et al., 1983). As divalent cations, the con
tribution of MgH and CaH to the ionic strength of a brine is four times that 
of the equivalent molal concentrations of monovalent ions. The inability of 
Don Juan Pond brines to support life may not only be due to the combination 
of low temperatures and low aw, but also to the high ionic strength of CaCl2 

brines. The concept of ionic strength apart from major ion content or water 
activity has not been adequately addressed as a limiting factor to life in brines. 

2.3 Fossil and living microbes in salt 

Fossils have been recorded in many evaporites. Microbial mats have been 
noted in and between gypsum, anhydrite, and halite layers (Shearman, 1966; 
Friedman, 1982). Remains of vertebrates, invertebrates, and plants have been 
recorded in ancient gypsum and salt as well as in interbedded shales (Tasch, 
1960, 1963). Similar organic remains were also found in modem salt (Tasch, 
1969). Microscopic bodies resembling Gallionella and Leptothrix (iron bacteria) 
and filaments of fungi have been observed in cores of Zechstein ferruginous 
salt of Permian age (Great Britain and Germany) (Tasch, 1963). 

Salt often crystallizes imperfectly, trapping brines and bacteria in pockets 
("negative crystals") within the growing crystals. NaCl crystals formed in 
solutions with high concentrations of halo bacterial cells contained more and 
larger brine inclusions than crystals grown in sterile solutions (Norton and 
Grant, 1988). Inclusion fluids may be a valuable source of geochemical in
formation since analyses of their ionic content, trace elements, dissolved gases, 
and stable isotopic signatures can be used to reconstruct the nature of the 
ancient atmosphere and oceans (Roedder, 1984; Knauth and Beeunas, 1986). 
Analyses of ionic content and trace elements have been used to interpret 
whether brine inclusions are primary (formed when the salt initially crystal
lized) or secondary (formed after dissolution and recrystallization of the orig
inal salt) (Holser, 1963; Chapter 1). 

Many authors have noted the remains of bacterial-like particles, insoluble 
organic matter, and biogenic gases (e.g., CH4 and H2S) in brine inclusions 
(literature summarized by Sonnenfeld, 1984). Norton and Grant (1988) found 
that brine inclusions trapped both viable and non-viable cells in crystals formed 
under laboratory conditions. Viability was tested after six months. The via
bility of bacteria trapped in ancient salt remains a debatable question. Viable 
fossil bacteria from primary brine inclusions of Paleozoic salts were reported 
by Reiser and Tasch (1960) and Dombrowski (1961, 1966). It remains to be 
demonstrated whether such bacteria could be revived under sterile conditions 
acceptable in a modem microbiological laboratory. Bien and Schwartz (1965) 
noted fossil bacteria in about 30 ancient rock salt samples but they were 
unsuccessful in any enrichments for heterotrophic, aerobic bacteria, sulfate
reducing bacteria, or thiobacilli. 
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Do the preservative qualities of salt and brines permit non-growing bac
terial cells to retain their essential structures intact over the course of 200 
million years or more? Such claims have far-reaching implications, ranging 
from theories of panspermia and evolution to the ideas of suspended ani
mation and eternal life. In the view of this author, all assertions of viable 
bacteria from Paleozoic evaporites should be taken cum grana salis. 
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3 

The Effects of Dissolved 
Organic Carbon on Evaporite 
Minerals 

Because evaporites are salts precipitated from electrolyte solutions, it logically 
follows that the physical chemistry of natural brines should be similar to that 
of pure solutions of mixed electrolytes prepared in the laboratory. However, 
such laboratory models do not acknowledge the contribution of organisms 
to brine chemistry, and thus they ignore the potential role of dissolved organic 
matter (DOC) as natural chelators or as competitive, inhibitory, or catalytic 
substances. The role DOC plays in calcium carbonate and gypsum precipi
tation is much better known than its role in the formation of more econom
ically important halite and potash minerals. This gap in knowledge will re
main until more is known about the types and concentrations of DOC in 
natural brines saturated with respect to these minerals. The following dis
cussion outlines the known or presumed role of DOC in modifying the nature 
of several evaporite minerals. 

3.1 Calcium carbonate 

Calcium carbonate (calcite and aragonite) solubility in brines is affected by a 
variety of chemical factors including salinity, pH, ion complexing, ion activity 
coefficients, and apparent dissociation constants of the carbonate system 
(Chapter 1). CaC03 is much more soluble in brines such as evaporated sea
water than in normal seawater. In normal seawater (3.5% salinity), Mg2+ 
hinders the growth of calcite crystals and it may affect the nucleation of 
aragonite crystals (Berner, 1975; Pytkowicz, 1975). The same effect is probably 
true in evaporating brines. 

Another component of seawater that strongly affects the precipitation 
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and dissolution of CaC03 is DOC. Studi..:.:; in non-hypersaline marine envi
ronments have shown that organic compounds inhibit reactions between car
bonate minerals and seawater by adsorption and inactivation of CaC03 nuclei 
that are constantly forming (Chave, 1965; Chave and Suess, 1967, 1970). 
Suess (1970) determined experimentally that carbonate mineral surfaces are 
saturated with adsorbed organic carbon when they are coated with a mon
omolecular layer. It was concluded that organo-carbonate associations in sea
water appear to reduce reaction rates of the inorganic carbonate equilibrium, 
and that they may inhibit the reaction entirely if the isolation of the mineral 
by this association is complete. 

Particular classes of organic substances are associated with CaC03 grains. 
Carbonate sediments are particularly enriched in the acidic amino acids such 
as aspartic and glutamic acid, unlike non-carbonate sediments (Mitterer, 1968, 
1972). Fatty acids are a major component of lipid coating on calcite in the 
sea (Meyers and Quinn, 1971). Humic acids also influence CaC03 precipitation 
(Suess and Fiitterer, 1972; Otsuki and Wetzel, 1973). 

The type of organic matter influences the solubilities and crystal mor
phologies of carbonates (Kitano et al., 1969). Certain Ca2+ -complexing com
pounds such as citrate, malate, pyruvate, and glycogen increased the pro
portion of calcite precipitating by increasing the solubility of CaC03 and 
reducing the rate of precipitation. However, the addition of Mg2+ decreased 
the proportion of calcite. 

The combined inhibitory effects of Mg2+ and DOC are believed to be 
responsible for the observed supersaturation of surface seawater with respect 
to aragonite (200% to over 300%) (Ben-Yaakov and Kaplan, 1969; Pytkowicz, 
1971). Pytkowicz used a method of saturometry based on the measurement 
of the hydrogen ion activity (pH) of seawater before and after introduction 
of an excess of clean aragonite powder. By providing essentially an infinite 
number of nucleation sites, supersaturated CaC03 precipitates on the ara
gonite. 

Precipitation and dissolution of CaC03 in seawater theoretically accom
pany photosynthesis and respiration, respectively. In organic-rich brine (9.6% 
salinity) overlying microbial mats in a salt marsh pool, total alkalinity showed 
the expected decrease during the course of daylight, but supersaturation with 
respect to aragonite showed unexpected, widely fluctuating behavior Oavor, 
1979) (Figure 3.1). After slowly decreasing to 650% saturation between 09:00 
and 11:00, the overlying brines suddenly became nearly 1100% saturated 
with respect to aragonite for 2 hours at mid-day. In the early afternoon, the 
per cent saturation precipitously dropped to morning values and lower. These 
observations suggest that DOC and perhaps inorganic factors promoted a 
mid-day reaction that prevented CaC03 nuclei from growing. 

On the day following the measurements made in Figure 3.1, tidal flooding 
of the pool with the microbial mats caused temporary salinity stratification 
(4.5% at the surface, 8.5% at the bottom). The more hypersaline brine showed 
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Figure 3.1 Total alkalinity as milliequivalents per liter (open circles) and aragonite 
saturation as percent saturation (closed circles, % sat) of seawater (9.6% salinity) cov
ering microbial mats in Laguna Guerrero Negro, Mexico, on 12 August, 1977 (from 
Javor, 1979). 

fluctuating aragonite saturation behavior (although not as pronounced as the 
previous day) while the fresh seawater had low saturation values (110-240%) 
that behaved as would be predicted by daily total alkalinity changes (Figure 
3.2). Five days after tidal flooding, the seawater covering the microbial mats 
was completely mixed (4.9% salinity). Although the salinity was well below 
that earlier in the week, the daily aragonite saturation behavior of the 4.9% 
salinity brine resembled that measured in 8.5% salinity brine. 

The results of these saturometry experiments suggest that in the organic
rich brines overlying intensely active microbial mats, CaC03 may become 
even more supersaturated than that predicted by models based on the com
position of normal seawater. The influence of DOC on CaC03 solubility may 
also explain the difference between total alkalinity measurements in saltern 
brines (Figure 1.4) and seawater evaporated in the laboratory (Lazar et aI., 
1983). Hypersalinity and DOC-CaC03 interactions may also explain why 
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Figure 3.2 Aragonite saturation at different saturation levels in seawater covering the 
microbial mats described in Figure 3.1. Closed circles: 9.6% salinity, 12 August. Open 
circles: bottom brines, 8.5% salinity, 13 August. Squares: top brines, 4.5% salinity, 13 
August. Stars: 4.9% salinity, 18 August (from Javor, 1979). 

saturometry measurements are time-dependent after the initial fast reaction 
(Figure 3.3). In those measurements, seawater allowed to evaporate in the 
laboratory showed the predicted supersaturation with respect to aragonite at 
the beginning of the experiments, but after one day the newly-precipitated 
aragonite began to return to solution. The dissolution was complete in the 
control sample (3.2% salinity) whereas in the 9.2% and the 14.5% salinity 
samples, a second oscillation in aragonite precipitation was observed after 
one or two days. These oscillations in aragonite precipitation and dissolution 
in hypersaline marine brines apparently occurred in the absence of any sig
nificant microbial activity. It is suspected that DOC present in the samples 
caused the redissolution of aragonite. The oscillatory behavior in the stronger 
brines remains enigmatic. 

3.2 Dolomite 

Dolomite (magnesium calcium carbonate) is a common carbonate mineral in 
both ancient evaporite and non-evaporite sedimentary sequences. In modern 
carbonate deposits, dolomite typically constitutes a small fraction of the total 
carbonates. Dolomitic layers in ancient evaporites are commonly bituminous, 
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Figure 3.3 Saturation with respect to aragonite in seawater evaporated in the labo
ratory. Samples were constantly agitated with excess aragonite in screw-cap bottles 
during the course of 4 days. Open circles: 3.2% salinity. Closed circles: 5.4% salinity. 
Squares: 9.2% salinity. Stars: 14.5% salinity. 

but there is no proof as that original carbonate was CaC03 or dolomite. Like 
that of CaC03 (calcite and aragonite), the solubility of dolomite is exceeded 
in modern seawater. However, dolomite does not precipitate except under a 
narrow range of ill-defined conditions. Modern dolomite and protodolomite 
(unordered dolomite) are often associated with organic-rich niches and/or 
hypersaline marine environments. 

Whether dolomite can occur as a primary precipitate in sabkhas or only 
as a replacement mineral has been critically reviewed by Hardie (1987). The 
model of Kastner (Baker and Kastner, 1981; Kastner, 1984) states that dolomite 
formation is favored by low sulfate concentrations and that high Mg/Ca ratios 
are not essential. The most effective means of reducing the sulfate content of 
brines would be by bacterial sulfate reduction. However, Hardie points out 
that some modern environments where dolomite is found are characterized 
by elevated sulfate concentrations and that the actual role of sulfate-reducing 
bacteria in dolomite formation is the increase in dissolved HC03 - (see Chapter 
4). 

Gebelein and Hoffman (1973) pointed out that stromatolites from the 
lower Paleozoic and Proterozoic calcite-dolomite laminations (on a cm- or 
mm-scale) were probably formed similarly to modern marine stromatolites 
composed of algal-rich and sediment-rich laminae. In ancient stromatolites, 
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the dolomite layers contain or are capped by bituminous material. The authors 
showed that the MgjCa ratio of sheath material from a stromatolite-building 
cyanobacterium, Schizothrix calcicola, was enriched 3- to 4-fold over that of 
seawater when the cells were grown in seawater. The addition of dissolved 
carbonate caused the precipitation of Mg-calcite (but not dolomite) in the 
sheath material. 

Davies et al. (1975) reported dolomite precipitation after 9 months in an 
experimental tank with calcite, magnesium carbonate, and decaying algae. 
Dolomite was associated with the decaying algae. A similar association was 
noted by these authors in a zone of decomposition below a microbial mat 
near the Great Barrier reef. The authors stressed that the increase in alkalinity 
caused by organic decomposition drives the precipitation of dolomite. Al
though they recognized the potential role of organic matter in retarding ar
agonite precipitation, they did not suggest that there was any direct DOC
dolomite interaction involved in dolomite precipitation or supersaturation. 

Recent dolomite precipitation may be both diagenetic and primary (Gun
talilaka et aI., 1984, 1987). In a slightly hypersaline lagoon in Kuwait char
acterized by organic-rich, highly reducing aragonitic sediments, dolomite (de
scribed as diagenetic) occurs as clusters within minute cavities on the surface 
of pellets (presumably of animal origin). Dolomite (reported as primary) pre
cipitates as spherules in the walls of crustacean burrows and as micro dolomite 
in the core of the burrows. The authors concluded that both the occurrence 
of dolomite and its distinct mineral textures most likely result from a com
bination of porewater composition and flow, organic matter, and bacterial 
activity. 

It is most likely that the constraints on CaC03 precipitation imposed by 
DOC are equally important in dolomite precipitation, but they have never 
been shown experimentally. Like CaH, Mg2+ can potentially bind to acidic 
organic residues. MgH is the dominant cation involved in bicarbonate and 
carbonate complexes in seawater (Garrels and Thompson, 1962). About equal 
proportions of MgH (13%) and CaH (9%) are bound to anions. There is little 
reason to doubt that both CaH - and MgH -complexes are even more abundant 
in anaerobic porewaters characterized by elevated total alkalinity and in
creased DOC. Perhaps more important that the molar ratio of MgjCa in 
assessing the conditions of dolomite precipitation are the concentrations of 
uncomplexed MgH and CaH . If the affinity of specific classes of DOC is about 
the same for both cations, the relatively low total concentration of free CaH 
in organic-rich porewater may permit ordered or disordered dolomite to form. 

Thus, anaerobic decomposition and DOC may promote local, primary 
dolomite precipitation by a combination of factors: 1) Local elevated concen
trations of MgH by algae or microbial mats during active growth. 2) Formation 
of potential divalent cation-binding organic acids during degradation by fer
mentation (Chapter 4), resulting in decreased absolute concentrations of un
complexed CaH or elevated ratios of uncomplexed MgH ICaH . 3) Increase 
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in total alkalinity and decrease in total sulfate during degradation by sulfate 
reduction (Chapter 4). 4) DOC binding to growing dolomite crystals, resulting 
in distinct crystal morphologies. 

3.3 Gypsum and celestite 

Both the solubility and crystal morphology of gypsum (calcium sulfate) are 
strongly affected by DOC. Barcelona and Atwood (1978) demonstrated that 
lipid material found in saltern brines inhibited nucleation of Ca504 crystals. 
Long-chain fatty acids became selectively bound to Ca2+, as did succinate 
and mannitol. Glycerol and pyruvate (3-carbon compounds) did not affect 
nucleation time. It is interesting that glycerol, which is the major compatible 
solute in the brine alga Dunaliella (Chapter 9), does not affect the rate of 
precipitation of gypsum. Dunaliella typically thrives best in saltern ponds at 
the gypsum stage of brine concentration. 

Free fatty acids constitute 50-84 % of the lipids recovered from saltern 
ponds (Barcelona and Atwood, 1979). Other lipids include long-chain hy
drocarbons. The gypsum selectively removes the longer-chain fatty acids (CI6-

Cd and hydrocarbons (C32 preferred over C28 and shorter alkanes) from the 
brines. Total lipid material extracted from saltern gypsum was 9-38 ~g·kg-l. 

Organic matter also affects crystal morphology of gypsum. Adsorbed 
lipids caused the growth of more tabular, equidimensional crystals (Barcelona 
and Atwood, 1978). Cody (1979) showed that lens-shaped crystals grew only 
in the presence of organic matter. Lenticular crystals are common in both 
modem and ancient evaporites. 

A summary of the morphologies of gypsum crystals grown under a va
riety of conditions in silica gel was given by Van Rosmalen et al. (1976). The 
presence of inorganic compounds or low pH led to needle-shaped crystals 
while the presence of various organic compounds caused stubbier crystals to 
form. Some of the organic substances tested were lactic acid (which brought 
about the formation of short, broad, rod-shaped crystals), tartrate (broad rods), 
and acetate and citrate (platy crystals). Acetate is the dominant free fatty acid 
in normal marine and hypersaline sediments (Chapter 4), which could help 
explain why flat, lenticular gypsum crystals are formed in many evaporite 
environments. 

Celestite (5r504) is sometimes found as a co-precipitate with aragonite 
and gypsum, and even in halite in marine evaporites (Braitsch, 1971). In solar 
salterns, a fraction of the dissolved 5r2+ precipitates with gypsum while the 
bulk precipitates as distinct celestite crystals in NaCl-saturated brines (Figure 
13.2 and Javor, 1983). The crystal morphology of celestite is greatly affected 
by DOC. 5r504 (and 5rC03, strontianite) precipitate as dumbbell-shaped bun
dles of acicular crystals in artificial solutions with DOC and in saltern brines 
(which contain DOC), but as individual acicular crystals in pure saline so-
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lutions. It is unknown whether DOC can affect the kinetics of celestite pre
cipitation, and whether Sr2+ -organic complexes similar to Ca2+ -organic com
plexes play a role in determining the concentration of brine that permits 
celestite precipitation. 

3.4 Halite 

Ancient sodium chloride (halite) deposits are often interlaminated with clay 
or less soluble evaporites (gypsum and CaC03) as a result of periodic brine 
freshening. Laminae of bituminous matter in halite deposits may result from 
washed-in organic matter, the accumulation of organic matter produced at 
lower salinities in the evaporite system, or the catastrophic deposit of organic 
material caused by death and lysis during a brine freshening event. Droplets 
of hydrocarbons ("mountain tar," "paraffin earth") can accumulate in halite 
deposits in primary brine inclusions and small veins. A review of these oc
currences in both halite and potash minerals, cited from German and Russian 
literature, was presented by Sonnenfeld (1984). It is noteworthy that hydro
carbons accumulate, as this class of organic matter has been shown to be 
recalcitrant to oxidation by natural populations of halophilic microorganisms 
(Chapter 18). Gases documented in microinclusions of halite include nitrogen, 
hydrogen, methane, higher gaseous alkanes, and H2S. 

DOC alters the surface tension of the brine and can alter the rate of 
crystallization and the crystal morphology of halite. Gelatinous sheath ma
terial from the cyanobacterium Aphanothece ha/ophytica (Chapter 8) or a re
lated organism that accumulated in a solar saltern during a rainy period (brine 
freshening) was shown to cause the growth of small, fragile (brine-filled) halite 
crystals (Baha AI-Deen and Baha AI-Deen, 1972). Shuman (1965) also noted 
that viscous substances such as methyl cellulose, gelatin, and gum arabic did 
not reduce the volume of brine inclusions in salt. However, polyphosphate 
(which traps Ca2+), heavy metals, and an undefined extract from seaweed 
decreased the volume of brine inclusions in halite. 

The crystal habit of halite can be modified from cubic to other forms by 
a variety of both organic and inorganic substances (Milone and Ferraro, 1947; 
Ploss, 1964; Shuman, 1965). Octahedral, dodecahedral, and dendritic crystals 
were reported to arise when NaCl solutions were mixed with various con
centrations of substances, including some, such as ferro cyanide and molasses, 
that are not found in natural evaporite environments. No systematic study 
of the effects of bacterial decomposition products on halite precipitation, brine 
inclusions, and crystal morphology, particularly in the range of concentrations 
such substances naturally occur, have been published. 
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3.5 Potash minerals 

Similar kinds of organic matter and gases have been found in both halite and 
potash deposits. Trapped bituminous matter in evaporite salts can render them 
grey and malodorous (Borchert and Muir, 1964). Like sylvite, carnallite may 
contain large amounts of trapped gases. Dissolution or heating of such "crac
kle salts" results in gas release with a crackling sound (decrepitation). Besides 
CH4, higher alkanes are sometimes found in the inclusions of both potash 
and halite (literature cited by Sonnenfeld, 1984). However, the gases may 
enter the salt deposits long after deposition, so the interpretation of the origin 
of evaporite-trapped gases requires careful basin analysis. For example, the 
high pressure of CO2 found in some Permian Zechstein potash deposits in 
Germany is believed to be due to gases that entered the evaporite from Ter
tiary magmatic rocks (Giesel, 1972). 

Many of the available data documenting the effects of DOC on potash 
mineral precipitation have been collected for the potash mining industry in 
the development of methods of separating minerals. Minerals are commonly 
separated by flotation in mixed-salt brines using various organic agents (Noyes, 
1966). "Collectors" selectively attach to the surface of small crystals and 
render them hydrophobic. Air bubbles generated in the flotation tanks se
lectively attach to the non-wetted surfaces and cause the precipitate to ac
cumulate in the froth. Collectors, which are usually used in low (mg'l- l ) 

concentrations, include Na + and K+ salts of fatty acids and amine acetates. 
For example, floating halite can be collected from a NaCl-KCl mixture with 
oleic acid while sylvite is typically collected with cationic primary aliphatic 
amines (C6-C24). Natural potassium salts contain slimy, clay-like and other 
water-soluble materials that can be removed from flotation brines with various 
polysaccharides, cellulose, and lignin derivatives. Organic frothing agents that 
are also used to lower the surface tension of flotation brines include alcohols 
and oils. Because many of these organic compounds are concentrated in eva
porite basin brines, it is most likely that such DOC compounds have played 
a role in separating or moderating potash deposition in the natural evaporite 
deposits. 
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4 

The Fate of Carbon and Sulfur 
in Hypersaline Environments 

Although hypersaline environments are often thought of as terminal habitats, 
they play an active role in the interconversion of organic and inorganic carbon, 
a process that is interfaced microbiologically with the reduction of sulfate to 
sulfide. In both normal marine and hypersaline marine environments, carbon 
cycle transformations result in changing pools of dissolved ~ CO2 (C02 + 
HC03 - + CO/-), solid carbonates, and organic carbon. In the marine en
vironment, sulfur cycle transformations result in changing pools of dissolved 
sulfate and sulfide, solid sulfides and sulfur, and organic sulfur, while in 
marine-derived hypersaline environments, solid sulfate (gypsum) may pro
vide an additional large pool of potential oxidant of organic matter. Given 
the simplicity of food chains in hypersaline environments relative to those 
in normal marine habitats, the high concentrations of sulfate, and the possibly 
limited activity of anaerobic bacteria in extremely saline sediments, it might 
be expected that rates and kinds of interconversions between reduced and 
oxidized pools of carbon and sulfur in hypersaline environments may differ 
from those in normal marine sediments. The following discussion outlines 
aspects of carbon and sulfur cycles from sediment and porewaters of hyper
saline environments, using evidence from rates and types of transformations, 
organic and inorganic geochemistry, and stable isotope fractionations. 

4.1 Carbon cycle 

Degradation processes and hydrocarbon accumulation Evaporite de
posits are often the reservoirs of vast petroleum deposits. The interrelation
ships among evaporites, the biological carbon cycle, and petroleum genesis 
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have been well-established. Discussions on these topics have been compiled 
in a volume by B. C. Schreiber (1988). Degens and Paluska (1979) interpreted 
the paleoenvironment of hydrocarbon-bearing shales of the Caspian Sea and 
the North Sea to have been characterized by deep anoxic basins with salinity
stratified seawater. High organic productivity in the surface waters led to the 
accumulation of organic matter in the hypersaline depths. Moderately hy
persaline environments (ca. 4-12% salinity) characterized by carbonate dep
osition and fluctuating salinities apparently were the source of much of the 
world's petroleum reserves (Kirkland and Evans, 1981; Eugster, 1985; Evans 
and Kirkland, 1988). Such hypersaline environments evidently produced the 
organic matter associated with the petroleum reserves of the Persian Gulf as 
well as those of the Michigan and Paradox basins of North America. The 
importance of carbonate-precipitating sedimentary environments over geo
logic time cannot be overemphasized. About 5200 X 1018 moles carbon are 
locked in carbonates while about 1300 X 1018 moles organic carbon are cal
culated to be in sedimentary reservoirs (Garrels and Lerman, 1984). 

Much of the organic matter associated with evaporite sedimentary cycles 
is found in shaly carbonate beds rather than in anhydrite or halite layers, 
either because the organic matter was originally produced under relatively 
less saline conditions, or the DOC of the stronger brines migrated to the more 
porous zones in the sediments. Alternatively, high rates of precipitation and 
sedimentation of gypsum and halite may effectively dilute the organic matter 
in those sediments. Normal progressive evaporite development in marine 
environments is characterized by the formation of a basin of restricted cir
culation (where organic productivity is high) followed by a succession of 
evaporite facies· (Borchert and Muir, 1964). In the case of the Paradox basin 
evaporites, however, much of the organic matter may have entered from 
terrestrial sources and then undergone degradation in the anoxic evaporite 
environment of the basin (Hite et al., 1984). 

One of the themes of this book is that only some microbial activities are 
interrupted at high salinities (see Table 5.1). In order to accumulate hydro
carbons in anaerobic evaporitic sediments, the organic matter must first be 
produced (in situ or imported primary productivity) and partially degraded. 
The most important anaerobic degradation processes in marine sediments are 
fermentation, sulfate respiration (sulfate reduction), and methanogenesis (al
though some marine methanogens and sulfate reducers may actually generate 
organic carbon from CO2 or CO plus H2)' Some primary producers can fix 
CO2 in salinities up to halite saturation, although optimal rates occur in lower 
salinities (see Chapters 7, 8, and 9). Fermentation includes a broad variety of 
anaerobic, degradative reactions in which organic matter is partially broken 
down, releasing CO2, H2I H2S, NH3, low molecular weight alcohols, acetate 

• A facies is a suite of environments in a single geographic setting (for example, an intertidal region 
plus a beach plus a salt flat). 
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and other volatile fatty acids, a variety of organic acids, and the residual 
organic matter that is not cleaved or metabolized. Low molecular weight 
fermentation products are the main source of substrates for both methanogens 
(Chapter 6) and sulfate-reducers (Section 4.2): They also apparently playa 
role in determining the crystal morphology and extent of saturation of eva
porite minerals (Chapter 3). Therefore, fermentation is a critical metabolic 
link between the original organic matter and its final oxidation by sulfate
reducers, and between the inorganic composition of the brine and the mineral 
composition of the primary (and perhaps secondary) evaporites. 

Fermentation occurs in extremely hypersaline environments, even when 
other metabolic processes are not functioning. While Klug et al. (1985) dem
onstrated that sulfate-reduction rates decreased with increasing salinity in 
shallow solar saltern sediments (see Section 4.2), volatile fatty acids (partic
ularly acetate) accumulated to a much greater extent in the extremely hy
persaline sediments (Figure 4.1). Baas-Becking and Kaplan (1956) showed 
that H2 accumulated to the greatest extent in Lake Eyre sediments incubated 
in very high salt concentrations (see Chapter 17). These results suggest that 
the fermentation products accumulate because they cannot be used by sulfate 
reducers and methanogens at such high salinities, or that fermentation rates 
greatly exceed sulfate reduction rates. Likewise, the often-reported occurrence 
of sulfide in some extremely hypersaline habitats may be more a product of 
the breakdown of sulfur-containing amino acids by putrefactive bacteria than 
of the activities of sulfate-reducing bacteria. 

Although organic chemists have identified and quantified the rich variety 
of organic compounds in a number of sediment and brine profiles from mod
ern hypersaline environments, little attempt has been made to study accu
mulations across salinity gradients. Figures 4.2 and 4.3 show the concentra
tions of total carbohydrates and primary amines (largely amino acids) in 
surface brines of an oligotrophic saltern (Exportadora de Sal, Mexico) and a 
eutrophic saltern (Western Salt, California, U.s.A.) Uavor, 1983). Variations 
in the microbial flora apparently caused the carbohydrate and amino acid 
concentrations to differ in the two salterns. Bitterns brines (> 1 M Mg2+) were 
sterile and characterized by extremely high accumulations of dissolved organic 
substances. Bitterns brines of the eutrophic saltern were yellow, presumably 
due to the presence of humic-like substances. Both carbohydrates and DOC 
show a high degree of preservation in Solar Lake sediments (see Chapter 14). 
Comparable concentrations of dissolved amino acids were detected in brines 
(7.7-26.9% salinity) of the Eocene Green River Formation (Degens et al., 
1964). Paleozoic brines were analyzed for sugars with negative results. 

While rates of sulfate reduction across a salinity gradient were measured 
by Klug et al. (1985), fermentation rates were not. Rates of glutamate and 
hydrocarbon oxidation in Great Salt Lake samples across a salinity gradient 
were measured by Ward and Brock (1978) (see Chapter 18). Glutamate deg
radation was greatly attenuated above 12% salinity but was still detectable 
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Figure 4.1 Dissolved acetate measured in porewaters of the San Francisco saltern 
(California, U.s.A.) during August, 1984, in samples from water with 3.3%, 15.0%, 
and 30.0% salinity (from Klug et a!., 1985). 

in 28% salinity. Hexadecane degradation was even more strongly affected by 
salinity, and measurable rates could not be detected at the highest salinities. 
Enrichments for mineral oil-oxidizers were only successful in samples with 
less than 20% salinity. Other measurements of anaerobic degradation pro
cesses across salinity gradients are summarized in Table 5.1. 

Lipids in recent and ancient hypersaline environments Because hy
drocarbons eventually accumulate in extremely hypersaline environments, 
the identification of the organisms responsible for the synthesis of unique 
lipids are of interest to organic geochemists and petroleum geologists. Such 
organic "fingerprints" may be the only paleontological indicators when mor
phological fossils are not preserved. Table 4.1 lists some potential unique 
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Figure 4.2 Dissolved total carbohydrates (determined with the phenolhydrazine sul
fate technique) of surface brines of the Exportadora de Sal saltern (closed circles) and 
the Western Salt saltern (open circles). The degree of concentration of the brine is 
expressed as the concentration in molarity of soluble magnesium ion. The line drawn 
through the closed circles between 0.4 and 2.5 M Mg has an r' value of 0.971. 

biomarkers (both lipid and non-lipid) synthesized by cultures of halophiles. 
For comparison, an extensive list of preserved lipid compounds from the Solar 
Lake microbial mat environment is given in Table 14.5. 

Lipid analyses for modern hypersaline environments such as Solar Lake 
and Gavish Sabkha show that the spectrum of compounds is much more 
complicated than that which can be determined for single bacterial isolates. 
For example, de Leeuw et a1. (1985) recognized at least 53 different hydro
carbons, 42 different fatty acids, 23 different alcohols, and 18 different sterols 
from the top section of microbial mats of the Gavish Sabkha. In both cultured 
cells and natural materials, unidentified lipids or other compounds may be 
important components. Conversely, major identified lipids may be produced 
by unidentified microorganisms. In microbial mats from Abu Dhabi, an un
identified alkane was even more abundant than phytane and pristane (Car
doso et aI., 1978). A branched hydrocarbon identified as 2,6-dimethylhex
adecane constituted 75% of the hydrocarbons extracted from the bottom of 
Lake Yanda (Antarctica), but it has never been reported in any living organism 
(Matsumoto et aI., 1984). Hydrocarbons were found only at the bottom of 
the lake and never in the water column (see Chapter 16). Material that could 
not be identified as either protein, carbohydrate, or lipid constituted about 
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Figure 4.3 Dissolved total amino acids in the surface brines of the Exportadora de 
Sal saltern (closed circles) and the Western Salt saltern (open circles). Total amino 
acids were determined in acid-hydrolyzed samples with fluorescamine against glycine 
standards. 

20% of the dry weight of Dunaliella salina and D. bardawil grown under low 
salt or conditions of nitrogen deficiency, but only 5% of the dry weight when 
cells were cultured in 2 M NaCl (Ben-Amotz et aI., 1985). Half the dry weight 
of the diatom Nitzschia from Mono Lake grown in 1.4 M NaCl was of un
known composition, although Ben-Amotz et a1. did not state whether this 
measurement included the silica walls. 

Yeasts and fungi are not commonly recognized in extremely hypersaline 
environments but their presence may sometimes be detected in lipid analyses. 
The carotenoid torulene, which is unique to fungi, was recognized in the Abu 
Dhabi microbial mats, although fungal filaments were not observed (Cardoso 
et aI., 1978). Caution must be exercised when ergosterol is detected, however. 
This sterol, which is usually a telltale marker for fungi, has been detected in 
small quantities in Dunaliella tertiolecta (Wright, 1979). 

With the discovery of unique lipids produced by archaebacteria came the 
possibility of using geochemical fossils of halobacteria as important indicators 
of extreme salinity in geological deposits. Glycerol phytanyl diether isolated 
from reducing sediments of the Dead Sea was believed to be derived from 
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halobacteria (Kaplan and Baedecker, 1970). The abundance of phytanic acid, 
dihydrogen phytol, and phytane in those sediments led to the suggestion that 
phytane was derived from the halobacteriallipid rather than from chlorophyll. 
Anderson et al. (1977) demonstrated from stereoisometric measurements that 
the phytanic acid was most likely derived from halobacteria rather than from 
algal chlorophyll. However, no bacterioruberin (the dominant carotenoid of 
halobacteria) was detected, presumably because it is rapidly degraded in the 
extremely hypersaline sediments (Nissenbaum et al., 1972). 

In hypersaline sediments, archaebacteria (halobacteria and methanogens) 
are the only known potential organisms to produce diphytanylglycerol dieth
ers (Hahn and Haug, 1985). The presence of symmetric C20,C20 diether iso
prenoids in sediments would not indicate which archaebacteria produced 
them. The presence of asymmetric C20,C25 diether isoprenoids would indicate 
the presence of natronobacteria or methanogens, while symmetric C25,C25 

diether isoprenoids would be indicative of natronobacteria alone (Table 4.1). 
Some methanogens synthesize C40 tetraethers consisting of two C20 isopren
oids linked head-to-head, although these lipids have not been described from 
hypersaline sediments or in halophilic methanogens. The presence of certain 
neutral isoprenoids (C15 to C30 regular isoprenoids and tail-to-taillinked C25 

and C30 [squalene] isoprenoids) may indicate there is a contribution by ar
chaebacteria but not necessarily halobacteria. Halobacteria contain C30 squal
enes while methanogens may produce C18 to C30 isoprenoids (Hahn, 1982). 
Certain menaquinones may be microbial indicators if they are not subject to 
degradation (Table 4.1). 

The interpretation of the hydrocarbon composition of ancient evaporites 
is extremely complex due to the variety of alterations that can occur in the 
hydrocarbon fractions over geologic time, and the overlap of lipids produced 
by different microorganisms. In the hypersaline Ghareb Formation near the 
Dead Sea (of Cretaceous age), black calcareous shales with gypsum-filled 
foraminifera are believed to have been deposited in the anaerobic bottom of 
a hypersaline, stratified lagoon (Spiro, 1977). The predominance of C26 to C32 

n-alkanes, the preference of even- over odd-number alkanes, the high con
centrations of C19 alkane, and the high concentration of C17 n-alkane in the 
higher strata of the formation were interpreted to be indicative of algae, 
phototrophic bacteria, and non-phototrophic, anaerobic bacteria. The oils and 
asphalts of the formation showed a similar hydrocarbon distribution. The 
dominance of even-number, long-chain alkanes and the dominance of phy
tane over pristane indicated an algal source deposited under hypersaline con
ditions (Spiro et al., 1983). Bituminous rocks with a dominance of odd-number 
alkanes would indicate a contribution by land plants. Other aspects of the 
Dead Sea oils and asphalts were discussed by Amit and Bein (1979) and 
Nissenbaum and Goldberg (1980). 

The predominance of even-number, C20 to C30 alkanes has also been 
interpreted to represent aerobic and anaerobic hypersaline environments where 
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bacteria degrade the remains of cyanobacteria. Dembicki et al. (1976) used 
this interpretation to describe the environment of deposition of some hyper
saline, organic-rich carbonates of Mississippian age. However, the Green River 
Formation, an athalassic, lacustrine deposit believed to have been deposited 
in a meromictic, hypersaline, alkaline environment, shows a preference of 
odd-number n-alkanes (Robinson, 1979). It contains both oil shales and the 
world's largest deposit of Na2C03• It is believed to have been a playa-lake 
environment with exceptionally high productivity in the form of microbial 
mats. Parts of the basin were subject to alternating hypersaline (trona-halite 
deposits) and more dilute (microbial mat-CaC03) conditions (Eugster and 
Hardie, 1975; Surdam and Wolfbauer, 1975). Possibly due to the low con
centration of sulfate (and thus relatively low activity by sulfate reducers) in 
the waters associated with the Green River Formation, the oil shales became 
a repository for the recalcitrant organic matter produced in the microbial mats. 

High phytane:pristane ratios mayor may not be indicators of the influ
ence of halobacteria. Phytane formation is favored in a reducing environment 
(Robinson, 1979). In the Green River shale the ratio of phytane:pristane ranged 
from one to ten. A high phytane:pristane ratio (7-20) and the abundance of 
a regular C25 isoprenoid in hypersaline Tertiary sediments in Germany most 
likely indicate the presence of methanogens and thus reducing conditions, 
but they do not point to the presence of halobacteria (Waples et al., 1974). 
Analysis of the stereochemistry of phytane may indicate whether this com
pound was derived from an algal or halobacterial source. Likewise, the pres
ence of regular C13 to C25 isoprenoids and squalane in oils and carbonates of 
a lacustrine evaporite sequence of Cambrian age may indicate either meth
anogenic bacteria, halobacteria, or chlorophyll-containing organisms (Mc
Kirdy and Kantsler, 1980). 

Other potential biomarkers include C17 and C19 cyclopropanoic fatty acids 
produced by eubacterial halophiles and polyunsaturated fatty acids (with up 
to six unsaturated carbon bonds) in the green alga Dunaliella (Table 4.1). 
Other compounds unique to halophiles, such as bacteriorhodopsin and ec
toine, could be potential biomarkers, although these nitrogenous compounds 
may be quickly scavenged by bacteria in the sediments. 

ten Haven et al. (1985) conducted a study comparing the hydrocarbon 
chemistry of marls (fine-grained carbonates) and a gypsum layer from a late 
Miocene evaporite unit. The marl samples had a moderate preference of odd
number n-alkanes while the gypsum showed a slight preference of even
number n-alkanes. Both sediments contained pristane and phytane. In gyp
sum, the most abundant hydrocarbons were C21 and C22 steranes (compounds 
called pregnanes and homopregnanes). These compounds were not found in 
the marls. The marls alone contained rearranged sterenes and spirosterenes 
as well as a C25 isoprenoid. Phytane and branched alkanes were relatively 
more abundant in the marl while hopanes (derived from eubacteria) were 
more abundant in gypsum. The distribution patterns of the C24 to C34 n-alkanes 
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were also different between the less saline carbonates and the more hyper
saline gypsum. C22 hydrocarbons were the most abundant class in both the 
marl and the gypsum, a feature also recognized in Gavish Sabkha microbial 
mats. Little is known about this potential biomarker of hypersaline environ
ments or about the possible precursors of the pregnane and homopregnane 
compounds. 

Stable carbon isotopes The distribution of stable carbon isotopes in hy
persaline brines and sediments is subject to constraints due to hypersalinity 
and to biological fractionation. Stiller et a1. (1985) described abiotic, 013C en
richment of inorganic carbon of up to + 16.5%0 in solar evaporation ponds 
and up to +34.9%0 in brines evaporated in the laboratory. They attributed 
the isotopic fractionation values to non-equilibrium gas transfer from the 
atmosphere. Lazar and Erez (in preparation) found that the total CO2 of the 
surficial brines of an oligotrophic solar saltern became slightly heavy (013C 
up to ca. +3.5%0) as seawater was evaporated to 1.5 X concentration. The 
013C fractionation decreased to minimum values in 6-8 X seawater concen
tration. Their lowest 013C values measured were near -8%0 in 16.0% salinity 
and near -9%0 in ca. 31.5% salinity. They estimated the minimum 013C value 
to be near -11%0 in 21-28% salinity. The accumulation of light inorganic 
carbon suggested that degradation exceeded productivity in the benthic mi
crobial mats and associated sediments of the saltern, or that there were phys
ical and chemical constraints to CO2 equilibrium with the atmosphere. It is 
noteworthy that the minimum 013C values coincide with the maximum sal
inities that permit microbial mats to develop in salterns (see Chapter 13). 

Schidlowski et a1. (1984, 1985) found that organic carbon in microbial 
mats of Solar Lake and Gavish Sabkha was extremely heavy. The organic 
carbon in the surface of Solar Lake mats had a Ol3C value of -5.4%0 while 
the carbonates had a 013C value of +3.3%0. Some buried organic carbon was 
even heavier. The organic carbon in the surface of Gavish Sabkha mats had 
013C values of -8.1 to -9.8%0 while the carbonates had 013C values of +2.0 
to +4.7%0. The 013C values of the carbonates are typical of carbonates pre
cipitated in closed environments. Organic carbon is typically much more de
pleted in 13C due to the preference of the CO2-fixing enzyme, RuBP carbox
ylase, for 12C (ol3C for CO2 = -20 to -40%0). CO2 diffusion from air into 
water only slightly discriminates against heavy carbon (-4.4%0). The authors 
attributed the occurrence of heavy organic carbon to a combination of CO2 
limitation (low CO2 solubility and slow CO2 diffusion from the atmosphere) 
and high rates of CO2 fixation by the mats. The Ol3C values of sabkha sedi
ments indicate whether they precipitated with carbon of a normal marine 
reservoir ( + 2 %0) or carbon of a semi -restricted environment ( - 0.9%0) (Holser 
et aI., 1981). A dolomite fraction was very light (ol3C = -3.7 to -5.3%0), 
indicating a large contribution of biogenic CO2 during dolomitization (see 
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Chapter 3). Dolomitization is further discussed with reference to the "sulfate 
problem" in Section 4.2. 

The inorganic carbon of Dead Sea brines is light throughout the water 
column (013C = -6.4 to -15.4'7'00) as is the inorganic C of the inflowing 
Jordan River (013C = -13%0) (Nissenbaum and Kaplan, 1976). By comparing 
the stable isotopic signatures of the organic carbon and inorganic carbon 
(dissolved and particulate) in the Dead Sea, Nissenbaum and Kaplan con
cluded that biological processes (e.g., bacterial respiration) play only a minor 
role in the geochemistry of carbon in the Dead Sea. 

In a study of stable-isotope mapping of carbonates in a late Miocene 
evaporite basin, McKenzie (1985) found that 013C values ranged from + 1.3 
to -49.0%0. Processes resulting in 13C depletion are bacterial oxidation or 
sulfate reduction, both of which should result in formation of HC03 - with a 
stable isotope signature similar to the organic matter. Methane, which is 
strongly fractionated by methanogens (013C = -40 to -70%0) can be reox
idized to very light CO2, The resulting CO2 can be incorporated into carbonate 
rocks that are also isotopically light. Such regional mapping of the stable 
isotope signatures within a single basin of deposition can demonstrate local 
differences in organic matter accumulation and oxidation. McKenzie (1985) 
found that the lightest carbonates were associated with areas in Sicily with 
the most abundant sulfur mines. The sulfur in that region has been shown 
to be a by-product of the oxidation of sulfide produced by sulfate-reducing 
bacteria (see Section 4.2). 

4.2 Sulfur cycle 

The microbiology and ecology of sulfur cycling in a variety of aquatic envi
ronments, including hypersaline habitats, have been well documented. The 
description of sulfur cycling in the Solar Lake is exemplary (see Chapter 14). 
Sulfate-reducing bacteria are one of the most important agents for anaerob
ically oxidizing organic matter. They are probably the most important link 
between the carbon and sulfur cycles in evaporite environments. The basic 
formula for sulfate reduction is: 

2 (CH20) + SO/- --> 2 HC03 - + H2S 

where (CH20) represents organic matter at the oxidation level of carbohy
drate. The generated bicarbonate increases the total alkalinity of the sediment 
porewaters and often leads to carbonate precipitation. The sulfide formed 
may eventually precipitate as pyrite or other metal sulfides. The typical or
ganic substrates for sulfate-reducing bacteria are acetate and longer fatty acids, 
lactate, and aromatic compounds, in addition to H2, CO2, formate, ethanol, 
and other low molecular weight compounds. In hypersaline sediments, sul
fate-reducers co-exist with methanogens which use methylamines preferen-
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tially in these environments (see Chapter 6). Other sulfide-generating bacteria 
in hypersaline environments include those that degrade proteins by fermen
tation, releasing sulfide from cysteine and methionine. 

The review by ZoBell (1958) on sulfate-reducing bacteria in high salinities 
is the most comprehensive to date. Although sulfate reduction has been ob
served in NaCl-saturated sediments or enrichment cultures (see Chapter 5), 
the highest salinity so far found to be tolerated by sulfate-reducing bacteria 
in culture is 19% (Skyring et al., 1977). Maximum sulfate reduction rates 
measured in some hypersaline microbial mats are: 2-104 (mean = 21) 
mmol-m-z-d- 1 in Spencer Gulf, Australia, where the salinity was 12.4-15.2% 
(Skyring et al., 1983); greater than 54.0 mmol-m-z-d- 1 in Solar Lake, Sinai, 
where the salinity was about 18% (Jorgensen and Cohen, 1977); ca. 9 
mmol-m-z-d- 1 in 9.0% salinity and less than 2 mmol-m- 2-d- 1 in sediments 
of 15% and 30% salinity, respectively, in a solar saltern (Klug et al., 1985). 
Sulfate reduction rates in a saltern across a salinity gradient and with respect 
to sediment depth are shown in Figure 4.4. Although rates of sulfate reduction 
are greatly attenuated below the top centimeter of sediments, they continue 
to be low but measurable at depths in the hypersaline sediments where abun
dant sulfate is present and fermentation products are available as electron 
donors. 

Sulfate reduction, alkalinity, and carbonate precipitation Sulfate re
duction has long been linked with the generation of alkalinity and carbonate 
precipitation. The development of the extremely alkaline nature of the Wadi 
Natrun lakes in Egypt has been demonstrated to be essentially the result of 
bacterial sulfate reduction, although the bulk of the sulfate reduction takes 
place in the dilute groundwaters feeding the lakes (Abd-el-Malek and Rizk, 
1963) (see Chapter 20). In alkaline Lake Magadi, direct evidence of the role 
of sulfate reduction was found in the precipitation of nahcolite and trona 
within the H2S-rich muds (Eugster and Hardie, 1978). A similar mechanism 
was used to explain the occurrence of authigenic trona rosettes in the Green 
River Formation (Bradley and Eugster, 1969). Spiro (1977) described the ap
pearance of pyrite and single crystals of calcite replacing gypsum in fora
minifera found in bituminous shales. Sulfate reduction and carbonate pre
cipitation have also been invoked to explain the deposition of caliche (CaC03) 

overlying gypsiferous sediments in some relatively arid soils (Lattman and 
Lauffenburger, 1974). 

Unpublished data of Javor and Lazar show that sulfide and total alkalinity 
generation in hypersaline microbial mats and associated sediments from a 
marine-derived solar saltern (12.9-19.4% salinity) increased conservatively 
only when each concentration was relatively low (up to 4 mM and 12 meq-l-l, 
respectively) (Figure 4.5). To account for any differences due to salinity, the 
data are normalized to the degree of brine concentration above normal sea
water salinity. When the top 5-10 em of microbial mats and associated sed-
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Figure 4.4 Sulfate reduction rates in relation to sediment depth and salinity in the 
San Francisco (California, US.A.) saltern, July-August, 1984 (from Klug et al., 1985). 

iments were collected, mixed, and maintained 6 months in 10 cm X 40 cm, 
black-walled Winogradsky columns, exceptionally high concentrations of sul
fide (up to 126 mM) and total alkalinity (up to 135 meq'l-l) developed in the 
sediment porewaters. However, the ratios of total alkalinity to sulfide were 
less than two, which is that predicted by sulfate reduction. The "missing" 
alkalinity was precipitated as calcite (confirmed by the relative increase in 
calcite and Mg-calcite determined by x-ray diffraction). Even in sediments to 
which powdered aragonite was added, only calcite precipitated. These ob
servations suggest that the organic acids and other DOC compounds in the 
organic-rich pore waters may have influenced the tendency for calcite precip
itation. Low concentrations of dolomite were present in the original sediments 
making it difficult to determine whether any minor amount of dolomite has 
precipitated during the experiment. 

The above experiment demonstrates the interrelationship between sulfide 
and total alkalinity in an extreme example, since in the Winogradsky columns 
a large volume of organic-rich microbial mat was "catastrophically" buried 
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Figure 4.5 Total alkalinity vs. total sulfide concentration normalized to the degree of 
evaporation (DE) of porewaters from freshly collected cores of microbial mats in the 
Israel Salt Company (Eilat) saltern (closed circles) and from Winogradsky column 
sediments (open circles) described in text. The line indicates the predicted behavior of 
total alkalinity vs. total sulfide during sulfate reduction (slope = 2). The y-intercept 
is the total alkalinity of the overlying brines (Unpublished data of B. Javor and B. 
Lazar). 

in the sediments. Analyses of sulfide and total alkalinity in the undisturbed 
microbial mats of samples taken at 2-mm intervals are presented in Figure 
4.6. The photosynthetic zone (4 mm deep) of the microbial mat was dominated 
by the cyanobacterium Aphanothece halophytica and a Chloroflexus-like pho
totrophic bacterium. Below the photosynthetic zone was a 1-mm thick band 
of sand-sized calcite crystals underlain by black, reducing, organic-rich sed
iments. The porewater salinity was 15.2-17.6%. The total alkalinity (without 
the sulfide component) reached a maximum just below the photosynthetic 
zone where the calcite was precipitating. The maximum potential contribution 
to the total alkalinity by sulfide (two times the 52 - concentration) is presented 
in the same figure. This figure demonstrates that sulfide is either recycled, 
oxidized, or precipitated, or that much of the total alkalinity is generated from 
bicarbonate during photosynthesis or by ammonia accumulation near the 
photosynthetic zone. Clearly, the relationships between sulfate reduction and 
carbonate precipitation are complex near the sediment surface in hypersaline 
systems. 

The fate of reduced sulfur The relationships between evaporites and 
stratiform metal deposits have been previously discussed (see Chapter 1). 
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Figure 4.6 Total alkalinity (without sulfide), closed circles, and total sulfide, open 
circles (both expressed in meq'l~l) in porewaters of Aphanothece mats of the Israel Salt 
Company (Eilat) (Unpublished data of B. Javor and B. Lazar). 

Obviously, the mobilization of metals by the low redox potential of the re
ducing sediments and their precipitation with sulfide is a possible sink for 
generated sulfide. Some sulfide can escape as a volatile gas, but such gas 
fluxes have never been measured. 

Sulfide can be oxidized by sulfur-oxidizing bacteria, producing elemental 
sulfur. Bacterial sulfide oxidation was proposed to explain the genesis of sulfur 
nodules in the Lake Eyre playa deposits (Baas-Becking and Kaplan, 1956) 
(see Chapter 17). The nodules contained plant and animal remains in a pel
licle-lined cavity of the nodule core. Sulfur nodules have also been reported 
in Searles Lake, an alkaline playa deposit (Smith and Haines, 1964) and in 
the late Miocene marine evaporite deposit described by McKenzie (1985). 
Sulfide oxidation can apparently proceed all the way to sulfate, producing 
gypsum nodules at the sediment surface (West et aI., 1979). Sulfide oxidation 
during tidal flushing by oxidized seawater may explain the occurrence of a 
thin band of gypsum crystals just below surficial and buried organic matter 
in the intertidal zone of a sabkha in Mexico Oavor, personal observations). 

Elemental sulfur that forms the caprocks of salt domes is the principal 
commercial source of elemental sulfur in the western hemisphere (Davis and 
Kirkland, 1979). It is formed by the post-depositional bacterial reduction of 
anhydrite or gypsum to sulfide, which is then biologically or non-biologically 
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oxidized to sulfur and becomes sealed by co-precipitating calcite and pyrite. 
Because the initial step of sulfur generation requires that halite be dissolved 
by seawater or groundwater in order to expose the anhydrite, it is not certain 
whether sulfate reduction takes place in dilute solutions, in marine salinities, 
or under hypersaline conditions. Such deposits are considered epigenetic. 
Some elemental sulfur deposits, including those mentioned by McKenzie 
(1985), may be syngenetic (formed at the time of the evaporite deposits). 
Davis and Kirkland state that biosyngenetic and bioepigenetic sulfur deposits 
cannot be differentiated by stable isotope analysis, but only by geological 
reconstruction of the environment of deposition. 

Sulfide in the form of polysulfide can also react non-biologically with 
buried organic matter, producing sulfur-enriched organic residues. In Solar 
Lake microbial mats, only 1-2% of the organic matter near the surface had 
bound sulfur but 8% of the organic matter at 80 cm depth had bound sulfur 
(Cohen et aI., 1980; Aizenshtat et aI., 1983). The 034S of the protokerogen 
decreased with depth from -13%0 at the surface to as much as - 26.5%0 at 
45-80 cm depth, demonstrating the light isotope enrichment that would be 
predicted if the sulfide that was incorporated was generated by sulfate-re
ducing bacteria. 

Stable sulfur isotopes Like the study of stable carbon isotopes, the field 
of stable sulfur isotopes is large and complex, but fortunately, well-studied. 
Stable sulfur isotopic analysis has proved to be an extremely helpful tool for 
understanding such concepts as the source of salts in the hypersaline lakes 
of Antarctica (see Chapter 16), the non-marine origin of a major halite deposit 
(Holser, 1979a), the source of sulfide in the hot brines of the Red Sea (Hart
mann and Nielsen, 1966; Kaplan et aI., 1969), major sedimentary trends over 
geologic time (discussed below), and the debate over the onset of bacterial 
sulfate reduction during the Precambrian (discussed below). The details of 
stable sulfur isotopic fractionation and its utility as a geochemical tool have 
been presented by Dean (1978), Chambers and Trudinger (1979), and Thode 
(1980). 

Sulfate-reducing bacteria discriminate against 34S by -40%0, but the dif
ferences between the sulfate and sulfide pools in sediments are often smaller. 
Thode (1980) stated that isotope discrimination due to sulfate reduction can 
result in differences of little as 0%0 to as much as about 60%0 between sulfate 
and sulfide. Recent seawater sulfate has a 034S value of about + 20%0. Pierre 
(1985) found a dynamic redox cycle generated seasonally in a solar saltern. 
In the summer, porewater sulfide in a microbial mat was lighter (034S = 
-15.0%0) than that in black mud (034S = - 2.4%0) with corresponding changes 
measured in the dissolved sulfate. Dissolution of minerals with fresh water 
from winter rains caused a shift in the distribution of 34S. The average dif
ference in 034S between oxidized and reduced S was 25%0. 

Isotopic fractionation of sulfur can occur by processes other than bacterial 
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sulfate reduction. 50me sulfide enters porewaters by fermentative degradation 
of organic sulfur. Organic sulfur is typically light (0345 = -0.9 to -2.8%0) 
(Chambers and Trudinger, 1979). Evaporite precipitation of sulfates leads to 
slight sulfur fractionation, leaving behind heavier sulfate in the brines (0345 
= + 1. 7%0) (Holser, 1979b). There is a slight isotopic effect associated with 
protonation of H5- and volatilization of H25. At 22°C, H25 is enriched in 345 
by +2.0 to +2.7%0 with respect to H5-. Volatilized H25 is 0.5%0 depleted in 
345 relative to H25 remaining in solution (Fry et al., 1986). 

Measuring the difference in the 345 distribution between reduced and 
oxidized sulfur pools in hypersaline brines and sediments is sometimes a 
useful tool in interpreting the activity of sulfate-reducing bacteria when met
abolic rate measurements or bacterial isolations have not been possible. In 
the Dead 5ea, coexisting sulfate and sulfide have 0345 values of + 13.7 to 
+15.0%0 and -19.6 to -21.7%0, respectively, strongly suggesting isotopic 
fractionation by sulfate-reducers. In the hot brines of the Red 5ea, no bacterial 
sulfate reduction could be demonstrated, although sulfide was present (see 
Chapter 12). Isotopic analyses of the sulfide and sulfate of the brines and the 
surrounding waters confirmed that sulfide was introduced into the brine by 
geothermal processes and not by in situ bacterial activity (Hartmann and 
Nielsen, 1966; Kaplan et al., 1969). The extremely heavy sulfate (0345 = 
+30.5%0 or as high as +37.5%0) in the Antarctic hypersaline Don Juan Pond 
occurs in the absence of any sulfides or obvious mechanism of 345 enrichment 
(Tomiyama and Kitano, 1985). In this case, stable sulfur isotopes have not 
provided sufficient evidence to settle the controversy concerning the presence 
or absence of biological activity in this extremely saline brine (see Chapter 
16). 

Global trends in stable isotopic fractionations through Phanerozoic time 
By estimating the size of recent reduced and oxidized reservoirs of carbon 
and sulfur, and using isotopic fractionation values of modern organisms as a 
key, a number of models based on the stable isotopes of evaporites have been 
constructed to describe variations in the atmospheric and tectonic history of 
the Phanerozoic era. Most of the more recent models are updates and elab
orations of older models, which are not cited here. Both the models of Veizer 
et al. (1980) and Garrels and Lerman (1984) show that there is a broad neg
ative correlation between the OJ3C values of sedimentary carbonates and the 
0345 values of sedimentary sulfates. Other models have shown correlations 
between the 0345 and 01RO values of sulfates (Holser et al., 1979; Zak et al., 
1980). Garrels and Lerman used estimated modern pool sizes of sulfur present 
on the Earth's surface as 200 X 1018 moles each as gypsum and pyrite, and 
42 X 1018 moles as dissolved sulfate in the oceans. Estimates by other in
vestigators cited in that report ranged from 134 X 1018 moles reduced and 
249 X 1018 moles oxidized sulfur, to 231 X 1018 moles reduced and 147 X 
1018 moles oxidized sulfur. These estimates lead to the conclusion that some-
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where between 30% and 50% of the sulfur on the surface of the Earth is 
currently found in evaporite rocks of hypersaline origin. Garrels and Lerman 
estimated the pool of carbonate-C to be 5200 X 1018 moles, and that of 
organic-C to be 1300 X 1018 moles. Other models they cite show that the 
pool size of carbonate-C is always about 4-5 times larger than that of reduced 
carbon. It is not stated how much of either pool of carbon was deposited 
under hypersaline conditions. 

The following summary of 034S values in marine sulfates was taken from 
the models of Claypool et al. (1979), Holser (1979b), Veizer et al. (1980), and 
Garrels and Lerman (1984). In the late Proterozoic, from about 1000 to 700 
million years ago, sedimentary marine sulfates had an average 034S value of 
+ 16 to + 17%0. At the Precambrian-Cambrian boundary (about 550-600 mil
lion years ago), the sulfates rapidly became much heavier and had an average 
034S value of + 31 %0, the heaviest ever in Earth history. Throughout the Pa
leozoic era there was a general trend of increasingly lighter sulfates, peaking 
with an average 034S value of + 10.5%0 at the end of the Paleozoic era about 
225 million years ago. Throughout the Mesozoic and Cenozoic eras there has 
been a temporal trend towards increasingly heavier sulfates to the current 
value of 034S = + 20%0. Although these are broad temporal trends, there have 
been some dramatic, geologically rapid shifts in the average 34S content of 
marine sulfates. The most dramatic example is the 034S shift from +27%0 to 
+18%0 to +28%0 to +17%0 in the course of about 80 million years during 
the Devonian and Mississippian. The broad variations over the last billion 
years are interpreted to reflect the variation in sulfate pool sizes as a result 
of erosion and deposition of sulfates, the reduction of sulfate, and the oxi
dation of sulfides (sedimentary, igneous, and metamorphic). The pool sizes 
in turn responded to major tectonic and atmospheric trends. The rapid ex
cursions in the il345 values of sulfates probably do not reflect the sudden 
increase or decrease in bacterial activity, but they may indicate that only the 
ocean surface was mixed and that dense brines accumulated at depth were 
not necessarily recorded in the sedimentary record. 

The "sulfate problem" in evaporite sequences According to both the 
predicted and analyzed chemical content of marine-derived brines, as evap
oration progresses, bitterns brines should precipitate sulfate-bearing minerals 
along with the commonly found chlorides. The rarity of such sulfates in 
marine evaporite deposits constitutes the "sulfate problem." Sonnenfeld (1984) 
argued that bacterial sulfate reduction could effectively reduce the excess 
sulfate to sulfide, which would then escape as H2S gas. However, Sonnenfeld's 
discussion on sulfate reduction has a number of inaccuracies and contradic
tions. For example, it is stated that the sulfate deficiency occurred very early 
in the concentration cycle, but few modern marine evaporite analogs show 
major sulfate deficiencies in moderately hypersaline environments. Sonnen
feld also states that gypsum is stable only in waters saturated with oxygen, 
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but such a statement does not explain the existence of gypsum in Dead Sea 
sediments or in any other anaerobic, hypersaline environment where the 
activity of sulfate-reducing bacteria is insufficient to drive the total dissolution 
of gypsum or to prevent its saturation. It is also stated that H2S in hypersaline 
brines escapes and does not attack ferrous hydroxides (Sonenfeld, 1984; page 
105), but Fe2+ is an excellent scavenger of sulfide as demonstrated by the 
common occurrence of black, sulfidic muds (FeS and FeS2) in hypersaline 
sediments. 

Hite (1983) reviewed a variety of arguments used to explain the "sulfate 
problem." Model calculations based on known rates of organic productivity 
and sulfate reduction show that it is virtually impossible to lose sufficient 
volatile H2S to explain the sulfate deficiency. The most convincing arguments 
show that dolomitization of CaC03 can drive the precipitation of gypsum 
with the excess sulfate during the process: 

Because many ancient calcium carbonate deposits have dolomitized second
arily over geologic time, dolomitization and the co-precipitation of gypsum 
could remove sufficient sulfate to prevent large volumes of the extremely 
soluble K+ or Mg2+ sulfates from precipitating. Detailed analysis of the middle 
Pennsylvanian evaporites of the Paradox basin indicate that dolomitization 
could account for the deficiency in sulfate minerals other than gypsum. The 
role of bacteria in such secondary dolomitization of CaC03 is not known with 
any certainty (see Chapter 3), but the carbon of dolomite formed in a sabkha 
in Mexico was found to be isotopically light due to biogenic influence (Holser 
et al., 1981). Thus, the "sulfate problem" in evaporites may be influenced by 
bacterial activity, but only through the mechanism of dolomitization. 

4.3 Conclusion 

It is clear from the above discussion that biological processes are preeminent 
in the carbon and sulfur cycles of hypersaline environments and that the 
carbon and sulfur chemistry of modern and ancient evaporites reflects the 
activities of living organisms. Because of the restricted biotas in hypersaline 
environments, there are a number of ways in which hypersaline environments 
differ significantly from conventional marine environments, and these dif
ferences are reflected in the carbon and sulfur chemistry. In the next part of 
the book we will discuss in detail the biology of hypersaline environments 
and emphasize the many ways in which this biology differs from that of 
marine environments. 
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5 

Halophilic and Halotolerant 
Non-phototrophic Eubacteria 

Halophilic, heterotrophic eubacteria share in common their general cell or
ganization, but show many differences in modes of metabolism, salinity tol
erances, and ranges of environmental conditions that permit growth. While 
numerous eubacteria have been isolated from hypersaline environments, rel
atively little is known about their activities and roles in situ. This gap in 
knowledge arises from the fact that little is known about the nature and 
concentrations of the primary organic matter produced in the euphotic zones 
of hypersaline environments. With the wealth of techniques used to study 
bacterial processes in freshwater and marine environments, microbiologists 
should eventually be able to describe more precisely how rapidly and to what 
extent halophilic eubacteria recycle organic matter in their natural habitats. 
The following descriptions of the ecology, physiology, and biochemistry of 
isolated, heterotrophic eubacteria indicate the potential role these bacteria 
may play in the degradation of organic matter in evaporite environments. 
The descriptions include the kinds of lipids they produce that might eventually 
become part of the hydrocarbons remaining in hypersaline sediments. 

5.1 General physiological and ecological characteristics 

Studies on halophilic and halo tolerant, non-phototrophic eubacteria can be 
broadly divided into three types: ecological and enrichment studies to describe 
the variety of metabolic types and rates of activity in hypersaline habitats; 
taxonomic research on bacterial isolates describing general growth require
ments and salt tolerances; and investigations detailing specific aspects of me
tabolism, osmoregulation, and biochemistry. Reviews of some of these aspects 

77 
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of the biology of moderately halophilic and halo tolerant bacteria have been 
published by Kushner (1968, 1978), Morishita and Masui (1980), Starr et al. 
(1981), Brown (1983), Oren (1986b), Kushner and Kamekura (1988), Rodri
guez-Valera (1988), and Vento sa (1988). 

Table 5.1 lists the salt tolerances and optima of various metabolic activ
ities detected in enrichments and isolates of halo tolerant and halophilic bac
teria (both eubacteria and archaebacteria). These summaries indicate that some 
microbial processes are largely absent or have not been studied in extremely 
hypersaline environments (e.g., nitrification and N2 fixation), some processes 
are relatively attenuated in high salt concentration (for example, sulfate re
duction and methanogenesis), and other microbial activities are relatively 
unaffected by hypersalinity (for example, aerobic carbohydrate and amino 
acid degradation). Table 5.2 indicates that little is known about the activity 
of halophiles in other extreme environments. Some of these "extreme" con
ditions could result from burial of evaporites and diagenesis. These tables are 
far from being complete as some physiological types have not been assayed 
or successfully demonstrated in hypersaline habitats. These data indicate that 
"classical" microbial nitrogen, sulfur, and carbon cycles found in freshwater 
and normal marine environments may be at least partially attenuated or in
terrupted in extremely hypersaline milieux. 

Moderately halophilic bacteria grow well in 0.5-2.5 M NaCl and extreme 
halophiles grow best in 2.5-5 M NaCl (Kushner and Kamekura, 1988). Hal
otolerant bacteria are those that can tolerate a broad range of NaCl concen
trations. While the populations and metabolic activities of eubacteria (mod
erate halophiles and halotolerant bacteria) and archaebacteria (most of which 
are extreme halophiles) overlap in hypersaline habitats, salinity and temper
ature regimes impose limits to the distribution of each. 

The study of solar saltern brines by Rodriguez-Valera et al. (1981) eval
uates some of these differences. Using colonies selected from agar plates from 
direct streaks of the brines (from 10% total dissolved solids to NaCl satu
ration), 150 strains of bacteria were studied to determine growth character
istics and nutrient requirements. The red-pink halobacteria were separated 
from eubacteria by color, and eubacteria were further distinguished by mor
phology. Table 5.3 summarizes some of their data. Not only did the total 
number of moderate halophiles decrease in the stronger brines, but the relative 
numbers of spiral-shaped cells decreased and the number of non-motile rods 
increased. The eubacteria in general grew best in 10-15% salt while the 
halobacteria preferred 25-30% salt in culture. These growth experiments were 
performed at 38°C. Growth tests at 30°C showed that the halobacteria could 
not grow at this temperature but that the eubacteria could. The halobacteria 
all required complex medium. The nutritional requirements of the moderately 
halophilic eubacteria changed with increased salinity. They required more 
complex media in higher salts. 

Further taxonomic attributes of these bacteria were presented by Rod-
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Table 5.1 Salt tolerances and optima of various physiological groups of 
halototolerant and halophilic bacteria 

Salinity, % 

Group Range Optimum References 

Sulfur oxidizers (non-phototrophic) 
Thiobacillus sp. 2-22 

3 species up to 24 

2 species 
Sulfate reducers 

Nitrate reducers 

Nitrifiers 
N2 fixers 
Urea oxidizers 
Amino acid oxidizers 

Hydrocarbon oxidizers 
Hexadecane 
Tweens 

Ferrnenters 
H2 production 
Cellulose decomposition 

Glucose 

Amino acids 

Methanogens 

up to 30 
0-30 

up to 20 

up to 30 

5-25 
up to 30 
up to 19 

5-20 
0.5-30 
15-30" 
1-15 

up to 16' 
0-19 
3-28 

15-30" 

3-20 
15-30" 

5-25 
5-25 

up to 2:15 
4-15 
2-30 
8-16 

15-30" 
2-30 

15-30" 
5-15 
5-20 

up to 30 

6 

0,12 
0-3 

8 

10-20 
10-12 

12 
25' 
3-7 

0-5 
3-12 
25" 

20 

8-10 
13 

9-15 
25" 
13 
25" 

12 

25 

"Salinity tolerances and optima of most halobacteria. 
"Measured in cyanobacterial populations. 

Saslowsky (1927) in Hof (1935) 
Issatchenko and Salimoska (1929) 

in Hof (1935) 
Hof (1935) 
Saslowsky (1928) 
Rubentschik (1928) in Benecke 

(1933) 
Hof (1935), Rubentschik (1946), 

Klug et al. (1985) 
Baas-Becking and Kaplan (1956) 
ZoBell (1958) 
Skyring et al. (1977) 
Rubentschik et al. (1937) 
Elazari-Volcani (1940) 
Hochstein and Tomlinson (1985) 
Rubentschik (1929) 
Potts (1980) 
Rubentschik (1926a, 1926b) 
Ward and Brock (1978) 
Kushner (1985) 

Ward and Brock (1978) 
Colwell et al. (1979) 

Baas-Becking and Kaplan (1956) 
Baas-Becking and Kaplan (1956) 
Rubentschik (1933) 
Oren(1983) 
Zeikus et al. (1983) 
Oren et al. (1984b) 
Javor (1984) 
Zeikus et al. (1983) 
Javor (1984) 
Baas-Becking and Kaplan (1956) 
Mathrani and Boone (1985); 

Paterek and Smith (1985) 
Zhilina (1986) 

Included in Table 5.1 are studies on both pure cultures and enrichment cultures. No studies on 
ammonia oxidizers have been done. 

riguez-Valera et al. (1985), Rodriguez-Valera (1986), and Ventosa (1988). It 
was concluded that aerobic halophilic eubacteria from hypersaline brines be
long to genera that predominate in normal seawater (Vibrio, Pseudomonas, 
and Flavobacterium). Halophilic eubacteria in hypersaline soils belong to gen
era that are typical of soils (Pseudomonas, Bacillus, and Gram-positive cocci). 
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Table 5.2 Tolerances to other environmental extremes of halophilic and 
halotolerant, non-phototrophic bacteria 

Physiological type 

Acid-tolerant 
Thermotolerant 

Psychrotolerant 

Obligate anaerobes 

Environmental 
limit 

pH 4.4 
50°C 
100°C 

0°_5°C 

-5°C 

Organism 

Pediococcus halophilus 
Bacillus-like 
Methanogen 
Planococcus sp. 

Halomonas subglaciescola 
Halophilic methanogens 

Methanohalophilus mahii 

M. zhilinae 
Methanococcus halophilus 
Haloanaerobium praevalens 
Halobacteroides halobius 
Sporohalobacter lortetii 
Sporohalobacter marismortui 

Reference 

Noda et al. (1980) 
Pfiffner et al. (1986) 
Zhilina (1986) 
Miller and Leschine 

(1984) 
Franzmann et al. (1987) 
Mathrani and Boone 

(1985); 
Paterek and Smith (1985, 

1988) 
Mathrani et al. (1988) 
Zhilina (1986) 
Zeikus et al. (1983); 
Oren (1984b) 
Oren (1983) 
Oren et al. (1987) 

Acidophilic, psychrophilic, thermophilic, barophilic, and barotolerant halophiles have not been 
reported. 

Table 5.3 Distribution of eubacteria and archaebacteria (halobacteria) in solar 
saltern brines" 

Colonies from Colonies from Colonies from 
10-20% TDS brine 20-30% TDS brine >30% TDS brine 

Eubacteria 
Total colonies 186 119 79 

Spirals 56% 31% 7% 
Cocci 4% 5% 20% 
Non-motile rods 6% 24% 30% 
Motile rods 34% 40% 43% 

Halobacteria 
Total colonies 27 64 55 

Rods 70% 61% 67% 
Pleomorphic rods 18% 0% 4% 
Cocci 12% 39% 29% 

TDS, total dissolved solids. 
"From Rodriguez-Valera et al. (1981). The % TOS of sea salt was determined by dry weight and 
compared with Cl content by argentometric titration: 25% TOS= 17% NaCI; 33-43% TOS= 
22.5-29% NaCI. 

A similar taxonomic study of the heterotrophic bacteria from other salterns 
showed the same genera of bacteria predominated (Marquez et aI., 1987). 

Javor (1984) found that saltern brines amended with NaCl inhibited mod
erate halophiles (Vibrio) at lower salt concentrations than extreme halophiles. 
Within the range of Mg2+, K+, Cl-, and SOr concentrations found in solar 
saltern brines up to and induding NaCl saturation, the moderate halophiles 
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were relatively intolerant of Mg2+ and Cl-, but relatively tolerant of K+ and 
SO/-. The halobacteria showed the opposite behavior with respect to Mg2+, 
Cl-, and SO/-. In brines derived from seawater by evaporation, Mg2+ reaches 
high concentrations (0.5 M) in brines that are saturated with respect to NaCl. 
It was suggested that Mg2+ intolerance may be an important factor for limiting 
the success of moderate halophiles in such strong, marine-derived brines. 

These microbial activities in hypersaline environments must be viewed 
together with geochemical observations to account for the very large standing 
crops of active populations and the great accumulations of organic matter 
that are often associated with moderately hypersaline environments. The ac
cumulation of organic-rich sediments indicates that primary productivity greatly 
exceeds decomposition at salinities below gypsum saturation (at about 4X 
seawater concentration or approximately 15% salinity), especially in marine
derived systems. Such accumulations occur even though many moderately 
halophilic heterotrophs grow optimally in about 10-15% salt. Environments 
associated with massive gypsum or halite precipitation often lack such large 
accumulations of organic-rich sediments. The inability of microbial mats to 
develop and accumulate in such environments may result from 1) the rela
tively slow growth or the inability of many eubacteria to develop in salinities 
greater than about 15-20% TDS; and 2) the rapid overgrowth and "dilution" 
of the organic matter in and on the sediments by chemical precipitates. Ap
parently the relative decrease in the organic content of evaporite-rich sedi
ments with rising salinity also inhibits the development of tightly-coupled 
microbial processes that dominate in organic-rich sediments and microbial 
mats of lower salinities. A more complete comparison and assessment of 
microbial activities and organic accumulation in hypersaline habitats in which 
there is little salinity fluctuation in individual basins (e.g., solar salterns and 
some salt lakes where gypsum and halite can accumulate) and those in which 
broad fluctuations occur (e.g., the limans studied by Rubentschik and asso
ciates where gypsum and halite do not accumulate) would indicate the role 
evaporite precipitation plays in decoupling potential microbial degradation 
processes. 

5.2 Pure cultures of halophilic eubacteria 

The eubacterial isolates described in Table 5.4 are all chemoheterotrophs. 
Most of the isolates are aerobes or facultative anaerobes (growth by nitrate 
reduction or fermentation). The preponderance of non-specialized hetero
trophs listed in Table 5.4 may not reflect their dominance in brines and 
associated sediments, but rather the relative ease of culturing bacteria on non
specific media by classical techniques. The enrichment and pure culture stud
ies of Hirsch (1980) in the Solar Lake, Sinai, demonstrated that 104 distinct 
morphotypes of heterotrophic bacteria could be recognized microscopically 
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Table 5.4 Isolates of non-phototrophic, halotolerant, and moderately halophilic 
eubacteria 

M NaCl MNaCI 
Organism optimum tolerance Atmosphere Reference' 

Gram-negative 
Acinetobacter sp. 0.9-1.7 up to 4.3 Strict aerobe 6,25,26 
Alcaligenes sp. 0.9-1.7 up to 4.3 Strict aerobe 6,25,26 
Alteromonas sp. :50.5-~3.5 Strict aerobe 6, 26 
"Chromobacterium maris- 2.1 0.1-5.0 Facultative anaerobe 1 

mortui" 
Deleya halophila 1.3 0.3-5.0 Strict aerobe 27 
Desulfovibrio sp. 0.9-3.3 Strict anaerobe 29 
D. salexigens 0.5-0.9 0.5-1.7 Strict anaerobe 29 
Flavobacterium sp. 0.9-1.7 up to 4.3 Facultative anaerobe 25,26 
F. halmephilum 0.5-5.0 Facultative anaerobe 1 
Haloanaerobium praevalens 2.2 0.3-5.0 Strict anaerobe 33 
Halobacteroides halobius 1.5-2.5 1.4-2.8 Strict anaerobe 22 
Halomonas elongata D.4-1.4 0.05-4.5 Facultative anaerobe 32 
H. halodurans 0.3-2.65 Strict aerobe? 28,35 
H. subglaciescola 0.4-3.0 0.1-3.4 Facultative anaerobe 34 
Pseudomonas sp. 0.9-1.7 up to 4.3 Strict aerobe? 6,25,26 
P. halestorgus up to 5.0 Facultative anaerobe 1 
P. halosaccharolytica 0.5-4.25 Strict aerobe? 5,17 
Sporohalobacter lortetii' 1.4-1.7 0.7-2.5 Strict anaerobe 19 
Sporohalobacter marismortui 0.5-2.0 Strict anaerobe 20, 21, 23 
Vibrio costicola 1.0 0.5-3.5 Facultative anaerobe 4, 12 

Gram-positive 
Actinopolyspora halophila 3.4 2.0-5.0 Strict aerobe 3,7,8,9 
Arthrobacter sp. 0.9-2.6 up to 4.3 Strict aerobe 25 
Bacillus sp. 0.9-1.7 up to 4.3 Facultative anaerobe 25 
Bacillus-like 0.7-1.7 0-2.1 Facultative anaerobe 24 
Brevibacterium sp. 0.9-2.6 up to 4.3 25 
Corynebacterium sp. 0.9-1.7 up to 4.3 Facultative anaerobe 25 
Micrococcus halobius 1.0-2.0 0.5-4.0 Strict aerobe 13, 18 
M. varians :51.0-4.3 Strict aerobe 10 
Nocardia sp. 0.3-0.9 up to 4.3 Strict aerobe 25 
Paracoccus halodenitrificans 1.0-2.0 0.6-4.0 Facultative anaerobe 2,13 
Pediococcus halophilus 1.1-1.7 >0-~3.1 Microaerophile 15,33 
Planococcus sp. 0-2.0 Strict aerobe 14 
Planococcus sp. 1.7-2.6 up to 4.3 Strict aerobe 25 
P. halophilus 1-2 0-5.5 Strict aerobe 16 
Sporosarcina halophila 1.7-2.6 ca. 0.3-5 Strict aerobe 30 
Staphylococcus epidermidis 0 0-4.2 Facultative anaerobe 11 
Staphylococcus sp. 1.7-2.6 up to 4.2 Facultative anaerobe 25 

but few could be identified as representatives of known genera. Some iden
tifiable sulfur-oxidizing bacteria, such as Achromatium, Beggiatoa, and related 
taxa, are important organisms in hypersaline microbial mats in the Solar Lake 
and in solar salt ponds in up to about 15% salinity (Krumbein et al., 1977; 
Jorgensen and Des Marais, 1986), but they have never been cultured. How
ever, such bacteria have eluded attempts of cultivation from non-hypersaline 
environments as well (La Riviere and Schmidt, 1981). Enrichments for sulfate-
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"Formerly Clostridium (Oren et aL, 1987). 
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reducing bacteria in high salt media sometimes have yielded positive results, 
but no halophilic sulfate-reducer has ever been described. Skyring et a1. (1977) 
reported isolates of Desulfovibrio capable of growth in 19% salt (see Chapter 
4). In the next two sections, the characteristics of these halophilic eubacteria 
are presented. 

5.3 Gram-negative isolates 

Vibrio V. costicola is perhaps the best known moderately halophilic bac
terium because it has served as a model in studies on the effects of salt on 
nutrition, transport, protein turnover, lipids, and osmoregulation in eubac
teria. Vibrio is a common isolate from> 10% salinities in salterns (Rodriguez
Valera et a1., 1985), but it constituted only 3% of the isolates from hypersaline 
soils (Rodriguez-Valera, 1986). Studies on its physiology are presented in 
Section 6.5. 

Pseudomonas, Alteromonas, and Alcaligenes These three genera com
prise the most common eubacteria isolated from solar salt ponds. In many 
cases they may represent nearly 60% of the aerobic heterotrophic eubacteria 
found in plate counts in culture media made with brine of 25% TDS (Ventosa, 
et a1., 1982; Rodriguez-Valera et a1., 1985). Strains of Pseudomonas and Al
caligenes are also found in hypersaline soils (Quesada et a1., 1982, 1983; 
Rodriguez-Valera, 1986). These strains all tolerate 2::20% salt, while P. hal
osaccharolytica tolerates 25% salt (Hiramatsu et a1., 1980). Ups. halestorgus," 
a Dead Sea isolate that is no longer available in culture, tolerated 24% NaCl. 
In high salt agar medium it produced bright brown colonies while at lower 
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salt concentrations it produced grey-white colonies (Elazari-Volcani, 1940). 
A moderately halophilic Pseudomonas was found to secrete a soluble protease 
that demonstrated maximum enzymatic activity in 18% salt (Van Qua et al., 
1981). 

Acinetobacter Members of this genus have been isolated from hypersaline 
soils (Quesada et al., 1983) and solar salt ponds (Rodriguez-Valera et al., 
1985) where it constitutes a minor component in all salinities above 10% 
IDS. A moderately halophilic strain isolated from sea sands produced two 
soluble amylases with maximt1m enzyme production in 1-2 M NaCl (Onishi 
and Hidaka, 1978). 

Deleya Deleya halophila is a slightly halophilic rod isolated from hyper
saline soils (Quesada et al., 1984). It grows optimally in 7.5% marine salts 
but tolerates 2-30% salinity. It is a strict aerobe that can grow on a variety 
of carbon sources. It grows optimally at 30°-37°C, although a few strains 
show some growth at 4°C. 

Chromobacterium An organism called Chromobacterium maris-mortui was 
observed as a motile rod in isolations from the Dead Sea (Elazari-Volcani, 
1940), but its classification as a species of this genus is uncertain (Ventosa, 
1988). It grew optimally in 12% salt and produced blue-brown colonies. Ihe 
colonies grew in concentric rings on agar and left a deep blue print but in 
> 13% salt the colonies were colorless. Strains of Chromobacterium were iso
lated only from >25% IDS brines in a saltern (Rodriguez-Valera et al., 1985). 

Flavobacterium Flavobacterium halmephilum, a Dead Sea isolate, is a non
motile, halotolerant rod that formed yellow colonies (Elazari-Volcani, 1940). 
Moderately halophilic strains of Flavobacterium have also been isolated from 
hypersaline soils (Quesada et al., 1983) and from solar salt ponds in > 10% 
IDS brines (Rodriguez-Valera et al., 1985), where they constituted 8-12% of 
the total heterotrophic eubacterial isolates. 

Quesada et al. (1987) studied 33 strains of Flavobacterium-like moderate 
halophiles and 22 strains of Acinetobacter-like strains of moderate halophiles 
and found none that showed any close relationships to F. halmephilum or "c. 
marismortui," and their DNA base composition indicated that they were not 
closely related to non-halophilic strains of those genera. Quesada et al. con
cluded that the moderate halophiles probably belonged to yet unnamed gen
era. 

Halomonas H. elongata is a broadly halotolerant rod isolated from a solar 
saltern (Vreeland and Martin, 1980; Vreeland et al., 1980). It can grow as a 
facultative anaerobe by reducing nitrate or fermenting glucose. It grows at 
the expense of a variety of carbohydrates and amino acids. Although it is 
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primarily an aerobe, assays for the presence of cytochrome oxidase were 
negative. Growth between 20° and 40°C was recorded, but maximal salt 
tolerance was noted at 30°C. H. halodurans (formerly Pseudomonas halodur
ans), another halotolerant species, was isolated from seawater (Rosenberg, 
1983; Hebert and Vreeland, 1987). H. subglaciescola, an isolate from a hy
persaline Antarctic lake, grows at O°C and 25°C, while some strains can grow 
at - 5 °C (Franzmann et al., 1987). 

Four obligately anaerobic, heterotrophic eubacteria are known to be mod
erately halophilic. They are all Gram-negative rods that thrive by fermen
tation. Their 165 rRNA sequences show they are all related to each other but 
are unrelated to any other subgroup among the eubacteria (Oren, 1986b). 

Halobacteroides halobius, a novel genus with but one species, was char
acterized from isolations from Dead Sea sediments (Oren et al., 1984b). It 
requires 1.4-2.8 M NaCl. The cells are long rods that can be induced to 
produce spores (Oren, 1987). Glucose is fermented to ethanol, acetate, H2, 
and CO2, Several other sugars are also fermented as well as pyruvate. 

Haloanaerobium praevalens, also a novel genus with only one species, was 
isolated from the Great Salt Lake, Utah (Zeikus et al., 1983). It grows optimally 
in 2.2 M salt but can tolerate 5 M NaCl. It is a non-motile, non-sporing rod 
that was detected in all the enrichments for obligately fermentative bacteria 
in the Great Salt Lake. It thrives on carbohydrates and amino acids. Carbo
hydrate fermentation leads to the production of H2, CO2, acetate, propionate, 
and butyrate but not ethanol or lactate. Methionine degradation results in 
methylmercaptan production. Based on 165 rRNA oligonucleotide cataloging, 
H. praevalens and Halobacteroides have been placed in a new family of mod
erately halophilic, obligately anaerobic bacteria, the Haloanaerobiaceae (Oren 
et al., 1984a). 

Sporohalobacter lortetii (formerly Clostridium lortetii), an isolate from Dead 
Sea sediments, requires 1-2 M NaCl (Oren, 1983; Oren et al., 1987). It is a 
rod that produces gas vacuoles in sporulating cells only near the terminal 
endospore. Similar rods were observed in sediments of the Great Salt Lake. 
It ferments glucose and several other carbohydrates, producing H2 and low
molecular-weight fatty acids. Lactate was not detected. Up to 1 mM sulfide 
was produced in medium with casamino acids, probably as a result of cysteine 
degradation. 

Sporohalobacter marismortui was also isolated from Dead Sea sediments. 
(Oren et al., 1987). It is a motile, sporulating rod that ferments glucose and 
other sugars, but not glycerol or pyruvate. Fermentation products from glucose 
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include ethanol, acetate, butyrate, formate, H2, and CO2• It grows optimally 
in 0.5-2 M NaCl at 36-45°C, but tolerates as much as 3 M NaCl. 

5.4 Gram-positive isolates 

Micrococcus Moderately halophilic species of Micrococcus include M. var
ians, M. morrhuae, and M. halobius. M. varians var. halophilus, an isolate from 
soy sauce mash, produces extracellular nuclease and amylase in medium with 
2.5-3.5 M NaCl (Kamekura and Onishi, 1974, 1976, 1978). In some media, 
the cells formed in clumps and enzymatic activity was absent in the presence 
of >40 mM Mg2+ or Ca2+. The extracellular nuclease from M. varians had 
DNase and RNase activity. Maximal activity occurred in 2.9 M NaCl or 2.1 
M KCl at 40°C. Extracellular amylase activity has also been reported in cul
tures of other unidentified strains of Micrococcus (Onishi, 1972; Onishi and 
Sonoda, 1979). 

M. morrhuae K-17 grows in at least 2 M NaCl and utilizes a wide variety 
of carbon sources. Like many other moderate halophiles, the salt range of 
this strain can be extended by growth in complex medium that provides the 
substrates the cells cannot synthesize under stressful growth conditions (Chan 
and Leung, 1979). 

Paracoccus P. halodenitrificans, as its name implies, can grow by anaerobic 
nitrate reduction, reducing nitrate to N2 (Robinson, 1952; Robinson and Gib
bons, 1952). The strain of Gibbons was isolated from meat-curing brines. It 
grew optimally in 4.4-8.8% NaCl but tolerated 23.4% NaCl. The presence 
of low concentrations of Ca2+ in the medium permitted cells to grow in 1 % 
salt (Gibbons, 1958; Takahashi and Gibbons, 1959). 

Marinococcus and Planococcus M. halophilus (previously identified as 
Planococcus halophilus and Paracoccus haloxanthus) is a Gram-variable halo
philic coccus that produces yellow colonies. It is motile and strictly aerobic 
(Novitsky and Kushner, 1975, 1976). At lower temperatures it can grow with
out NaCl, but requires 0.5 M NaCl at 25°C. M. halophilus and Planococcus 
sp. are frequently isolated from hypersaline soils and salt ponds (Ventosa et 
al., 1983). A halotolerant strain of Planococcus was isolated from soil from 
the Antarctic Dry Valley (Miller and Leschine, 1984). It grows in 0-2.0 M 
NaCl between 0° and 40°C, although growth in all salt concentrations is poor 
at 0°-5°C. The medium used contained a high concentration of Mg2+ (200 
mM) that apparently did not hinder growth. 

Pediococcus P. halophilus is a facultative anaerobe that apparently prefers 
organic-rich hypersaline habitats since it is associated with soy sauce pro
duction (Noda et al., 1980) and salted fish (Villar et al., 1985). P. halophilus 
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ferments glucose to lactic acid and acetic acid in developing soy sauce (18% 
salt). These metabolites, as well as the resulting low pH (4.7-4.8), strongly 
inhibit osmophilic shoyu yeasts during the early stage of fermentation. Villar 
et al. (1985) reported their strains to be microaerophilic and catalase negative. 
The bacteria could not reduce nitrate to nitrite. They produce acid via glucose 
fermentation, and are tolerant of very low pH (4.4). Optimal temperatures 
for growth are 25°-30°C, and up to 40°C is tolerated. P. halophilus is unique 
among the isolated halophilic and halotolerant bacteria in its apparent tol
erance of acidic medium that results from sugar fermentation. 

Actinomycetes Actinopolyspora halophila was described as a contaminant 
in unsterilized medium used to grow extreme halophiles (Gochnauer et al., 
1975). Studies by Johnson and co-workers (Johnson and Lanthier, 1986; John
son et al., 1986a, 1986b) showed that A. halophila is essentially an extreme 
halophile since it requires> 10% NaCl for growth. It grows on casein and a 
variety of sugars. It has an optimal temperature of 37°C, tolerates up to 43°C, 
and shows slight growth at 10°C. The wild-type strain grows optimally in 
12% salt while an erythromycin-resistant strain grows optimally in 20% salt. 
The antibiotic-resistant strain, however, also tolerates lower salt (6%) than 
the wild-type. A. halophila produces a variety of extracellular enzymes, in
cluding cell wall lytic enzymes, carbohydrate-degrading enzymes, ~-lacta
mases (which degrade antibiotics in the penicillin family), and protease. En
zyme activities were higher in 15% salt than in 0% salt. 

Other halophilic actinomycetes have been briefly described. Rubentschik 
(1946) noted that Zavialov (no reference given) isolated an anaerobe named 
by him as Actinomyces pliogenes from the silt of a salt lake. On lactose medium 
with asparagine it formed colonies surrounded by a black zone of iron sulfide. 
The cells appeared as rods or branching filaments. A similar report was pub
lished by Benecke (1933) describing the investigator as Sawialoff and the 
bacterium as A. pelogenes. Of 724 strains of heterorophic, halophilic eubacteria 
isolated from a saltern, only two were actinomycetes (Rodriguez-Valera et 
al., 1985). They both came from brines with 10-15% TDS. 

Other bacteria Many other moderately halophilic bacteria have been well 
studied but not described further than by strain designation. Still others have 
been described and named but once. The latter case is especially true in the 
older literature from a time when bacterial nomenclature was not subject to 
the rigorous physiological and biochemical testing used in modern bacterial 
taxonomy. Some examples of these lesser known halophiles are given here. 

Staphylococcus epidermidis, a halotolerant strain, was originally isolated 
as a contaminant in medium containg 25% salt. It grows best in medium 
without NaCl (Komara tat and Kates, 1975). 

A Bacil/is-like, Gram-positive, spore-forming rod was isolated from a 
landfill associated with an oil well, brine injection water, and anaerobic sew-
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age sludge (Pfiffner et aI., 1986). It grows anaerobically at up to 50°C in 
medium with 0% to 10-12% salt. These bacteria produce extracellular het
eropolysaccharides when grown on sugars. A marine Bacillus isolated from 
rotting wood produces extracellular nuclease when the cells are grown aer
obically in 1-2 M NaCl (Onishi et aI., 1983). Weisser and Triiper (1985) 
described an alkaliphilic, halotolerant Bacillus isolated from the Wadi Natrun 
lakes that tolerated up to 20% NaCl. 

Lactobacillus casei, which is used to make cheese, grows in up to 9-12% 
NaCl (Hegazi, 1984). Staphylococci were also found in those salt concentra
tions. Staphylococcus and Micrococcus grow in up to 16% salt in broth and 
up to 19% salt on agar (Hill and White, 1929). Some other pathogens, in
cluding Bacillus anthracis and Corynebacterium pseudodiptheriticum, grow slowly 
in 7-10% salt agar but survive in 17% to 2:20% NaCl. 

Sporosarcina halophila, a Gram-positive coccus, has been isolated from 
several hypersaline soils and salt ponds (Vento sa et aI., 1983). Unidentified 
Gram-positive cocci and Gram-positive rods constituted 8-14% and 3-5%, 
respectively, of the heterotrophic, eubacterial isolates from solar saltern brines 
(Rodriguez-Valera et aI., 1985). 

A variety of other successful enrichments for halotolerant and halophilic 
bacteria, including eubacteria, have been described: enrichments from garden 
soil and salted beans (Hof, 1935); seawater and mackerel (Venkataraman and 
Sreenivasan, 1954); and enrichments from intertidal marine habitats (Forsyth 
et aI., 1971). Achromobacter venenosum, isolated from the English channel, 
could grow in 2:10% salt (Vargues, 1962). Enrichments in 4 M NaCl for 
bacteria in dried and salted fish, solar salt, soy sauce mash, marine sands, 
and seaweeds are described by Onishi and Kamekura (1980) and Onishi et 
aI., (1980). A large (3-6 ~m), colorless, Gram-positive sarcina, Sarcina gigantea, 
was isolated from salted fish (Petter, 1931). It grew in 3-35% salt at 25°C. 
It was an aerobe but was shown to be catalase-negative. 

Strain Ba1, an obligately aerobic, Gram-negative rod isolated from the 
Dead Sea, can grow in 2:2 M NaCl although it respires optimally in 0.2-0.8 
M NaCl. Addition of choline or betaine (compatible solutes used in control 
of osmotic pressure) increases its resistance to higher salinities (Rafaeli-Eshkol, 
1968; Rafaeli-Eshkol and Avi-Dor, 1968; Shkedy-Vinkler and Avi-Dor, 1975). 
Choline not only stimulates growth, but it could serve as the carbon source 
for unidentified vibrios isolated from solar salt ponds (Javor, 1984). Choline 
is presumably converted to betaine by the cells. 

More detailed taxonomic discussions of halophilic and halotolerant eu
bacteria are given by Ventosa (1988) and Kushner and Kamekura (1988). 

5.5 Ph ysiology and biochemistry 

Bacteria and wall-less eucaryotes such as Dunaliella are in osmotic equilibrium 
with their environment. Because high internal salt concentrations interfere 
with biochemical functions within the cells of most organisms, the organisms 
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must find a way to maintain osmotic balance without interfering with cell 
function. A variety of intracellular solutes are used for this purpose. The 
internal solute used must be non-toxic; such compounds are called compatible 
solutes. Examples of compatible solutes used by various halophilic or halo
tolerant organisms include glutamate, proline, choline, betaine, polyamines, 
and glycerol. The internal concentration of the compatible solute will vary 
with the external salt concentration. 

In addition, several other changes occur in halotolerant and moderately 
halophilic eubacteria in response to changing salinities. 1) Most moderate 
halophiles have more demanding nutritional requirements at higher salinities. 
Temperature optima or tolerances also increase in high salt and requirements 
for divalent cations change with salinity. 2) Ion and amino acid transport are 
affected by changes in salinity. 3) The lipid composition often differs when 
cells are grown at high and low salinities. 4) Most moderate halophiles pro
duce glycine, betaine or other compatible organic solutes in response to in
creased salinity rather than increase their intracellular inorganic ion content. 
The following discussion highlights these aspects of physiology and bio
chemistry that might be useful in understanding in which environments these 
bacteria might be detected and where they would be metabolically active. A 
more thorough review of the biology of halo tolerant and moderately halo
philic eubacteria can be found in Kushner and Kamekura (1988). 

The ability to tolerate high salt concentrations in defined medium has 
been described in several moderately halophilic and halotolerant eubacteria 
(Keller and Henis, 1967; Vreeland and Martin, 1980; Forsyth and Kushner, 
1970; Rodriguez-Valera et aI., 1981). It is generally believed that the salt range 
of growth is extended when cultures are grown in complex media which 
provide growth factors that cannot be synthesized at high salinities (Chan 
and Leung, 1979). Such growth factors could pOSSibly include compatible 
solutes or other compounds synthesized more slowly under high salt con
ditions when the metabolic machinery is operating at a lower rate due to salt 
stress. For example, Kamekura et al. (1985) successfully extended the salt 
tolerance of V. costicola in chemically defined medium by including a high 
concentration of glutamate (2% w Iv), which may be important for activating 
protein synthesis in the presence of high concentrations of Cl-. 

Salt requirements and tolerances are also temperature-dependent. A strain 
of Planococcus grew in 0-5.5 M NaCl, but it thrived in dilute medium (0.1 
M NaCl) only at <30°C. In 1.0 M NaCl its optimal terpperature was 35°C 
(Novitsky and Kushner, 1975, 1976). Two strains of Micrococcus tolerated as 
little as 0.5 M NaCl at 30°C, but could only grow in 0.2 M NaCl when the 
temperature was lowered to 25°C (Chan and Leung, 1979). The ability to 
tolerate higher salt concentrations at higher temperatures was also noted in 
P. halosaccharolytica (Ohno et aI., 1979). 

Both Ca2+ and Mg2+ affect growth and survival of moderate halophiles. 
As little as 5 mM CaC12 permitted the salt range of growth of P. halodenitri-
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ficans to be lowered from 0.65 M NaCl to 0.3 M NaCl (Gibbons, 1958; Tak
ahashi and Gibbons, 1959). The composition of the medium also apparently 
affects the tolerance of cells to divalent cations. In some media M. varians 
var. halophilus tolerates as much as 2 M MgS04 while in other media as little 
as 81 mM Mg2+ causes cell flocculation (Kamekura and Onishi, 1976). 

Salt affects the ability of moderate halophiles to take up exogenous com
pounds and control the rate of protein synthesis. The ability of V. costicola 
to transport an amino acid analog (a-aminoisobutyric acid, AlB) decreases 
when cells are transferred from high salt (4 M NaCl) to low salt (0.5 M NaCl) 
or when cells are transferred from 0.5 M NaCl to 4 M NaCl (Kushner et ai, 
1983; Hamaide et al., 1984). Protein turnover rate in V. costicola also increases 
in very low salt (Hip kiss et al., 1980). The authors concluded that higher 
turnover rates in lower salt may be caused by changes in protein conformation 
and increased susceptibility to proteolysis. 

In some halotolerant or halophilic bacteria, it is possible that salinity
dependent transport may involve changes in the conformation of pre-made 
receptors or transport proteins. There is evidence that the protein species of 
the outer membrane of moderate halophiles change in response to salt con
centration of the culture medium (Hiramatsu et al., 1980). Alternatively, 
changes in polar lipid composition in the membranes may affect active trans
port (Hanna et al., 1984). 

Moderate halophiles and halotolerant eubacteria typically produce phos
phatidylglycerol (PG), phosphatidylglycerophosphate (PGP), phosphatidyl
ethanolamine (PE), cardiolipin, and sometimes several other lipids. The effect 
of culture conditions on lipid composition has been investigated in several 
moderately halophilic bacteria. In general, an increase in salt concentration 
causes an increase in negatively charged polar lipids. In P. halosaccharolytica, 
an increase in salt concentration in the medium or an increase in growth 
temperature resulted in a relative decrease in PE (Ohno et al., 1979; Hiramatsu 
et al., 1980; Hara, 1982; Hara and Masui, 1985). Growth in medium with 
glucose resulted in an increase in proportions of glucosylphosphatidylglycerol 
and diphosphatidylglycerol (Ohno et al., 1979). Similar changes in the pro
portion of PE as a result of changes in salt concentration have been observed 
in several other moderate halophiles (Kogut and Russell, 1984; Hanna et al., 
1984; Vreeland et al., 1984; Russell et al., 1985; Miller, 1985), but not in a 
moderate halophile from the Dead Sea (strain Ba1) grown in 2 and 4 M NaCl 
(Peleg and Tietz, 1971). 

The fatty acid composition of membrane lipids can also be affected by 
culture conditions in moderate halophiles. Both high temperature and high 
salt cause a relative increase in saturated and cyclopropanoic fatty acids and 
acidic phospholipids in Ps. halosaccharolytica (Ohno et al., 1979; Hara, 1982). 
The major fatty acids were C160, C1611 C18•0, C18.1I and cyclopropanoic C17 and 
C19 fatty acids (Ohno et al., 1976). A C190 cyclopropanoic fatty acid was also 
a major component in the lipids of Dead Sea strain Ba l grown in 2 M NaCl 
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+ 0.5 M KCl (Peleg and Tietz, 1971). High salt also affected the proportion 
of certain fatty acids in V. costicola, but this bacterium does not produce 
cyclopropanoic CI7 or CI9 fatty acids (Hanna et al., 1984). 

In halotolerant Planococcus strain A4a, low temperatures induced the 
formation of monounsaturated, branched-chain fatty acids while high NaCl 
(1.5 M) caused an increase in the relative amount of CI50 fatty acid (Miller, 
1985). In another halotolerant bacterium, Staphylococcus epidermidis, the ma
jor lipids all had essentially the same fatty acid concentration in cells grown 
in 0-15% salt (Komara tat and Kates, 1975). S. epidermidis produced CI50 fatty 
acid as the major constituent of the total fatty acids followed by C17•0 fatty 
acids. 

Culture age apparently affects lipid composition in some moderate hal
ophiles. As the cells of P. halosaccharolytica changed from logarithmic to 
stationary phase, there was a relative decrease in PC and PE while the relative 
content of cardiolipin and a phosphoglycolipid increased (Ohno et al., 1976). 
In strain Ba l , 48-hr cultures contained less PC and cardiolipin than 18-hr 
cultures (Stern and Tietz, 1973). CI61 and CIB•I constituted 12% and 25%, 
respectively, of the fatty acids of PE in 18-hr cultures, but these fatty acids 
were absent in 48-hr cultures in which only CI60 and cyclopropanoic fatty 
acids CI7 and CI9 were found. However, in V. costicola grown in 1 M NaCl, 
little change in fatty acid composition or proportion of different lipids was 
observed in cultures of different growth phases (Hanna et al., 1984). 

Diverse pigments and isoprenoid compounds are produced among mod
erately halophilic, non-phototrophic bacteria. Most of the bacteria surveyed 
by Kushwaha et al. (1974) produced squalene, dihydrosqualene, and tetra
hydrosqualene. All of the surveyed moderate halophiles produced mena
quinone, except a rod identified as A31C that contained only ubiquinone. 
Marinococcus halophilus produced phytoene but rod A31 C did not. Phytoene 
is also found in halobacteria. f1-carotene and bacterioruberin were absent in 
the moderate halophiles (although it should be noted that the moderately 
halophilic phototrophic bacteria produce a variety of carotenoids). In another 
survey by Collins (1981), some moderate halophiles were shown to contain 
large amounts of unsaturated menaquinones with 7 and 8 isoprene units 
(Brevibacterium halotolerans and M. halobius, respectively). Actinopolyspora 
halophila produced a mixture of partially saturated quinones with 9 isoprene 
units. While V. costicola produced both menaquinones and ubiquinones with 
8 isoprene units, several other species produced only ubiquinones with 8 or 
9 isoprene units. 

In studies of the nature and concentrations of compatible solutes in mod
erate halophiles and halotolerant bacteria, betaine has been cited as the dom
inant intracellular solute (Imhoff and Rodriguez-Valera, 1984; Imhoff, 1986). 
Table 5.5 shows the concentrations of betaine and other nitrogenous sub
stances accumulated at different salt concentrations by several moderate hal
ophiles. It is noteworthy that the increase in betaine concentration correlates 
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Table 5.5 Nitrogenous compatible solutes in halophilic eubacteriaa 

External Internal compatible solutes 

Organism M NaCl Amino acids Betaine Polyamines Reference" 

Micrococcus halobius 0.52 0.384' 0.290 3 
1.72 0.113' 0.851 3 
3.45 0.049' 1.10 3 

Micrococcus sp. 0.52 0.052' 0.158 3 
1.72 0.133' 0.684 3 
3.45 0.076' 1.07 3 

M. varians subsp. halophilus 3 1.24" 2 
P. halodenitrificans 1.0 0.244 1 
Vibrio costicola 0.52 0.308' 0.219 3 

1.72 0.428' 0.636 3 
3.45 0.389' 1.20 3 
1.0 0.334 1 

0.5-3.0 0.300" 4 
Halomonas elongata 0.05 0.005 5 

1.37 0.102 5 
3.41 0.371 5 

"All values are molar concentrations unless otherwise stated. 
"References: (1) Christian and Waltho (1962); (2) Hamana et al. (1985); (3) Imhoff and Rodriguez
Valera (1984); (4) Kamekura et al. (1986); (5) Vreeland et al. (1983). 
'Glutamic acid. 
"Micromoles per g wet weight. 
'Micromoles per mg protein. 

well with the external salt concentration up to 10% salt, which is approxi
mately the optimal salt concentration for growth. The inability to accumulate 
sufficient betaine or glutamate to counterbalance the external osmolarity at 
salt concentrations higher than 10% may well be why these bacteria grow 
poorly in highly concentrated brines. Other nitrogenous compatible solutes 
include ectoine in the phototrophic bacterium Ectothiorhodospira (Galinski et 
al., 1985) and Micrococcus (Imhoff, 1986), amino acids (Christian and Waltho, 
1962; Measures, 1975; Unemoto and Hayashi, 1979; Vreeland et al., 1983), 
and polyamines (Hamana et al., 1985; Kamekura et al., 1986). While ectoine 
and amino acids may accumulate in millimolar quantities, total polyamines 
never accumulate to more than micromolar concentrations in these bacteria. 

In addition to biosynthesis of a compatible solute, some of the osmotic 
balance is maintained by the accumulation of Na+ and K+ in most moderate 
halophiles (Christian and Waltho, 1962; Masui and Wada, 1973; Shindler et 
al., 1977; Matheson et al., 1976; Sadler et al., 1980; Vreeland et al., 1983) 
(Table 5.6). Some of the variations found between different studies of the 
same organisms may be due to differences in techniques and inherent prob
lems in measurement. Internal anion concentrations in the bacteria were not 
reported in most of the studies. 

In contrast to the aerobic moderate halophiles, the obligate anaerobes 
Haloanaerobium praevalens and Halobacteroides halobius were found to contain 
high levels of intracellular K+ (0.76-2.05 M) and Na+ (0.28-2.6 M) (Oren, 
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Table 5.6 Inorganic ion concentrations in halophilic eubacteria 

External ions, M Internal ions, M 

Organism Na f Kf Cl Na+ K+ Cl- Reference" 

Paracoccus 1.0 0.004 1.0 0.311 0.474 0.055 
halodenitrificans 

Vibrio costicola 1.0 0.004 1.0 0.684 0.221 0.139 1 
0.6 0.01 0.51-0.65 0.72 6 
1.0 0.01 0.58-0.89 0.82 6 
1.6 0.01 1.09-1.39 0.57 6 
2.0 0.01 0.90-1.29 0.55 6 
3.1 0.01 1.78 0.37 6 

(log phase) 0.8 0.8 0.51 0.52 3 
Unidentified (log) 0.5 0.5 0.05 0.34 3 

(stationary) 0.5 0.5 0.29 0.32 3 
(log) 4.3 4.3 0.62 0.58 3 
(stationary) 4.3 4.3 1.01 0.66 3 

Pseudomonas 1.0 0.01 1.0 0.50 0.10 5 
halodenitrificans 
(log) 
(stationary) 3.0 0.01 3.0 1.1 0.10 5 

Pseudomonas sp. 1-3 0.055 1-3 0.9-1.15 0.67-0.89 2 
Halomonas elongata 0.64 0.017 0.042 0.002 7 

1.38 0.016 0.312 0.016 7 
3.41 0.016 0.630 0.Q18 7 

Haloanaerobium 0.1 0.01 0.46 0.95 4 
praevalens 

2.22 0.01 2.3 1.52 1.59 2.24 4 
3.08 0.01 3.16 2.63 2.05 3.28 4 

Halobacteroides 1.56 0.013 0.28-0.67 0.76-1.21 4 
halobius 

"References: (1) Christian and Waltho (1962); (2) Masui and Wada (1973); (3) Matheson et al. 
(1976); (4) Oren (1986a); (5) Sadler et al. (1980); (6) Shindler et al. (1977); (7) Vreeland et al. 
(1983). 

1986a). While the internal Na + concentrations correlated with increasing ex
ternal salinity, internal K+ concentrations did not. The sum of these two 
internal cations were approximately equal to the total cation concentration 
outside the cells. Potential intracellular organic osmolytes (betaine, glycerol, 
and amino acids) were insignificant. The ability to accumulate such high 
internal salt concentrations was previously believed to be a property of hal
obacteria only. 

5.6 Summary 

Halotolerant and moderately halophilic, non-phototrophic eubacteria are a 
diverse group of microbes that share in common their eubacterial classification 
and their ability to live in high salt. Physiologically and biochemically, the 
bacteria are as diverse as their taxonomy indicates. The lack of halophilic 
isolates of nitrogen-fixers or sulfate-reducers may reflect their actual absence 
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in nature, or it may reflect the complex nature of their natural niches which 
have not been duplicated under laboratory conditions. Although the halo
bacteria discussed in the next chapter are preeminent in many hypersaline 
environments, it is clear that the diversity of bacteria at high salt concentra
tions often can be quite high. 
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Halophilic Archaebacteria 

6.1 General physiology and biochemistry of 
Halobactertum 

The bacteria to be discussed in this chapter are so widespread in high salt 
environments that they virtually define the hypersaline niche. Often highly 
pigmented, they are mainly responsible for the intense reddish color of sal
terns and salt lakes. Indeed, solar salt crystals are themselves frequently pink 
in color due to entrapped halobacteria, and cultures can often be prepared 
from such sources. Fish preserved in brines frequently exhibit extensive hal
obacterial growth and the first pure cultures were isolated from these sources. 

Halophilic archae bacteria include heterotrophic halobacteria and meth
anogens. In terms of ecophysiology, halobacteria probably perform many of 
the same metabolic functions as halophilic eubacteria. Factors involved in the 
competition between the two major groups may involve different tolerances 
to salinity, oxygen, concentration of dissolved organic carbon, temperature, 
and other chemical and physical parameters of natural hypersaline environ
ments. However, in situ studies on the ecophysiology of these organisms are 
lacking. As obligate anaerobes, methanogens probably also face competitive 
challenges from anaerobic eubacteria, but relatively little is known about 
either group of anaerobes. The lipids produced by archaebacteria may prove 
to be the best evidence demonstrating the presence of halobacteria and meth
anogens in both ancient hypersaline environments and in modern evaporite 
environments in which the microbiology has not been studied. The following 
discussion highlights the distinctive nature of the archae bacteria and the phys
iological and biochemical attributes important for understanding how they 
thrive and survive under extremely hypersaline conditions in nature. 
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Halobacteria are generally considered to be extreme halophiles, in most 
cases requiring at least 12-15% salt for growth. A wealth of studies have 
demonstrated the unique adaptutions as well as the variety of strategies for 
growth and survival in hypersaline habitats by halobacteria. The present 
chapter concentrates on those studies that are of ecological or biogeochemical 
interest. Much of the literature has already been compiled in general reviews 
and articles addressing specific aspects of halobacteria, the most recent in
cluding those of Kushner (1978, 1985), Dundas (1977), Larsen (1981), Brown 
(1983), and Hochstein (1988). Reviews of more specific topics include those 
on taxonomy (Larsen, 1984; Juez, 1988), tolerance to alkaline conditions (Grant 
and Tindall, 1986; Tindall, 1988), ecophysiology (Tindall and Triiper, 1986; 
Rodriguez-Valera, 1988), cell walls (Kandler, 1982; Wieland, 1988), salt tol
erance (Lanyi, 1976, 1980), genetics and information transfer (Bayley, 1976; 
Pfeifer, 1988), lipids (Langworthy et aI., 1982; De Rosa et aI., 1986; Kamekura 
and Kates, 1988), bacteriorhodopsin (Stoeckenius et aI., 1979, Stoeckenius 
and Bogomolni, 1982; Wagner and Linhart, 1988), and phototrophic growth 
(Oesterhelt and Krippahl, 1983). A brief general description of halobacteria 
will be included here, with more extensive discussions addressing the inter
relationships of halo bacteria and their environments. 

Halobacteria are archae bacteria, a classification they share with meth
anogens and certain thermophiles. Archaebacteria share certain cellular fea
tures that separate them from the majority of bacteria, the eubacteria. Ar
chaebacterial lipids are glycerol diethers linked to isoprenoid alcohols 
containing 20, 25, or 40 carbon atoms. Halobacteria produce Cso carotenoid 
pigments (bacterioruberins). In contrast, eubacteriallipids are based predom
inantly on ester linkages formed by the condensation of alcohols and fatty 
acids. One of the best known exceptions is a thermophilic, anaerobic, sulfate
reducing bacterium that produces glycerol diethers (Langworthy et aI., 1983). 
Halobacteria have C30 squalenes and C20 diether isoprenoids whereas meth
anogens produce C14 to C30 isoprenoids. Haloalkalophilic archaebacteria (see 
Section 6.3) produce asymmetric isoprenoid ethers. These membrane features 
are important both as taxonomic and biogeochemical indicators providing 
evidence that archaebacteria thrive or thrived in hypersaline environments. 
Halobacteriallipids have been identified in Dead Sea sediments (Kaplan and 
Baedecker, 1970b; Nissenbaum et aI., 1972; Anderson et aI., 1977). 

Archaebacteria also differ from eubacteria on the level of information 
transfer, with differences in ribosomal composition, transfer RNAs, RNA po
lymerases, and translation systems. They have been found to have a unique 
7S non-ribosomal RNA (Luehrs en et aI., 1985). Unlike eubacteria, archae
bacteria lack peptidoglycan in their cell walls. In some respects they resemble 
eucaryotes, having histone-like proteins and comparable ribosomal protein 
sequences as well as exhibiting a sensitivity to certain antibiotics such as 
aphidicolin (Forterre et aI., 1984; Schinzel and Burger, 1984). Although most 
halobacteria are sensitive to many of the antibiotics that inhibit other bacteria 
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such as bacitracin, chloramphenicot anisomycin, and rifampicin, halobacteria 
and other archaebacteria are insensitive to some antibiotics that inhibit eu
bacteria, including the peptidoglycan cell wall inhibitor penicillin (Pecher and 
Bock, 1981; Bonelo et aL 1984). Selective use of cell-wall-active antibiotics 
in enrichment cultures can be a valuable tool for the specific enrichment of 
halophilic archaebacteria in the presence of eubacteria. 

All known archaebacteria thrive only in "extreme" environments: high 
salt, high temperature, or low redox potential. They are thought to belong to 
a branch of bacterial evolution that diverged early from the mainstream eu
bacterial line (Woese, 1987). The positions of the various branches of the 
archae bacterial kingdom with relation to the evolution of procaryotes and 
eucaryotes are questions of debate and will not be discussed here. 

Halobacteria differ from other archae bacteria by the presence in some 
members of a unique, retinal-based protein pigment, bacteriorhodopsin. The 
purple pigment (absorption maximum of 568 nm in the unexcited state) me
diates a light-driven proton pump that drives ATr synthesis. In cells that 
synthesize bacteriorhodopsin, photophosphorylation can augment growth. 
Unlike the phototrophic eubacteria, the pigment in the halo bacteria is located 
in the membrane of the cell envelope rather than on intracytoplasmic mem
branes. Other rhodopsin pigments in some halobacteria include halorhodop
sin (a chloride pump) and sensory rhodopsin (involved in phototaxis). The 
red color typical of most halo bacteria is not due to bacteriorhodopsin, but 
rather to the carotenoids f3-carotene and bacterioruberin. 

Some halobacteria are motile by means of one or more flagella. The 
flagellins contain sulfate oligo saccharides (Wieland et al., 1985). Some hal
obacteria produce gas vacuoles to regulate their buoyancy. Natural brines in 
which halobacteria thrive are often of such high specific gravity that cells 
remain buoyant without gas vacuoles (Javor, personal observation). Optimal 
temperature for growth is usually about 40°-50°C. 

The membranes and proteins of halobacteria are well adapted for the 
highly ionic environments in which halo bacteria are found. Polar lipids al
ways exceed non-polar lipids and acidic amino acids always exceed neutral 
and basic amino acids. The negatively charged residues are required for ionic 
shielding to maintain the protein stability. The low proportion of non-polar 
amino acids in the highly ionic environment is believed to be necessary to 
induce hydrophobic bond formation within the proteins. Many halobacterial 
proteins dissociate upon dilution. The dissolution of the cell envelope (lipids 
plus proteins) in diluted brines, in addition to the inactivation and dissociation 
of enzymes and ribosomes, accounts for the inability of many halo bacteria 
to thrive in habitats of widely varying salinity. 

Halobacteria maintain osmotic balance in brines by accumulating inor
ganic ions rather than forming an organic compatible solute. Christian and 
Waltho (1962) found that Halobacterium salinarium accumulated 4.6 M K+. 
Many soluble and membrane-bound enzymes of extreme halophiles show 
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maximal activity at high salt concentrations, and are irreversibly inactivated 
by exposure to low salt. However, glycine betaine, a compatible solute, has 
been detected in both H. salinarium and in alkalophilic halobacteria (De Rosa 
et al., 1988), but is not present in sufficient concentration to balance the 
external osmotic pressure. Halobacteria synthesize little or no polyamines 
(Chen and Martinowicz, 1984; Hanana et al., 1985; Carteni-Farina et al., 1985; 
Kamekura et al., 1986). 

Halobacteria and halo cocci have been isolated from a variety of highly 
saline environments, including natural salinas and solar salt ponds of marine 
origin, rock salt, hypersaline soils, inland salt lakes, and salted fish, hides, 
bacon, and sausage. There are no published reports of halobacteria isolated 
from deep sea brines, Antarctic hypersaline lakes, and certain highly salted 
food products (cheese, pickles, and soy sauce mash). Three described genera 
of non-alkalophilic halobacterial rods or pleomorphic forms are in the current 
literature: Halobacterium, Haloarcula, and Haloferax (Table 6.1). Halococcus, 
which is more tolerant of brine dilution that Halobacterium, has also been 
isolated from seawater (Rodriguez-Valera et al., 1979). In solar salt ponds, 
both halobacterial and eubacterial populations are present (Rodriguez-Valera 
et al., 1981, 1985) (see Chapter 5). 

Table 6.1 Growth attributes of various halobacteria' 

Carbon sources for growth 

Species Amino acids Carbohydrates bR" Source Reference 

Halobacterium 
H. salinarium' + + Salt ponds 1,9 
H. saccharovorum + Salt ponds 13 
H. sodomense + + + Dead Sea 11 
"H. marismortui" + + Dead Sea 2,4 
H. denitrificans + ND Salt ponds 14 

Haloferax 
H. gibbonsii + + ND Salt ponds 6 
H. volcanii + + Dead Sea 4,10 
H. mediterranei + ND Salt ponds 12 

Haloarcula 
H. hispanica + + ND Salt ponds 6 
H. val/ismortis + Inland brine 3, 15 
"H. californiae" + + + Salt ponds 4,5 
"H. sinaiiensis" + + Gavish Sabkha 5,7 

Halococcus 
H. morrhuae + + Various 4, 8 

"ND ~ not determined. References noted by numbers: (1) Colwell et aI., 1979; (2) Ginzburg et 
aI., 1970; (3) Gonzalez et aI., 1978; (4) Javor, 1984; (5) Javor et aI., 1982; (6) Juez et aI., 1986; (7) 
Kessel et al.. 1985; (8) Kocur and Hodgkiss, 1973; (9) Larsen, 1984; ( 10) Mullakhanbhai and 
Larsen, 1975; (11) Oren, 1983c; (12) Rodriguez-Valera et al.. 1985; (13) Tomlinson and Hochstein, 
1976; (14) Tomlinson et aI., 1986; (15) Juez, 1988. 
"bR, Bacteriorhodopsin. 
'Includes strains previously described as H. halobium and H. cutirubrum. 
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Before about 1960, many of the reports describing the isolation of red 
halophiles described general growth and physiology. Some of these reports 
are particularly interesting because they demonstrated the degree of nutri
tional versatility and the ability for anaerobic growth or metabolism in a 
variety of extreme halophiles. Schoop (1934a, 1934b, and 1935) conducted 
studies on obligate halophilism in fungi and red and colorless bacteria. He 
noted that obligate halophilism was probably first recognized by Le Dantec 
in 1906, who called such miroorganisms "chlorurophiles." Schoop's red iso
lates from salted fish were cocci (called "Micrococcus litoralis"). Many strains 
were reported to produce acid from sugars (indicative of incomplete oxidation 
of sugars or anaerobic fermentation) and they showed the ability to denitrify. 
Elazari-Volcani (1940) reported the isolation of two red halophiles from the 
Dead Sea that could denitrify, and one of those isolates also produced acid 
from sugars. Petter (1931) described red and orange rods and a red sarcina 
(coccus) from salted fish and solar salt. The bacteria grew optimally at 37°C. 
They could not ferment sugars but they did reduce nitrate to nitrite. 

Extreme halophiles that could grow on glucose and chitin were isolated 
from salted hides (Stuart 1935, 1936). On solid glucose medium the cells were 
spindle-shaped rods that piled up as they grew and formed sessile fruiting 
bodies or cysts. In some cases, the formation of cyst-like colonies was preceded 
by a peculiar type of growth in which no well-defined bacterial cells could 
be discerned. Similar morphogenesis was noted in an isolate from a salina 
(Wais, 1985) but it has not been further studied in halobacteria. 

The interrelated effects of Eh, pH, NaCl concentration, and protein con
centration were examined in a red coccus, "Sarcina littoral is" (probably Hal
ococcus morrhuae) by Stuart (1941a, 1941b) and Stuart and James (1938a, 
1938b). In these studies it was found that the combination of high pH and 
high salt caused a lowering of the redox potential (oxygen solubility is lower 
in high salt). Pigment production only occurred in high salt or relatively high 
redox potential. None of the isolates grew anaerobically. The bacteria grew 
luxuriantly in 3-3.5 M NaCl in the presence of 5-10% dissolved protein, but 
only at lower protein concentrations in 4-5 M NaCl. The poor solubility of 
proteins (salting-out effect) was believed to have removed sufficient salt to 
inhibit growth in high-protein, high-salt medium. 

Venkataraman and Sreenivasan (1954, 1956) described several red hal
ophilic bacteria isolated from salted fish. Several strains were found to den
itrify and three strains (called "Sarcina" sp.) definitely showed the ability to 
ferment sugars. Aerobically most of the isolated cocci raised the pH when 
growing on sugars but none of the isolated rods produced acid. The ability 
to respire various sugars was investigated in two extremely halophilic rods 
and in Sarcina littoralis by Katznelson and Robinson (1956). All cultures res
pired glycerol but only S. littoralis showed the ability to respire sugars. An
aerobic respiration was not discussed. 

The ability of halobacteria to ferment and to grow anaerobically has been 
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further elucidated for nitrate reduction (Werber and Mevarech, 1978; Hoch
stein and Tomlinson, 1985; Mancinelli and Hochstein, 1986; Tomlinson et 
aI., 1986), dark fermentative growth Oavor, 1984), and light-stimulated fer
mentative growth (Hartmann et a1., 1980; Oesterhelt, 1982; Rodriguez- Valera 
et aI., 1983b). In spite of a growing body of evidence that halobacteria as a 
group are facultative anaerobes, they still are reported to be strict aerobes 
(Brown, 1983) or that only some strains can grown anaerobically (by respi
ration of nitrate) (Larsen, 1981). Fermentation as an alternative way of life is 
not generally recognized. This misconception probably arose because Halo
bacterium salinarium and related strains (H. halobium and H. cutirubrum) have 
been the focus of most modern studies of halo bacteria, and these strains have 
limited or no ability to grow anaerobically in the dark. No obligately anaerobic 
halobacteria have ever been described. 

Another popular misconception is that halobacteria grow primarily on 
amino acids and have a limited ability to attack carbohydrates. This is certainly 
true for H. halobium and related strains. In addition to the other isolates listed 
above, many well-characterized strains show exceptional ability to grow at 
the expense of carbohydrates: Halobacterium saccharovorum (Tomlinson and 
Hochstein, 1972, 1976; Tomlinson et aI., 1974), "H. marismortui" Oavor, 1984), 
H. denitrificans (Tomlinson et aI., 1986), H. sodomense (Oren, 1983c); Haloar
cula vallismortis (Gonzalez et aI., 1978), strains of Haloarcula Oavor, 1984, 
Juez et aI., 1986); Haloferax mediterranei (Rodriguez-Valera et aI., 1983a), H. 
volcanii Oavor, 1984), and H. gibbonsii Ouez et a1., 1986) (Table 6.1). Javor 
(1984) showed that of 18 strains of rods, cocci, and square extreme halophiles 
isolated from four environments, 13 grew on sugars. Of those 13 strains, 4 
strains grew poorly or not at all on amino acids (peptone or casamino acids 
plus yeast extract). Nearly all strains grew on glycerol or pyruvate, and some 
strains grew on acetate, citrate, succinate, or lactate. 

Halobacteria have been shown to fix CO2 in the presence of propionate, 
and in some cases CO2 assimilation is stimulated in the light (Dan on and 
Caplan, 1979; Oren, 1983b; Javor, 1988). CO2 assimilation in a strain of Hal
oarcula that lacked bacteriorhodopsin was inhibited by light Oavor, 1988). 
There is no evidence that halobacteria fix CO2 by a reductive pathway. The 
study by Javor indicates that propionate-stimulated CO2 fixation is an ana
plerotic process that is probably linked to amino acid synthesis. 

Studies of carbon metabolism in halobacteria indicate that these bacteria 
are largely similar to aerobic eubacteria. Halobacteria have all the enzymes 
of the tricarboxylic acid cycle (Aitken and Brown, 1969; Danson et aI., 1985). 
Extracellular protease (Norberg and Hofsten, 1969), amylase (Good and Hart
mann, 1970), and amyloglucosidase (Oren, 1983a) have been partially char
acterized and numerous other enzymatic activities have been noted in the 
course of the biochemical classification of all published species. Two carbo
hydrate-utilizing halobacteria have been shown to accumulate $-hydroxy
butyrate under conditions of nitrogen limitation and abundant organic carbon 
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(Fernandez-Castillo, et al., 1986). However, novel or modified pathways of 
metabolism have been noted during carbohydrate catabolism (Tomlinson et 
al., 1974), cysteine degradation (Newton and Javor, 1985), and CO2 fixation 
(Javor, 1988). 

Halobacteria are generally believed to be heterotrophs that require un
defined complex media (Larsen, 1981) or defined media with many required 
amino acids and vitamins (Onishi et al., 1965). However, H. mediterranei has 
been shown to grow well on single carbon sources in rather simple inorganic 
media (Rodriguez-Valera et al., 1980). In both this study and others that have 
demonstrated carbohydrate utilization, the inclusion of high concentrations 
of buffer in the medium has been required to prevent bacterial acidification. 
It is possible that growth tests on carbohydrates were negative in many other 
reports because the bacteria rapidly acidified the medium before growth could 
be detected. When amino acids are present in the medium, deamination and 
release of ammonia would prevent this acidification. 

Salt requirements for halo bacteria have been shown in numerous studies. 
Among the non-alkalophilic extreme halophilies, all require both the sodium 
and the chloride ion. Halobacteria usually grow optimally in 3-4 M NaCl. 
Most strains can grow in ~5 M (saturated) salt. The ability to grown in ::s2.5 
M NaCl depends on the strain, the temperature, and other salts in solution. 
Halobacterial rods tend to round up into spheres or otherwise show pleo
morphy in less concentrated brines. This phenomenon makes even gross 
identification of field material very difficult. 

In natural, marine-derived brines, most extreme halophiles studied by 
Javor (1984) were inhibited by 500 mM Mg2+ introduced as Cl- and especially 
as 50/ salts. Such natural brines are saturated with respect to NaCl when 
concentrations of Mg2+ are ~500 mM. In contrast, isolates from the Dead 
Sea (H. volcanii and H. sodomense) have high requirements and a broad tol
erance of Mg2+ (0.075-1.5 M and 0.6-1.2 M Mg2+, respectively) (Mullak
hanbhai and Larsen, 1975; Cohen et al., 1983; Oren, 1983c). Optimal Mg2+ 
concentration for H. volcanii is 100-500 mM. The inhibition of growth caused 
by low Mg2+ can be partially relieved by as little as 1 mM Ca2+. Mg2+ has 
been shown to be essential for motility (Baryshev, 1982) and for maintaining 
cell membrane and envelope integrity (Rayman et al., 1967; Matsuoka et al., 
1981), but the mechanism causing the negative effects of high extracellular 
concentrations of Mg2+ has not been described. Likewise, the mechanism of 
inhibition by high concentrations of 50/- is not known. Because Mg2+ and 
5042- are divalent ions, their presence may upset the charge balance in or 
on the cells. 

Edgerton and Brimblecombe (1981) constructed a thermodynamic model 
of halobacterial environments to take into account charge concentrations and 
mole fractions of monovalent ions. By plotting the growth areas of halobac
terial isolates with respect to these factors, they found that the environmental 
limits for the isolates were not easily defined by either Na+ or Cl- activity. 
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The model is instructive for determining the activity of specific ions at different 
salt concentrations and as a tool for understanding the effects of components 
of natural brines on cell growth. Other ecological aspects of halobacteria are 
discussed in the chapters concerning the environments in which they are 
found. 

Antibiotic activity possibly produced by some strains of red halophiles 
against other strains was noted by Dussault (1954). Halocins, proteins with 
antibiotic activity secreted by halobacteria, are produced by Haloferax medi
terranei (Rodriguez-Valera et al., 1982a; Meseguer and Rodriguez-Valera, 1985). 
One halocin inhibited other halobacterial rods, but not halococci or eubacterial 
halophiles. The protein is adsorbed by the target cell and induces lysis. 

Environmental conditions influence pigment synthesis in halobacteria. 
H. mediterranei produced much more bacterioruberin and /3-carotene in 15% 
salt than in 25% or 35% salt (Kushwaha et al., 1982). In contrast, H. cutirubrum 
produced bacterioruberin and /3-carotenes only when salt concentrations ex
ceeded 15%. In a study of 47 strains of red extreme halophiles, Gibbons 
(1958) noted that increasing salt concentrations caused some bacteria to lose 
color and in others it caused them to be redder. In H. halobium and H. cu
tirubrum grown in defined medium, the presence of 0.1 % glycerol stimulated 
growth but caused the cells to lose their carotenoids (Gochnauer et al., 1972). 
In complex medium, growth in the presence of 0.1 % glycerol did not change 
the carotenoid content of the cells but growth with glucose did. In H. cuti
rubrum, Kushwaha and Kates (1979) found that the concentration of bacter
ioruberin decreased in the presence of 0.1-0.5% glycerol but the content of 
C40 carotenoids (/3-carotene and lycopene) increased. 

Carotenogenesis requires aerobic conditions (Tornabene, 1978; Tomlin
son et al., 1986). In H. cutirubrum, the decrease in isoprenoid pigments with 
decreases in ambient O2 was accompanied by decreases in total squalene, 
dihydrosqualene, and tetrahydrosqualene content of the cells. However, the 
relative cellular concentrations of tetrahydrosqualene to total squalene in
creased with anaerobiosis, and the relative cellular concentration of dihy
drosqualene was maximal under microaerophilic conditions. Similarly, bac
teriorhodopsin requires aerobic conditions for the synthesis of precursors, 
since oxygen is necessary for the formation of retinal from /3-carotene (Hart
mann et al., 1980). 

Bacteriorhodopsin has been found only in several strains or species of 
Halobacterium and Haloarcula. Apart from the numerous purely biochemical, 
biophysical, and genetic studies of bacteriorhodopsin, some investigations 
have addressed the physiological and ecological function of the pigment. 
Oesterhelt and Krippahl (1973) found that 560 nm light inhibited respiration 
in cells with the pigment. Light was found to be an energy source for cultures 
of bacteriorhodopsin-containing H. halobium (Hartmann et al., 1980; Rodri
guez-Valera et al., 1983b). Light was also found to stimulate CO2 fixation in 
bacteriodopsin-containing cells (Danon and Caplan, 1979; Oren, 1983b; Javor, 
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1988). When bacteriorhodopsin-containing cells were maintained under star
vation conditions, light in combination with O2 accelerated cell death (Brock 
and Peterson, 1976). Under anaerobic conditions, cell death was retarded in 
the light but cells died rapidly in the dark. Rhodopsin pigments of halo bacteria 
have also been shown to be involved in photo sensory and phototactic re
sponses toward yellow-green light and away from ultraviolet and blue light 
(Dencher and Hildebrand, 1979, 1982; Wagner, 1984; Spudich, 1985; Plotkin 
et al., 1985; Takahashi et al., 1985a, 1985b). Bacteriorhodopsin has been found 
in natural populations of halobacteria in the Dead Sea (Oren and Shilo, 1981) 
and in solar salterns (Javor, 1983). 

The number of genetic studies of halobacteria has greatly increased since 
Moore and McCarthy (1969a, 1969b) found that extrachromosomal DNA 
constitutes up to 11-36% of the total DNA in halobacteria. While the chro
mosomal DNA has a G+C base composition of 66-68 mol%, the extrachro
mosomal DNA has a G+C composition of 57-60 mol%. Much of the extra
chromosomal DNA is believed to be found in plasmids in the cells. Gutierrez 
et al. (1986) found megaplasmids (100 mDal to over 300 mDal) in halobac
teria. Many of the studies related to both chromosomal and plasmid sequences 
and activity have been summarized by Kushner (1985) and Pfeifer (1988). Of 
particular physiological or ecological significance is the finding of high rates 
of spontaneous mutations and that these mutations occur at "hot spots" in 
the DNA (Pfeifer et al., 1981; Sapienza and Doolittle, 1982). 

Phages may prove to be important vehicles for information transfer in 
halobacteria. A variety of phages specific for halobacteria have been isolated 
from various sources: as a contaminant in a maintained culture (Torsvik and 
Dundas, 1974, 1980; Schnabel et al., 1982a, 1982b; Schnabel and Zillig, 1982, 
1984; Schnabel, 1984a, 1984b), from fermented fish sauce (Pauling, 1982; 
Rohrmann and Cheney, 1983), and from solar salt pond sediments (Wais et 
al., 1975; Wais and Daniels, 1985). These phages have linear, double-stranded 
DNA and they all require high salt concentrations for stability. The studies 
by Schnabel and co-workers have provided a detailed molecular characteri
zation of phage ¢H of H. halobium. It has a molecular weight of 39 kdal, a 
G+C content of 65 mol%, and shows a partial homology with the AT-rich 
regions of the host extrachromosomal DNA. Variants in the phages occurred 
spontaneously by different insertions, deletions, or inversions in its DNA. 

Wais and Daniels (1985) found that natural populations of halobacterial 
phages increased dramatically after heavy rainfall caused a brief period of 
brine dilution in solar salt ponds. The dilution was accompanied by mass 
death of the halobacterial population. They found that the phage isolates 
failed to produce plaques in media with high salt. High degrees of virulence 
were found only when the phage was introduced in cultures at a relatively 
high multiplicity of infection. The authors concluded that in nature the phages 
probably change from prophage to lytic form when halobacterial populations 
are subjected to brine dilution. Once the population has lysed (either due to 
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phage activity or to envelope dissolution in dilute solution), the phages may 
act as DNA "reservoirs" for the ensuing halobacterial populations when brines 
have again concentrated enough to support halobacteria. 

6.2 Taxonomy of the Halobacteriaceae 

Non-alkalophilic and alkalophilic halobacteria both belong to the family Hal
obacteriaceae. The review by Juez (1988) on the taxonomy of the Halobac
teriaceae includes a compilation of accepted generic and specific names of 
this family. Four genera of non-alkalophilic halobacteria are currently ac
cepted: Halobacterium, Halococcus, and Haloarcula and Haloferax. Haloferax 
has been introduced as a genus to describe rods that are different from Hal
obacterium based on polar lipid composition, nucleic acid differences, tolerance 
of lower salt concentrations, and numerical taxonomy (Torreblanca et al., 
1986; Juez et al., 1986; Juez, 1988). Immunologic differences have also been 
noted (Conway de Macario et al., 1986). Table 6.1 lists some of the attributes 
of recognized species and strains of halobacteria. Tindall and Triiper (1986) 
also classified most of these species according to their ecophysiology. The 
non-alkalophilic halobacteria fell into seven distinct groups. 

It should be noted that numerous isolates of halophiles referred to only 
by strain number are often used for microbiological studies. In addition, rather 
broad phenotypic differences are often noted between strains of the same 
species. "Halobacterium marismortui" (also called "Halobacterium of the Dead 
Sea)," a well-studied microorganism, has been given the name of an isolate 
previously described by Elazari-Volcani (1940) but which was subsequently 
lost. 

Among the rod-shaped halobacteria, a broad variety of physiological 
types are known (see Table 6.1). Some are strictly proteolytic, some are fa
cultatively proteolytic with ability to grow on glycerol and pyruvate as well, 
some are strict carbohydrate-utilizers, and some can grow on a broad variety 
of substrates. An unnamed isolate was noted to grow only on acetate and 
pyruvate (Javor, 1984). Bacteriorhodopsin has been found in only some spe
cies and only some strains produce gas vacuoles. Both strict aerobes and 
facultative anaerobes (growth by fermentation or nitrate respiration) have 
been described. Anaerobic growth may be important for these bacteria in 
hypersaline environments because the solubility of oxygen is very low in 
strong brines. 

Square-shaped bacteria were noted by Walsby (1980) in a brine pool of 
the Gavish Sabkha, Sinai. The bacteria appeared to divide in two dimensions, 
giving rise to floating, gas-vacuolated, "postage stamp" -like sheets of cells 
(Figure 6.1). Similar microorganisms were described from a salt lake (Ro
manenko, 1981). The ultrastructure of the Sinai material was described by 
Parkes and Walsby (1981), Stoeckenius (1981), and Kessel and Cohen (1982). 
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Figure 6.1 Square-shaped bacteria. Phase-contrast photomicrograph. Cells in the cen
ter are about 2 !Lm wide. 

Electron micrographs showed the cells to be flat, rectangular boxes, 0.25 pm 

thick and up to 4 pm or more on a side. A bacteriorhodopsin-like pigment 
was detected in the natural population and an isolated strain was found to 
have patches of purple membrane (Stoeckenius et al., 1985). A strain from 
Mexico had a similar pigment apparently dispersed in the membrane Oavor, 
et al., 1982). Motility and flagellar composition in a Gavish Sabkha isolate 
were described by Alam et al. (1984). While motility appeared similar to that 
of other halobacteria, protein composition appeared markedly different. 

Square-shaped or box-shaped bacteria were isolated by Javor et al. (1982) 
but they were somewhat smaller and more variable than the natural popu
lations. Gas vacuoles could not be induced. The generic name Haloarcula was 
suggested for these isolates. Taxonomic studies by Torreblanca et al. (1986) 
and Juez et al. (1986) described the genus Haloarcula including an additional 
species from a Spanish solar saltern, H. hispanica. 

Although halo cocci have long been noted among the extreme halophiles, 
they are the least studied. Besides their morphology, they differ from rod
and box-shaped halobacteria in several respects: resistance to lysis as well as 
relatively high metabolic rates in diluted medium (Rodriguez-Valera et al., 
1982b); the nature of the complex amino sugar composition of their relatively 
thick cell walls (Reistad, 1975; Steber and Schleifer, 1975; Hunter and Millar, 
1980); and a somewhat lower G+C composition of the major component of 
the DNA (60.5-65.8 mol %) (Kocur and Bohacek, 1972) than that of Halo-
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bacterium (66-68 mol %) (Larsen, 1984). Bacteriorhodopsin has never been 
found in the halococci. 

All strains of halococcl have been lumped into one taxon, Halococcus 
morrhuae (Kocur and Hodgkiss, 1973), an accepted classification in the 9th 
edition of Bergey's manual (Larsen, 1984). This classification includes all strains 
previously referred to as species of red halophilic "Sarcina" and red halophilic 
"Micrococcus." The differentiation between these strains originally was based 
on phenotypic differences in colony formation: "Micrococcus" -type colonies 
were small, round, and smooth, being composed of single or paired cells, or 
cells in tetrads. "Sarcina" -type colonies were larger, rugose, and coarsely gran
ular, being composed of large bundles or packets of cells (Elazari-Volcani, 
1940). 

In spite of clear morphological differences, there are physiological and 
biochemical similarities between many strains of the two types of halococci 
(Kocur and Bohacek, 1972; Kocur and Hodgkiss, 1973; Montero et al., 1988). 
DNA-165 rRNA hybridization studies by Ross and Grant (1985) showed that 
all halococci were distinct from rod-shaped extreme halophiles, but no com
parisons were made between the morphologically distinct halococci (only two 
strains were compared). Phylogenetic relationships determined by 55 rRNA 
"fingerprinting" also showed halo cocci to be different from the rods, but 
further differences between different strains of Halococcus were not assayed 
(Nicholson and Fox, 1983). 

Kocur and Hodgkiss (1973) and Montero et al. (1988) stated that all strains 
of halococci were strict aerobes, but the latter investigators found evidence 
of anaerobic metabolism in many strains (reduction of nitrate to nitrite or gas, 
and reduction of cysteine to H25). Javor (1984) and Montero et al. (1988) 
found that some non-alkalophilic halococci could grow on a variety of organic 
carbon compounds, including carbohydrates and low-molecular-weight car
boxylic acids. In addition, Javor (1984) found some strains that could grow 
as facultative anaerobes. These data support similar findings of Venkataraman 
and 5reenivasan (1954, 1956). Of the 96 strains of halococci studied by Mon
tero et al. (1988), four had markedly different physiological and biochemical 
attributes, leading the authors to suggest that these strains probably belong 
to a separate taxon. 

6.3 Alkalophilic Halobacteriaceae 

Extremely halophilic, alkalophilic archaebacteria have been enriched for and 
isolated from hypersaline soda lakes. Grant and Tindall (1980) described 
complex media for enrichments from Lake Magadi, Kenya, using 16% NaCl 
and 16% Na2C03 (wjv) at pH 10.6-10.8. Tindall et al. (1980) described the 
first isolates of these halobacteria from Lake Magadi. The isolates required 
high pH for optimum growth (pH 9.0-10.0) and they had a very low MgH 
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requirement (0.1-2.0 mM). The organisms are similar in size to halobacteria 
(0.7 x 1.5-3.0 ,urn), they grow optimally in 4 M NaCl, and they lyse in <1 
M NaCl. Like non-alkalophilic halobacteria, they synthesize bacterioruberins 
which give them an orange-red color. Other similarities to halobacteria in
clude similar antibiotic sensitivities and similar amino acid content of the bulk 
proteins (acidic amino acids exceed basic amino acids). 

Soliman and Truper (1982) described an obligately aerobic, haloalkalo
philic archaebacterium isolated from the Wadi Natrun, Egypt. It was given 
the name Halobacterium pharaonis, but the genus was subsequently changed 
to Natronobacterium based on lipid and nucleic acid differences between the 
alkalophilic strains and Halobacterium strains (Tindall et al., 1984). Like the 
strain from Lake Magadi, N. pharaonis grows well at alkaline pH (7.7-9.3), 
requires high salt (>2 M NaCl), and is inhibited by relatively low Mgz+ 
concentrations (10 mM). 

N. pharaonis can grow on a broad range of carbon sources only in the 
presence of low concentrations of glutamic acid or casamino acids. It grows 
on single carbon sources such as formate, pyruvate, butyrate, and fumarate, 
but not on sugars, acetate, or simple alcohols. Glucose enhances bacterio
ruberin synthesis but not growth. 

In addition to N. pharaonis, which has been isolated from both Wadi 
Natrun and Lake Magadi, N. magadii, N. gregoryi, and an alkalophilic halo
coccus, Natronococcus occultus, have been described from the latter alkaline 
lake (Tindall et al., 1984). Other unnamed haloalkalophiles have been isolated 
from Owens Lake, California, U.S.A. (Tindall, 1985), where they apparently 
coexist with halophilic phototrophic bacteria Ectothiorhodospira (Tew, 1980). 
In agitated enrichment cultures of such brines, alkalophilic halobacteria dom
inate whereas in stationary (non-oxygenated) enrichments, the phototrophic 
bacteria dominate (Grant and Tindall, 1986). 

Like many non-alkalophilic halobacteria, many strains of alkalophilic 
halobacteria from Kenyan soda lakes and Wadi Natrun (including N. phar
aonis) produce photoactive retinal pigments (Bivin and Stoeckenius, 1986). 
Two pigments have been noted with absorption maxima near 580 nm and 
500 nm, respectively. The P580 pigment behaves like halorhodopsin while the 
P 500 pigment shows some similarities to sensory rhodopsin. However, the 
latter has an absorption maximum of 587 nm in halobacteria. Bacteriorho
dopsin was not identified in the 51 strains tested. 

Perhaps the best studied attributes of the alkalophilic halobacteria are 
their lipids. Like all archae bacteria, their lipids have ether-linked side chains. 
They synthesize asymmetric C20,C25 diethers unlike halobacteria that produce 
only C20,C20 diethers (De Rosa et al., 1982). CZO,CZ5 diether lipids have also 
been found in some methanogens (Grant et al., 1985). 

Further studies of a Lake Magadi isolate demonstrated that of the total 
isoprenoid diether fraction, 9% (w jw) was C20,C20 lipid, 6% was a novel 
C25,C25 lipid, and 85% was C20,C25 lipid (de Rosa et al., 1983). In a survey of 
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12 strains of haloalkalophiles, Tindall (1985) found that C20,C20 diether lipids 
comprised from as little as 11 % of the total lipids (N. pharaonis) to as much 
as 99.9% of the total lipids (unnamed strains from Wadi Natrun). Only two 
isolates synthesized C25,C25 diether lipids (which constituted :::51 % of the total 
lipids), and both strains were from Lake Magadi (N. pharaonis and N. gregoryi). 
C20,C25 diether lipids therefore constitute anywhere from the bulk to only a 
minor fraction of diether lipids in natronobacteria as a group. Increasing the 
salinity from 3 M to 4.5 M NaCl resulted in the relative increase of C20,C25 

lipids in most strains (Morth and Tindall, 1985a). 
Polar lipids were also investigated by Morth and Tindall (1985b). Gly

colipids and nitrogen-containing lipids are absent in the alkalophilic halo
bacteria. Phosphatidylglycerophosphate (which constituted >50% of the to
tal) and phosphatidylglycerol (which constituted> 10% of the total) were 
found in all the 10 strains assayed. Three unidentified polar lipids were found 
in various distributions among the strains. Natronococcus occultus was unique 
in carrying the first and second unknown polar lipids while the rods carried 
the first and/or the third unknown. 

Like other halobacteria, the alkalophiles synthesize menaquinone and 
dihydrogenated menaquinones as their major respiratory quinones (Collins 
and Tindall, 1987). Unlike non-alkalophilic halobacteria, Natronobacterium 
gregoryi was found to synthesize minor amounts of novel menaquinones that 
are methylated at the eighth isoprenyl unit. Some eubacteria have methylated 
menaquinones only at the sixth or seventh isoprenyl unit. The unique hal
obacterial menaquinones could serve as biogeochemical markers. 

6.4 Halophilic methanogens 

Methane has been noted in various hypersaline environments, including Solar 
Lake, Sinai (Giani et al., 1984), solar saltern ponds (A. Oren, personal com
munication), and hypersaline alkaline lakes (Oremland et al., 1982; Tindall, 
1988). Isolates of halophilic methanogenic bacteria have been obtained from 
hypersaline marine stromatolites and microbial mats (Zhilina, 1983; Giani et 
al., 1984), solar salt ponds (Mathrani and Boone, 1985; Yu et al., 1985), Great 
Salt Lake, Utah, U.S.A. (Paterek and Smith, 1985), hypersaline Crimean la
goons (Zhilina, 1986), and hypersaline alkaline lakes (Oremland et al., 1982; 
Mathrani et aI., 1988). Table 6.2 summarizes some of the characteristics of 
these isolates. 

The isolates range from moderate halophiles to extreme halophiles. None 
of the isolates can grow on CO2 + H2 or on acetate, substrates typically used 
by freshwater and normal marine methanogens and sulfate-reducing bacteria. 
They all thrive on methylamines and usually methanol. Enrichment studies 
show that methanogens and sulfate-reducing bacteria do not compete for 
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Table 6.2 Halophilic methanogens known in pure culture 

M NaCl 

Isolate Optimum Range Reference 

Methanococcus halophilus 1.2 0.3-2.6 Zhilina, 1983; Zhilina & Kevbrin, 1985 
Methanococcus halophilus-like NO NO Zhilina, 1986 
Large, flat cells 4.3 55 Zhilina, 1986 
Methanosarcina sp. NO NO Giani et ai., 1984 
Coccus SF1 2.1 0.9-3.4 Mathrani & Boone, 1985 
Coccus 2.7 2:1.8 Yu et al., 1985 
Methanohalophilus mahii 1.0-2.0 0.5-3.5 Paterek & Smith, 1985, 1988 
M. zhilinae 0.7 0.2-2.1 Mathrani et ai., 1988 

their carbon substrates in hypersaline sediments (Giani et al., 1984; Zhilina, 
1986). 

All the isolates listed demonstrate typical archae bacterial antibiotic sen
sitivities. The isolate of Mathrani and Boone (1985) tolerated exposure to air. 
Most of the isolates are mesophilic, with temperature optima near 35°-37°C 
although temperatures of ca. 20°C to 40°-45°C support growth. The isolate 
that formed large flat cells (Zhilina, 1986) grew optimally at 50°-55°C and 
could withstand 20 min exposure to 100°C. The pH range for growth of all 
the listed isolates except Methanohalophilus mahii is near 6 to 8. M. mahii, an 
isolate from a Wadi Natrun lake, grows optimally at pH 9.2 (Mathrani et al., 
1988). 

The biochemistry of the halophilic methanogens is poorly known. Zhilina 
(1986) described bulk composition of proteins, carbohydrates, and nucleic 
acids as well as the amino acid composition of the bulk proteins in M. hal
ophilus. The lipids are similar to those of Methanosarcina. 

6.5 Other halophilic archaebacteria? 

Certain possible "missing links" have not been found among the halophilic 
archaebacteria. No obligately anaerobic halobacterium has been found, al
though halophilic obligate anaerobes (methanogens) are known. It should be 
possible to use the immunologic distinctiveness between halobacteria and 
methanogens (Conway de Macario et al., 1986) to screen natural populations 
and enrichment cultures. The discovery of marine, thermophilic, sulfate-re
ducing archae bacteria in a novel branch of this bacterial kingdom (Stetter et 
al., 1987) may mean that halophilic sulfate reducers could be found within 
the archaebacteria. The existence of thermophilic archaebacteria in marine 
hot springs (Zillig et al., 1987) also suggests that halophilic extreme ther
mophiles may also be found among the archaebacteria. Because organic mat
ter buried with evaporites is subjected to microbial degradation, barotolerance 
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and barophily may also be important physiological features to investigate in 
the halophilic archaebacteria. 
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7 

Phototrophic Bacteria 

Phototrophic bacteria include five families of purple and green eubacteria that 
derive energy from light. Many phototrophic bacteria are autotrophs. In con
trast to the cyanobacteria, they never produce O2 during photosynthesis and 
they synthesize one or more bacteriochlorophylls instead of chlorophyll a. 
Phototrophic bacteria are typically associated with lighted, anaerobic envi
ronments although not all of these bacteria are obligate anaerobes. Many can 
alternatively grow as aerobic heterotrophs in the dark. 

Hypersaline habitats may be particularly suited for the proliferation of 
phototrophic bacteria due to several factors: 1) microbial mats (consisting of 
a layer of cyanobacteria overlying a layer of phototrophic bacteria) often 
dominate the benthic surfaces in the euphotic zone; 2) brines hold less oxygen 
than normal seawater; and 3) density stratification due to salinity differences 
may trap shallow, anaerobic brines in the euphotic zone. Relatively little is 
known about the ecology and productivity of phototrophic bacteria in natural 
hypersaline environments although their distribution appears to be nearly 
ubiquitous. The following discussion of phototrophic bacteria emphasizes 
studies on laboratory cultures and outlines their taxonomic and metabolic 
differences and similarities. 

Although representatives of all five families of phototrophic bacteria have 
been observed in hypersaline environments (Chromatiaceae and Ectothior
hodaceae [purple sulfur bacteria]; Rhodospirillaceae [purple non-sulfur bac
teria]; Chlorobiaceae [non-filamentous green bacteria]; and Chloroflexaceae 
[filamentous green bacteria]), only members of the purple sulfur and purple 
non-sulfur bacteria have been well documented. A detailed review of both 
marine and halophilic phototrophic bacteria was presented by Imhoff (1988). 
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7.1 Green bacteria 

Green bacteria of the genus Prosthecochloris were noted in the hypolimnion 
of Solar Lake at 4 m depth (Cohen et al., 1977) and in estuarine waters in 
the Soviet Union (Puchkova, 1984). For the isolates that were tested, salinity 
optima ranged from 2% to 5% NaCl, but 10% NaCl was tolerated. Strains 
of Chlorobium and Pelodictyon had similar salt optima but they tolerated up 
to 15% NaCl (Puchkova, 1984). Green bacteria have also been observed in 
Hot Lake (Washington, U.S.A.), a MgS04 lake, in nearly 40% salinity (An
derson, 1958). Filaments that resemble Chloroflexus in ultrastructure have also 
been identified in microbial mats of a hypersaline, coastal depression in Mex
ico (Stolz, 1984), as well as in salterns (J0rgensen et al., 1987). The photo
trophic bacterial layer of Aphanothece halophytica-dominated microbial mats 
in an Israeli saltern (15% salinity) was composed primarily of green Chlo
roflexus-like filaments that accumulated elemental sulfur internally (Javor, 
unpublished data). In vivo absorption spectra of that layer showed a strong 
peak of bacteriochlorophyll c (748-752 nm) and fluorescence microscopy 
demonstrated that the filaments were not cyanobacteria. 

7.2 Purple sulfur bacteria 

Members of the genus Ectothiorhodospira are never found in freshwater. They 
prefer either marine or hypersaline habitats (Table 7.1). Like all members of 
the genus, the bacteria from hypersaline environments deposit elemental sul
fur outside their cells when growing on sulfide. The NaCl optima of three 
halotolerant species (E. mobilis, E. shaposhnikovii, and E. vacuolata) are close 
to that of seawater while more extreme halophilism is found in E. ha/ophila, 
E. halochloris, and E. abdelmalekii. E. mobilis is rather broadly halotolerant, 
with at least one strain capable of growth in 22% salt (Imhoff et al., 1978). 

Ectothiorhodospira can grow by either photoautotrophy or by photohet
erotrophy using several different low molecular weight compounds such as 
acetate and succinate. Typical sources of sulfur than can be utilized are sulfide, 
elemental sulfur, and thiosulfate. Evidence for the role of cytochrome CSS1 as 
a sulfide:acceptor oxidoreductase in E. abdelmalekii was presented by Then 
and Triiper (1983). Aerobic, dark heterotrophic growth was observed in E. 
halophila, E. halochloris, E. vacuolata, and E. abdelmalekii by Krasil'nikov and 
Kondrat'eva (1984), although all of these species except E. halochloris were 
previously reported to be strict anaerobes (Raymond and Sistrom, 1967; Im
hoff and Triiper, 1981; Imhoff et aI, 1981). 

The three more halophilic species of Ectothiorhodospira have been isolated 
from the hypersaline, alkaline Wadi Natrun lakes of Egypt (Imhoff and Trii
per, 1977; Imhoff et al., 1978; Imhoff, 1988), although E. halophila was first 
described from an alkaline lake in North America (Raymond and Sistrom, 
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1967,1969). Some of the attributes of the three species are compared in Table 
7.1. 

Based on 165 rRNA oligonucleotide catalogs, two sub-groups among five 
of the species of Ectothiorhodospira have been recognized (Stackebrandt et al., 
1984). E. halophila, E. halochloris, and E. abdelmalekii form one similar group, 
and E. mobilis and E. shaposhnikovii belong to a second group. E. vacuolata 
was not included in the comparison. The evolutionary implications for the 
first group in the genus are interesting because of the wide differences in the 
molar % G+C in the DNA (Table 7.1) and the heterogeneity of the major 
pigments. 

Several distinct biochemical or physiological characteristrics are found 
among the different strains of halotolerant and halophilic species of Ecto
thiorhodospira. Under certain growth conditions, E. vacuolata produces gas 
vacuoles that cause the cells to float. The vacuoles disappear under conditions 
of low light and low sulfide (Imhoff et al., 1981). 

An obligately anaerobic, phototrophic, alkalophilic (pH 9.0-9.5) bacte
rium resembling E. shaposhnikovii was isolated from Lake Bogoria (also called 
Lake Hannington), Kenya (Grant et al., 1979). It has a broader salt tolerance 
for sodium carbonate (0.5-15% Na2C03 '10 H20) than for sodium chloride 
(0.1-8% NaCl). 

E. halochloris and E. abdelmalekii produce bacteriochlorophyll b while the 
other salt-tolerant species produce bacteriochlorophyll a. The esterifying al
cohol in bacteriochlorophyll b of E. halochloris is A2,10 phytodienol, which 
is different from phytol (A2-phytaenol), the esterifying alcohol of this pigment 
in purple non-sulfur bacteria (Steiner et al., 1981). 

E. halophila has soluble purple and yellow proteins that have not been 
found in other phototrophic bacteria (Meyer, 1985). Meyer noted that the 
proteins are very acidic, much like the proteins of other halophiles. Imhoff 
et al. (1983) also found that the membrane proteins from several halophilic 
species of Ectothiorhodospira contained a relatively high proportion of po
lar:non-polar amino acids. 

The main compatible solute of E. halochloris is glycine betaine (Galinski 
and Triiper, 1982). In cells grown in 20-24% NaCl, the intracellular concen
tration of glycine betaine was 1.6 molal, or about 10% of the dry weight. In 
cells grown in 16% NaCl, the cells accumulated 1.4 molal glycine betaine. 
In cells cultured in 12% salt, only about 0.8 molal intracellular glycine betaine 
accumulated. Concentrations of intracellular amino acids and polyols were 
small, and the cells largely excluded monovalent cations. Because the mea
sured concentrations of glycine betaine were insufficient to maintain the cells 
in osmotic balance with the medium, the authors concluded that other un
detected compatible solutes must also be present. Subsequent work showed 
that a unique, cyclic amino acid, ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyr
imidinecarboxylic acid), plays a role in osmoregulation in the genus Ecto
thiorhodospira (Galinski et al., 1985; Schuh et al., 1985). 
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The lipid composition of the six species of Ectothiorhodospira listed in 
Table 7.1 was determined by Asselineau and Triiper (1982). Among the phos
pholipids, all synthesize cardiolipin, phosphatidylglycerol, and phosphati
dy1choline. The latter phospholipid is rare in bacteria although it has been 
found in the purple non-sulfur bacteria. Phosphatidylethanolamine was found 
in all species except E. halochloris and E. abdelmalekii. An unidentified gly
colipid was observed in all species except E. vacuolata and E. mobilis. 

The fatty acids are dominated by CI81 followed by C16•0 acids. Smaller 
amounts of CI61 and CIS•O fatty acids are present. A CI9 fatty acid with a 
cyclopropane ring constituted 31 % of the total fatty acids in E. halochloris, E. 
abdelmalekii, and E. mobilis. This fatty acid is missing in E. shaposhnikovii and 
E. vacuolata. A Cm or C17•3 fatty acid was identified in E. halochloris and E. 
abdelmalekii. 

An unidentified strain of Ectothiorhodospira from the alkaline, hypersaline 
Owens Lake was found to survive in a synthetic brine formulated to lake 
water composition (26% salts, pH 9.6, aw =0.93) and in mirabilite (Na2S04'10 
H20), but not in thenardite (Na2S04) (Tew, 1980). The optimal water activity 
for the organism was 0.95. Apparently the loss of chemically-bound water 
in the sodium sulfate minerals had a detrimental effect on the ability of the 
cells to retain water. 

Purple sulfur bacteria that deposit elemental sulfur internally include 
Chromatium spp. (Chromatiaceae), which are commonly found in environ
ments of normal marine salinity. They may be poor competitors under hy
persaline conditions. A marine isolate that grew optimally in 5% NaCl was 
found to tolerate> 10% NaCl, although most marine strains of Chromatium 
require lower salt concentrations (Imhoff, 1988). A large Chromatium was 
observed in hypersaline enrichments from Wadi Natrun (30% total dissolved 
solids), but it was not isolated (Imhoff et al., 1978). 

7.3 Purple non-sulfur bacteria 

Among the moderately halophilic purple non-sulfur bacteria, the best known 
species is Rhodospirillum salexigens (see Table 7.1). The type strain, WS68, 
was originally isolated from partially evaporated pools of seawater with de
caying seaweed (Golecki and Drews, 1980; Drews, 1981). It is an obligate 
halophile requiring 5-20% salt at neutral pH although it grows optimally in 
6-8% NaCl. It can grow as an anaerobe in the light in mineral medium with 
acetate as the carbon source, or it can grow aerobically in the dark. It is unable 
to grow as a photoautotroph on sulfide or thiosulfate. 

The thin, Gram-negative cell wall of R. salexigens lacks lipopolysacchar
ides or other carbohydrate-linked constituents (Golecki and Drews, 1980; 
Drews, 1981; Tadros et al., 1982; Evers et al., 1984). Like the membrane 
proteins of halophilic species of Ectothiorhodospira, the envelope protein of 
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R. salexigens has an excess of acidic over basic amino acids (18.3 mol %). The 
major fatty acids are CI41 Cw and C18 acids. 

In acetate mineral medium, Drews (1981) reported that nitrogen could 
be assimilated from NH4 + or glutamate. However, Rubin and Madigan (1986) 
showed that NH4 + did not support growth on acetate medium because the 
cells secreted a very basic substance that raised the pH above that which 
would support growth. In acetate medium, only certain amino acids could 
be assimilated as nitrogen sources unless the medium was supplemented with 
pyruvate. Glutamate was the preferred source of nitrogen. Glycine and as
paragine were poor sources of nitrogen, and neither urea, nitrate, nor alanine 
were utilized. The authors noted that R. salexigens can fix N2• 

A second halophilic species of purple non-sulfur bacteria, Rhodospirillum 
salinarum, was described from a solar saltern (Nissen and Dundas, 1984). It 
was found in the NaCl crystallizer ponds co-existing with halobacteria. It 
grows as an anaerobic phototroph and as an aerobic heterotroph in the dark. 
Neither sulfide or elemental sulfur can serve as a reductant for phototrophic 
growth. 

The salt optima and tolerances are different for phototrophic and het
erotrophic growth in R. salinarum. For anaerobic growth, the optimal salt 
concentration is 12-18%, but good growth is still observed in 24% NaCl. For 
aerobic growth, the optimal salinity is only 6-12%, and little or no growth 
is observed in >20% salt. The authors noted that the osmoregulatory re
sponse of R. salinarum to increasing salinity did not involve an increase in 
internal polyalcohols or amino acids, but a slight increase in internal K+ was 
noted. The authors suggested that glycine betaine is the major compatible 
solute. 

A third halophilic species of Rhodospirillum, R. mediosalinum, isolated 
from a spring, grows optimally in 5-7% NaCl, but tolerates as much as 15% 
NaCl (Kompantseva and Gorlenko, 1984). Imhoff (1988) also reported the 
isolation of strains of Rhodobacter from a variety of hypersaline environments. 
Optimal growth of all strains of R. sulfidophilus was only 1-5% NaCl although 
some strains tolerated up to 10% salt. R. adriaticus had a slightly higher salt 
optimum (2.5-7.5% NaCl). Rhodopseudomonas marina, a common marine iso
late, had a similar salinity optimum as R. sulfidophilus. 

7.4 Microbial ecology 

Phototrophic bacteria have been noted in both the plankton and benthos of 
a wide variety of hypersaline environments, including alkaline and neutral 
pH lakes, sabkha flats and ponds, and solar salterns. Imhoff (1988) gave a 
detailed account of interrelationships between physical and chemical con
ditions, and phototrophic bacterial growth and success in marine and some 
hypersaline habitats. Phototrophic bacteria may be responsible for significant 
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contributions to the primary productivity of those habitats as well as the 
degradation of low molecular weight substances, especially near the oxic
anoxic interface in the dark. In Big Soda Lake, Nevada, purple sulfur bacteria 
(identified as Thiocapsa) were responsible for 25% of the primary productivity 
(Priscu et a1., 1982). During stratification in Solar Lake, Sinai, the photosyn
thetic uptake of 14C02 by the bacterial plate at 2.0-2.5 m depth was calculated 
by Cohen et a1. (1977) to be as high as 2.80-3.10 g Com- 3o d- l • High con
centrations of Chromatium violescens (up to 106 cellsoml- I) and Prosthecochloris 
(up to 2 X 106 cellsoml- I) were found in the water column. These bacteria 
were not characterized in culture. Near the benthos in the anaerobic hypo
limnion, the populations of phototrophic bacteria and cyanobacteria were 
mixed. Photosynthetic uptake in the 4.0-4.5 m depth zone during stratification 
was similar to that in the metalimnion (2.50-3.20 g Com- 3od- 1). Mixed pop
ulations of oxygenic photoautotrophs (including Dunaliella) and phototrophic 
bacteria were noted in shallow solar saltern ponds of 10-18% salinity. In a 
plankton sample of about 13% salinity taken in the summer, 46 ~gol-l bac
teriochlorophyll a was found mixed with nearly 200 ~gol-I chlorophyll a 
(Javor, 1983). 

The morphologic, metabolic, and taxonomic diversity of halotolerant and 
halophilic phototrophic bacteria has only been partially explored. Purple sul
fur bacteria have often been noted in marine hypersaline sediments and mi
crobial mats beneath a layer of cyanobacteria, but they have rarely been 
cultured. The competition for sulfide by Chromatium and the colorless sulfur 
bacterium Beggiatoa in the benthic microbial mats of a saltern was described 
(Jorgensen and Des Marais, 1986). Novel, filamentous purple bacteria have 
also been found in those mats (D'Amelio et a1., 1987). The possession of 
distinct pigments and possibly unusual compatible solutes make phototrophic 
bacteria good potential candidates as biogenic markers in studies of the or
ganogeochemistry of evaporite habitats. Hypersaline enrichments (15% sal
inity) from microbial mats of an Israeli saltern produced mixed populations 
of phototrophic bacteria (Javor, unpublished data). Some peaks in the in vivo 
absorption spectra of the enrichments corresponded to bacteriochlorophylls 
a and c, as well as e (712 nm) and an unknown pigment (776 nm). These 
novel phototrophs, as well as those described by D' Amelio et a1. (1987), await 
isolation in pure culture. Enrichments and isolation of salt-tolerant and hal
ophilic phototrophic bacteria from a variety of evaporite habitats should dem
onstrate that halophilism can be found among all the major groups, and 
perhaps even among novel groups, of these microorganisms. 
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Cyanobacteria 

Cyanobacteria (blue-green algae) constitute a separate group of phototrophic 
eubacteria. They are distinct from the other groups of phototrophic procar
yotes by certain aspects of their cell organization as well as by their synthesis 
of chlorophyll a and phycobilin pigments which are used for oxygenic pho
tosynthesis. In addition, some cyanobacteria can perform anoxygenic pho
tosynthesis. There is greater morphological diversity among the cyanobacteria 
than among many other groups of bacteria. Several taxonomic surveys of 
cyanobacteria from hypersaline environments have been published and are 
compiled in this volume. The physiology and biochemistry of several isolated 
species of halophilic cyanobacteria are discussed below. Studies of the primary 
productivity of halophilic cyanobacteria in their natural habitats are presented 
in Chapters 12-20. 

8.1 Distribution 

Cyanobacteria are common inhabitants of extremely hypersaline habitats, 
both those of permanently high salinity and those in which evaporation
dilution cycles cause broad fluctuations in salinity. In a survey of microbial 
mats of hypersaline pools of the Sinai, Potts (1980) noted that coccoid and 
other non-filamentous cyanobacteria dominated the pool peripheries. The 
coccoid genera Entophysalis and Pleurocapsa were found in association with 
gypsum crusts. In the central regions of the pools, filamentous forms domi
nated, including Oscillatoria and Microcoleus. In total, 41 species of cyano
bacteria were recorded from the hypersaline coastal pools, including 24 spe
cies in Solar Lake and 13 species from Ras Mohammed pool. 

134 
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Both the Pleurocapsa mats and the Microcoleus mats in a sabkha envi
ronment had nearly equivalent chlorophyll a contents (46 and 55 ILg'cm-3, 

respectively) (Potts, 1980; Gerdes et a1., 1985a). The pheophytin content was 
only about 1 % of the total chlorophyll a (Potts, 1980). In contrast, a Solar 
Lake mat contained 260 ILg'cm- 3 chlorophyll a, of which 50% of the pigment 
was pheophytin. 

The taxonomy and distribution of cyanobacteria in Gavish Sabkha were 
detailed by Erlich and Dor (1985) and Gerdes et al. (1985). Three different 
mat types with distinct assemblages were recognized: compact, laminated 
mats; soft, floccose mats; and thin, slimy mats. Cyanobacteria dominated the 
biomass of the environment in salinities greater than 10%. Eleven species 
were commonly found in 2':9-13.5% salinity by Erlich and Dor. Only two 
species were found in salinities of 25-33% (Aphanothece halophytica and Schi
zothrix arenaria) (Table 8.1). Their catalog of figures of the cyanobacteria from 
the Gavish Sabkha should be useful for recognizing and comparing cyano
bacteria from other hypersaline habitats. 

The cyanobacterial mats of Solar Lake are of several different types, 
reflecting their depth distribution in the pond and their species composition 
(Krumbein et al., 1977; J0rgensen et al., 1983). These include flat mats in 

Table 8.1 Salinity distribution of cyanobacteria in some hypersaline habitats' 

Salinity, % 
Species 9-13.5 15-17.5 18-20.5 25-33 Reference" 

Aphanothece halophytica + ++ +++ ++ 1, 2 
A. stagnina + + +++ 2 
Aphanocapsa marina ++ +++ ++ 2 
Chroococcus minor + + ++ 2 
Chroococcus sp. + + 2 
Dactylococcopsis salina + 6 
Entophysalis granulosa ++ + 2 
Gloeocapsa polydermica + 2 
Gloeothece confluens + 2 
Gomphosphaeria aponina + + + 2 
Lyngbya, 3 spp. + 2 
Microcoleus chthonoplastes + + + 2,3,4 
Oseil/atoria limnetiea + + 5 
O. salina + + 5 
O. nigro-viridis + 2 
O. tenuis + + 2 
Phormidium sp. + 1 
Pleuroeapsa fuliginosa ++ ++ +++ 2 
Schizothrix arenaria + ++ + ++ 2 
S. ealcicola +++ ++ +++ 2 
S. nasri + + + 2 
Spirulina subsalsa +++ ++ ++ 2 
S. labyrinthiformis +++ + 2 

"Indicated by relative abundance; + + + = most abundant. 
"References: (1) Brock (1976); (2) Erlich and Dar (1985); (3) Javor (1983); (4) Jorgensen et al. (1983); 
(5) Krumbein et al. (1977); (6) Walsby et al. (1983). 
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shallow water, pinnacle or blister mats on the upper slope, gelatinous mats 
at the thermocline, films on the lower slope, and floccose mats at the bottom. 
The cyanobacteria of the shallow mat consist of many of the species listed 
in Table 8.1, including representatives of both coccoid (Aphanothece, Apha
nocapsa, and Entophysalis) and filamentous (Microcoleus, Oscillatoria, Phor
midium, and Spirulina) forms. The cyanobacteria of the pinnacle mat consist 
of coccoid strains while the cyanobacterial community of the bottom floccose 
zone consists of Oscillatoria limnetica and O. salina. Seasonal variation in the 
mat composition was noted. The salinity of Solar Lake varies from 6.8% to 
about 18% throughout the year. The photic zone of each mat reflects its 
composition and compactness, ranging from 0.8 mm in the shallow mat to 
10 mm in the gelatinous mat. The composition of each mat on a millimeter
scale was given by J0rgensen et al. (1983). The productivity of these mats is 
described in Chapter 14. 

A halophilic cyanobacterium from Solar Lake, Dactylococcopsis salina, 
was also described (Walsby et al., 1983, van Rijn and Cohen, 1983). It grows 
in the plankton at 1-4 m depth during lake stratification. In culture it can 
grow in salinities of 5-20% and at temperatures up to 45°C. Its optimal salinity 
is 7.5-15% and it survives 3% salinity but without growth. Experiments with 
brine shrimp from the Solar Lake showed that D. salina populations were 
effectively grazed by adult brine shrimp. This species is unique to Solar Lake 
(Potts, 1980). 

The cyanobacterial population of the Great Salt Lake, Utah, is largely 
confined to the more dilute sections of the South Arm with the exception of 
Aphanotheee halophytiea and a species of Phormidium or Oseillatoria (Brock, 
1976; Post, 1977, 1981; Felix and Rushforth, 1979). A. halophytiea is always 
found in biostromes (microbial mats) or benthic communities, and never in 
the plankton. 

The cyanobacterial species composition of solar salterns has not been 
well documented. Davis (1978) identified coccoid (Anaeystis spp., Aphanotheee 
halophytiea [Coeeochloris elabensj, Entophysalis) and filamentous (Oscillatoria, 
Sehizothrix, Spirulina, and Porphyrosiphon) forms, but their distributions with 
respect to salinity were not given in detail. Other identified cyanobacteria 
include coccoid species similar to Aphanocapsa or Coelospherium, Daetyloeoe
eopsis or Syneehoeoeeus, and Xenoeoeeus (Golubic, 1980) as well as filamentous 
species Mieroeoleus ehthonoplastes and Phormidium sp. (Javor, 1983; J0rgensen 
and Des Marais, 1986). 

Other references to cyanobacteria actually growing in high salinities are 
not well detailed. Bauld (1981) gave a list of cyanobacteria in microbial mats 
in saline lakes and the maximum salinity of those lakes. This documentation 
does not take into consideration whether the microorganisms actually are 
thriving in the more dilute epilimnion or only during periods of lower salinity 
of the lakes. These considerations are particularly notable in the Antarctic 
lake environments. Imhoff et al. (1978, 1979) also noted cyanobacteria in 
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hypersaline (up to nE~ar1y 40% salinity), alkaline lakes. No details of their 
taxonomy or physiology were given besides the notation of a Synechococcus 
from an enrichment of Lake Hamra (23.8% TDS). It grew optimally in 10-
20% salt and tolerated 5-30% salt. It could grow anoxigenically. 

Spirulina platensis forms exceptionally dense blooms in some saline, al
kaline lakes such as the African soda lakes. However, the total salinity of 
such lakes may not exceed by much that of marine seawater. For example, 
Lake Bogoria, with a conductivity of 72 mmho'cm- 1 (Melack, 1981), probably 
has a salinity corresponding to approximately 0.9-1.0 M NaCl or Na2C03 

(see Figure 1.2). Other Spirulina-rich lakes of Kenya had even lower con
ductivities. 

8.2 Taxonomy 

The proper taxonomy of cyanobacteria is more than just a trivial pursuit. 
Unlike other bacteria, cyanobacterial identification cannot be confirmed by a 
simple battery of biochemical and growth tests. Taxonomic keys by different 
authors sometimes give different names for morphologically similar cyano
bacteria. The morphology of cyanobacteria can be altered by environmental 
conditions. For example, Gerdes et al. (1985) isolated numerous halotolerant 
cyanobacteria from the Gavish Sabkha. Although details with respect to most 
of the isolates were not given, the following general features were reported. 
Some strains grew in artificial seawater medium in 23% salinity. Increased 
salinity resulted in the increase of cell dimensions and increase in slime pro
duction. One strain of Synechococcus (possibly Aphanothece or Aphanocapsa) 
increased in diameter from 6 ~m to 15 ~m when transferred from low-salt to 
high-salt medium. It was noted that it even changed to filamentous growth 
forms in high salt, suggesting that cell division is inhibited. Although many 
strains were halotolerant, they tended to grow better in more dilute salinities. 

Some of the problems of taxonomy of halophilic and halotolerant cy
anobacteria are described by Brock (1976) and Golubic (1980). Aphanothece 
halophytica has also been called Aphanocapsa, Coccochloris elabens, Stichococ
cus, and possibly Synechococcus. Morphologically distinct forms co-exist in 
hypersaline habitats. Only a detailed description of their physiological, bio
chemical, and ecological attributes could provide a basis for determining their 
species or strain assignments. The following brief description summarizes 
some of the easily detectable differences between common coccoid cyano
bacteria of hypersaline habitats (Golubic, 1980): Aphanothece, Synechococcus, 
and Gloeothece are usually rod-shaped single cells that divide in a single plane. 
Aphanothece grows embedded in an amorphous mucilage while Synechococcus 
does not. J0rgensen et al. (1983) noted that an isolate of Aphanothece from 
Solar Lake only produced slime capsules under conditions of low phosphate 
but not in the presence of high phosphate concentrations. Xenococcus also 
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produces a mucilaginous sheath. Aphanocapsa, Synechocystis, and Gloeocapsa 
are usually spherical cells that divide in two or three planes. Dactylococcopsis 
is a long, spindle-shaped cell that divides transversely. 

Taxonomy of filamentous forms of the Oscillatoriaceae (possibly the only 
family of filamentous cyanobacteria found in extremely hypersaline habitats) 
also can be problematic. The filamentous forms are typically unsheathed (Os
cillatoria, Schizothrix, and Spirulina) or sheathed (LPP forms: Lyngbya-Phor
midium-Plectonema). Microcoleus chthonoplastes is encased in a multiple-fila
ment sheath. However, individual trichomes can glide out of the sheath and 
be mistaken for Oscillatoria or Schizothrix under the microscope. The most 
distinctive member of the group is Spirulina, which grows as a corkscrew
shaped filament. 

Members of the heterocyst-producing Nostocales are largely absent from 
environments that remain continuously, extremely hypersaline. Calothrix mats 
cover large areas of somewhat hypersaline but periodically inundated salt 
marshes Oavor and Castenholz, 1984). Hammer et al. (1983) noted the pres
ence of Nodularia spumigena and Anabaena wisconsinense in hypersaline lakes 
of Saskatchewan. 

The heterocyst is a specialized cell involved in Nz fixation. Nz fixation 
(nitrogenase activity) has been detected in hypersaline habitats, but the sal
inities were not reported (Potts, 1980). It is unknown whether the lack of 
nostocalean cyanobacteria in these environments reflects the lack of halophilic 
species or whether such habitats are not typically N-limited. 

8.3 Aphanothece halophytica 

More is known about Aphanothece halophytica than about any other halophilic 
cyanobacterium. Because it grows in a mucilaginous coat that also encourages 
bacterial growth (Figure 8.1), it is difficult to isolate axenic cultures. Yopp et 
al. (1978a) used a variety of techniques to obtain pure cultures: temperature 
elevation and antibiotics to inhibit eucaryotes, and osmotic shock, antibiotics, 
density gradients, and ultraviolet radiation to rid the cells of other bacteria. 

A. halophytica has been isolated from a variety of environments, including 
the Great Salt Lake, solar salterns, and Solar Lake (Figure 8.2). Its responses 
to salt depend on its source. Brock (1976) found that an isolate from the Great 
Salt Lake could grow slowly in medium saturated with NaCl (about 30% 
salinity), but grew optimally in about 16-23% salinity. Isolates from solar salt 
ponds grew optimally in 5.8-11.6% salinity (Yopp et aI., 1978a) or in 5-15% 
(Kao et aI., 1973). They grew slowly in 25-30% salinity. Yopp et al. (1978a) 
observed that cells grown in 1-2 M NaCl were cocccoid, bicellular, and small. 
In 4 M NaCl, cells were elongated, cylindrical, often bicellular, and larger. 
In saturated NaCl, cells were elongated, in short filaments, and large. The 
isolate from Solar Lake showed fastest growth in medium prepared from 
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Figure 8.1 Aphanothece halophytica in mucilaginous packets. Phase contrast. From a 
microbial mat in the Exportadora de Sal saltern (Mexico). Cells are about 2-4 1Lm wide. 

ocean seawater or seawater plus 5% NaCl (Cohen, 1975). It grew moderately 
well in Solar Lake salinities (15-18% salinity) at 15°C but not at 35°C. It 
grew well in seawater plus 5% NaCl at 35°C but not at 50°C. The temperature 
of the bottom of Solar Lake reaches 60.5°C during stratification. This strain 
was also described as motile and gas-vacuolated (Simon, 1981), features that 
have not been noted in the more halophilic isolates. 

A. halophytica isolated from the Leslie salt ponds (San Francisco Bay, 
California, U.S.A.) has been well characterized. It grows optimally at 43°C, 
with increasing generation times as salinity is raised from 2 M to 4 M NaCl 
(Tindall et al., 1978). The cells do not grow below pH 6, and pH values above 
8 are inhibitory. The cells can use N03 -, N02 -, NH4 +, or urea as sole nitrogen 
sources, but not glycine. They cannot grow as photoheterotrophs using gly
cerol, glucose, or sucrose. Photoinhibition was detected at light intensities 
>5000 lux. Sensitivity to antibiotics is similar to that of other Chroococcales 
(Yopp et al., 1979). 

The protein composition of the cells varies with age and salinity (Tindall 
et al., 1977). In 1 M NaCl, protein content increased from 64% to 76% of 
the dry weight during the growth cycle. This is the highest value ever recorded 
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Figure 8.2 Photomicrograph of a pure culture of Aphanothece halophytica isolated 
from Great Salt Lake. Nomarski interference microscopy. (From Brock, 1976.) 

for a cyanobacterium. In 2 M NaCl, protein content increased from 57% to 
72% during growth, but in 3 M NaCl it decreased from 60% to 43% during 
the growth cycle. The composition of the bulk protein showed a dominance 
of acidic over basic amino acids (ratio = 2.3-2.6). The pigment c-phycocyanin 
had an acidic:basic amino acid ratio of 3.06, which was significantly higher 
than that of Coccochloris elabens (1.74). and a freshwater species (1.68). Kao 
et al. (1973) also found an excess of acidic amino acids in c-phycocyanin in 
a halophilic isolate they described as C. elabens. 

A. halophytica isolated by Yopp et al. (1978a) is a true halophile. It lyses 
in distilled water. Neither KCI, LiCl, CsCI, nor glycerol can replace its re
quirement for NaCl. When the cells are transferred from low to high salt they 
deplasmolyze. Yopp et al. (1978b) found that intracellular water potential was 
adjusted primarily by the accumulation of K+, although carbohydrates, po
lyols, and amino acids increased two- to four-fold during osmotic adjustment 
to higher salt. However, enzymes were inhibited by high salts but not by 
glycerol. Miller et al. (1976) determined that intracellular concentrations of 
K+ were as high as 1 M and that they varied directly with salinity. Intracellular 
Na+ content was low (about 0.38 mmoles'g- l dry weight). 

Other data on osmotic relations of cyanobacteria contrast with those of 
Miller et al. (1976) and Yopp et al. (1978b). Halophilic or halotolerant cy
anobacteria have been found to produce quaternary ammonium compounds 
(glycine betaine or glutamate betaine) in combination with one or more sugars 
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(sucrose, trehalose, glucose, or fructose) as primary osmolytes. Marine strains 
(those incapable of growth in 2:11% salinity) produce glucosylglycerol as 
their primary osmolyte (Mackay et al., 1983, 1984). In a study of four cy
anobacteria from hypersaline habitats (A. halophytica, C. elabens, Dactylococ
copsis salina, and Synechococcus DUN 52), Reed et al. (1984) found the internal 
K+ concentration was not high (80-320 mmol'dm- 3 cell volume) and only 
showed minor changes with external salinity. Intracellular carbohydrate con
centrations were also low. Glycine betaine showed the greatest change with 
salinity and the greatest concentration (up to 1.64 mol'dm-3 cell volume). 
The accumulation of betaine glycine as the major osmolyte was also confirmed 
in A. halophytica from two Australian hypersaline habitats and in halophilic 
strains of Synechococcus (Mohammad et al., 1983; Mackay et al., 1983, 1984). 
Glycine betaine reduced the inhibitory effects of NaCl in an assay for glu
tamine synthase activity in halophilic Synechococcus DUN 52 (Warr et al., 
1984). 

At least one protein in A. halophytica requires salt or a compatible solute 
to maintain its structure. The multi-unit enzyme, D-ribulose l,5-bisphosphate 
carboxylase, requires 250 mM NaCl, 300 mM KCl, or polyols to retain its 16 
subunits intact (Codd et al., 1979; Asami et al., 1983, Incharden Sakdi et al., 
1985). 

Reports of an oxygenic photosynthesis by Oscillatoria limnetica from Solar 
Lake (see below and Cohen et al., 1975a, 1975b) were later followed by reports 
of similar activity by other Solar Lake isolates, including A. halophytica (Gar
lick et al., 1977; Oren et al., 1979; Cohen, 1984; Cohen et al., 1986; J0rgensen 
et al., 1986). Other halophilic species capable of this mode of photosynthesis, 
which uses S2- instead of H20 as a source of electrons, include O. salina, 
Microcoleus chthonoplastes, Oscillatoria from Bardawil Lagoon (Sinai), and 
Phormidium from Wadi Natrun and Mexico. Both A. halophytica and o. lim
netica also can use H2 as an electron donor for photosynthesis (Belkin and 
Padan, 1978). There have been no published reports of anoxygenic photo
synthesis in A. halophytica from hypersaline environments besides Solar Lake. 
Dactylococcopsis salina, which stays in the oxygenated region of Solar Lake, 
is incapable of anoxygenic photosynthesis (Walsby et al., 1983; Cohen et al., 
1986). 

The fatty acid composition of A. halophytica has been investigated in both 
the saltern strain of Yopp et al. (1978a) and the Solar Lake strain. When the 
strain of Yopp et al. was grown in 2 M NaCl, the fatty acids were predom
inantly C160 and C181 • (Colclasure et al., 1974). An increase in salinity influ
enced the ratios of saturated-monounsaturated-polyunsaturated acids, but de
tails were not given. The major fatty acids of the polar lipids of the Solar 
Lake isolates grown in 2 X seawater salinity were C160 (41 %), C16•1 (29%), 
C181 (15%), C162 (11 %), and minor amounts of C14 and other C18 fatty acids 
(Oren et al., 1985). The presence of significant C162 fatty acids in A. halophytica 
is unique among halophilic cyanobacteria. Other cyanobacteria surveyed by 
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Oren et al. (1985), including O. limnetica, Microcoleus, Phormidium from Wadi 
Natrun, and Spirulina platensis (not a true halophile), synthesized very little 
C I62 fatty acids (4% of the total fatty acids). 

8.4 Oscillatoria limnetica 

Another halophilic cyanobacterium that has been investigated in detail is 
Oscillatoria limnetica of Solar Lake. It grows well in medium made with Solar 
Lake water or in seawater plus 5% NaCl, but a precise salinity optimum has 
not been described (Cohen, 1975). It grows well at 35°C and moderately well 
at 50°C. Fair growth was measured at 26°C and no growth was detected at 
15°C. The high temperature tolerance reflects the temperatures it encounters 
in the hypolimnion of Solar Lake. 

The ability of O. limnetica to grow by facultative an oxygenic photosyn
thesis and to switch between oxygenic and an oxygenic modes has been well 
documented (Cohen et al., 1975a, 1975b, 1986; Garlick et al., 1977; Oren et 
al., 1977; Belkin and Padan, 1978; Cohen, 1984). This ability allows O. lim
netica to take advantage of S2- or H2 that emanates from decomposition 
processes below the mat surface, and that is trapped in the stratified bottom 
water and mats of habitats such as Solar Lake. The photosynthetic oxidation 
of sulfide leads to the accumulation of extracellular elemental sulfur. O. lim
netica has also been found in microbial mats of a solar saltern in Mexico 
(Cohen et al., 1986). 

In the dark under anaerobic conditions, O. limnetica can ferment poly
glucose to lactate in the absence of sulfur (Oren and Shilo, 1979). In the 
presence of elemental sulfur, anaerobic respiration of reserve polyglucose 
occurs, which results in the reduction of So to sulfide. Externally added glucose 
does not stimulate the reaction nor does thiosulfate or sulfate. Neither the 
fermentation nor sulfur respiration supports growth in the dark. These modes 
of anaerobic heterotrophy involving the breakdown of endogenous substrates 
are apparently associated with cell maintenance. Similar dark metabolism has 
not been reported in A. halophytica or other salt-tolerant cyanobacteria. 

The fatty acid profile of O. limnetica grown in 2 X seawater medium 
under both aerobic and anaerobic conditions was described by Oren et al. 
(1985). Under aerobic conditions the fatty acids in the polar lipid fraction 
were dominated by C16•0 (43% of total) and C18•1 (36%) fatty acids with lesser 
amounts of C16•1 (16%) and C180 (3%) fatty acids. C14 acids and polyunsaturated 
C16 and C18 acids each constituted <1 % of the total in the polar lipids. Growth 
under anaerobic conditions produced a slight shift to lower amounts of C161 

fatty acid, and a slightly increased content of C160 and C18•1 acids. Unsaturated 
fatty acids constituted about 53% of the fatty acids in the polar lipids under 
aerobic conditions and 51 % of the fatty acids in the polar lipids under an
aerobic conditions. 
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Oscillatoria salina, another halophilic isolate from Solar Lake, grew better 
in Solar Lake water medium (salinity not given) at 35°C than in seawater
based medium at that temperature (Cohen, 1975). In the presence of 0.45-
0.90 mM sulfide, the isolate showed even higher rates of anoxygenic pho
tosynthesis than O. limnetica (Garlick, et al., 1977). 

8.5 Planktonic vs. benthic habitats 

The relationships between cyanobacteria and the hypersaline habitats in which 
they thrive have only been partially described. In particular, the biological 
and chemical differences between planktonic and benthic cyanobacterial com
munities deserves further scrutiny. The author has noted morphologically 
distinct strains of A. halophytica in the plankton than in the benthos of solar 
salterns, both in fresh material and in enrichments in similar media. The strain 
from mats produced much more muciliage. Fattom et al. (1984) described the 
hydrophobic nature of mat-forming cyanobacteria (including A. halophytica 
and O. limnetica). This attribute allows the cells to adhere to surfaces or 
microbial mats. A planktonic cyanobacterium was shown to be hydrophilic. 

The noted correlations between growth in low phosphate and mucilage 
excretion by A. halophytica and the dominance of microbial mats rather than 
plankton in phosphate-limited solar salterns (see Chapter 13) are evidence 
that phosphate availability is a determinant of plankton vs. benthic com
munity development. Nitrogenase activity has also been found in hypersaline 
microbial mats, suggesting that this community might be important for fixing 
N2 in hypersaline ponds and lakes. Microbial mats have sometimes fossilized 
as distinct stromatolitic sediments which remain as tell-tale signs of cyano
bacterial mat communities. Based on such evidence, it can be concluded that 
nutrient availability has probably played an important role in determining 
the type of organic matter that has been generated and preserved in both 
recent and ancient hypersaline sediments. 

References 

Asami, 5., Takabe, T., Akazawa, T., and Codd, G.A. 1983. Ribulose 1,5-bisphosphate 
carboxylase from the halophilic cyanobacterium Aphanothece halophytica. Archives 
of Biochemistry and Biophysics 225: 713-721. 

Bauld, J. 1981. Occurrence of microbial mats in saline lakes. Hydrobiologia 81: 87-111. 
Belkin, S. and Padan, E. 1978. Hydrogen metabolism in the facultative anoxygenic 

cyanobacteria (blue-green algae) Oscillatoria limnetica and Aphanothece halophytica. 
Archives of Microbiology 116: 109-111. 

Brock, T.O. 1976. Halophilic blue-green algae. Archives of Microbiology 107: 109-111. 
Codd, G.A., Cook, C.M., and Stewart, W.O.P. 1979. Purification and subunit structure 

of D-ribulose 1,5-bisphosphate carboxylase from the cyanobacterium Aphanothece 
halophytica. FEMS Microbiology Letters 6: 81-86. 



144 Chapter 8 Cyanobacteria 

Cohen, Y. 1975. Dynamics of Procaryotic Photosynthetic Communities of the Solar Lake, 
pp. 99-104. Ph.D. Thesis. Hebrew University of Jerusalem. 

Cohen, Y. 1984. The Solar Lake cyanobacterial mats: strategies of photosynthetic life 
under sulfide, pp. 133-148 in Cohen, Y., Castenholz, R.W. and Halvorson, H.O. 
(editors), Microbial Mats: Stromatolites, MBL Lectures in Biology, vol. 3, Alan R 
Liss, New York. 

Cohen, Y., Padan, E., and Shilo, M. 1975a. Facultative anoxygenic photosynthesis in 
the cyanobacterium Oscil/atoria limnetica. Journal of Bacteriology 123: 855-861. 

Cohen, Y., Jorgensen, B.B., Padan, E., and Shilo, M. 1975b. Sulfide dependent an
oxygenic photosynthesis in the cyanobacterium Oscillatoria limnetica. Nature (Lon
don) 257: 489-492. 

Cohen, Y., Jorgensen, B.B., Revsbech, N.P., and Poplawski, R. 1986. Adaptation to 
hydrogen sulfide of oxygenic and anoxygenic photosynthesis among cyanobacteria. 
Applied and Environmental Microbiology 51: 398-407. 

Colclasure, G.c., Yopp, J.H., and Tindall, D.R. 1974. Characterization of the fatty 
acids of the obligately halophilic blue-green alga, Aphanothece halophytica. American 
Journal of Botany (Supplement) 61: 21-22. 

Davis, J.S. 1978. Biological communities of a nutrient enriched salina. Aquatic Botany 
4: 23-42. 

Erlich, A. and Dor, I. 1985. Photosynthetic microorganisms of the Gavish Sabkha, 
pp. 296-321 in Friedman, G.M. and Krumbein, W.E. (editors), Hypersaline Ecosys
tems. The Gavish Sabkha. Ecological Studies 53, Springer-Verlag, New York. 

Fattom, A. and Shilo, M. 1984. Hydrophobicity as an adhesion mechanism of benthic 
cyanobacteria. Applied and Environmental Microbiology 47: 135-143. 

Felix, E.A. and Rushforth, S.R. 1979. The algal flora of the Great Salt Lake, Utah, 
U.s.A. Nova Hedwigia 31: 163-194. 

Garlick, S., Oren, A., and Padan, E. 1977. Occurrence of facultative anoxygenic pho
tosynthesis among filamentous and unicellular cyanobacteria. Journal of Bacteriology 
129: 623-629. 

Gerdes, G., Krumbein, W.E., and Holtkamp, E. 1985. Salinity and water activity 
related zonation of microbial communities and potential stromatolites of the Gavish 
Sabkha, pp. 238-266 in Friedman, G.M. and Krumbein, W.E. (editors), Hypersaline 
Ecosystems. The Gavish Sabkha, Ecological Studies 53, Springer-Verlag, New York. 

Golubic, S. 1980. Halophily and halotolerance in cyanophytes. Origins of Life 10: 169-
183. 

Hammer, U.T., Shamess, J. and Haynes, R.C. 1983. The distribution and abundance 
of algae in saline lakes of Saskatchewan, Canada. Hydrobiologia 105: 1-26. 

Imhoff, J.F., Hashwa, F., and Triiper, H.G. 1978. Isolation of extremely halophilic 
phototrophic bacteria from the alkaline Wadi Natrun, Egypt. Archiv fiir Hydrobiol
ogie 84: 381-388. 

Imhoff, J.F., Sahl, H.G., Soliman, G.S.H., and Triiper, H.G. 1979. The Wadi Natrun: 
chemical composition and microbial mass developments in alkaline brines of eu
trophic desert lakes. Geomicrobiology Journal 1: 219-234. 

Incharden Sakdi, A., Takabe, T., and Akazawa, T. 1985. Factors affecting the dis
sociation and reconstitution of ribulose-l,5-bisphosphate carboxylase/oxygenase 
from Aphanothece halophytica. Archives of Biochemistry and Biophysics 237: 445-453. 

Javor, B.J. 1983. Planktonic standing crop and nutrients in a saltern ecosystem. Lim
nology and Oceanography 28: 153-159. 

Javor, B.J. and Castenholz, R.W. 1984. Productivity studies of microbial mats, Laguna 
Guerrero Negro, Mexico, pp. 149-170 in Cohen, Y., Castenholz, RW. and Hal
vorson, H.O. (editors), Microbial Mats: Stromatolites, MBL Lectures in Biology, vol. 
3, Alan R Liss, New York. 

Jorgensen, B.B., Revsbech, N.r., and Cohen, Y. 1983. Photosynthesis and structure 



References 145 

of benthic microbial mats: microelectrode and SEM studies of four cyanobacterial 
communities. Limnology and Oceanography 28: 1075-1093. 

Jorgensen, B.B. and Des Marais, D.J. 1986. Competition for sulfide among colorless 
and purple sulfur bacteria in cyanobacterial mats. FEMS Microbiology Ecology 38: 
179-186. 

Jorgensen, B.B., Cohen, Y., and Revsbech, N.P. 1986. Transition from anoxygenic to 
oxygenic photosynthesis in a Microcoleus chthonoplastes cyanobacterial mat. Applied 
and Environmental Microbiology 51: 408-417. 

Kao, O.H.W., Berns, D.S., and Town, W.R. 1973. The characterization of c-phyco
cyanin from an extremely halo-tolerant blue-green alga, Cocchloris elabens. Bio
chemical Journal 131: 39-50. 

Krumbein, W.E., Cohen, Y., and Shilo, M. 1977. Solar Lake (Sinai). 4. Stromatolitic 
cyanobacterial mats. Limnology and Oceanography 22: 635-656. 

Mackay, M.A., Norton, R.S., and Borowitzka, L.J. 1983. Marine blue-green algae have 
a unique osmoregulatory system. Marine Biology 73: 301-307. 

Mackay, M.A., Norton, R.S., and Borowitzka, L.J. 1984. Organic osmoregulatory 
solutes in cyanobacteria. Journal of General Microbiology 130: 2177-2191. 

Melack, J.M. 1981. Photosynthetic activity of phytoplankton in tropical African soda 
lakes. Hydrobiologia 81:71-85. 

Miller, D.M., Jones, J.H., Yopp, J.H., Tindall, D.R., and Schmid, W.E. 1976. Ion 
metabolism in a halophilic blue-green alga, Aphanothece halophytica. Archives of 
Microbiology 111: 145-149. 

Mohammad, F.A.A., Reed, R.H., and Stewart, W.D.P. 1983. The halophilic cyano
bacterium Synechocystis DUN 52 and its osmotic responses. FEMS Microbiology Let
ters 16: 287-290. 

Oren, A., Padan, E., and Avron, M.1977. Quantum yields for oxygenic and anoxygenic 
photosynthesis in the cyanobacterium Oscil/atoria limnetica. Proceedings of the Na
tional Academy of Science U.S.A. 74: 2152-2156. 

Oren, A. and Shilo, M. 1979. Anaerobic heterotrophic dark metabolism in the cy
anobacterium Oscil/atoria limnetica: sulfur respiration and lactate fermentation. Ar
chives of Microbiology 122: 77-84. 

Oren, A., Padan, E., and Malkin, S. 1979. Sulfide inhibition of photosystem II in 
cyanobacteria (blue-green algae) and tobacco chloroplasts. Biochimica et Biophysica 
Acta 546: 270-279. 

Oren, A., Fattom, A., Padan, E., and Tietz, A. 1985. Unsaturated fatty acid composition 
and biosynthesis in Oscil/atoria limnetica and other cyanobacteria. Archives of Mi
crobiology 141: 138-142. 

Post, F.J. 1977. The microbial ecology of the Great Salt Lake. Microbial Ecology 3: 143-
165. 

Post, F.J. 1981. Microbiology of the Great Salt Lake North Arm. Hydrobiologia 81: 59-
69. 

Potts, M. 1980. Blue-green algae (Cyanophyta) in marine coastal environments of the 
Sinai peninsula; distribution, zonation, stratification and taxonomic diversity. Phy
cologia 19: 60-73. 

Reed, R.H., Richardson, D.L., Warr, S.R.C., and Stewart, W.D.P. 1984. Carbohydrate 
accumulation and osmotic stress in cyanobacteria. Journal of General Microbiology 
130: 1-4. 

Simon, R.D. 1981. Gliding motility in Aphanothece halophytica: analysis of wall protein 
in mot mutants. Journal of Bacteriology 148: 315-321. 

Tindall, D.R., Yopp, J.H., Schmid, W.E., and Miller, D.M. 1977. Protein and amino 
acid composition of the obligate halophile Aphanothece halophytica (Cyanophyta). 
Journal of Phycology 13: 127-133. 

Tindall, J.H., Miller, D.M., and Schmid, W.E. 1978. Physico-chemical parameters 



146 Chapter 8 Cyanobacteria 

governing the growth of Aphanothece halophytica (Chroococcales) in hypersaline 
media. Phycologia 17: 179-185. 

van Rijn, J. and Cohen, Y. 1983. Ecophysiology of the cyanobacterium Dactylococcopsis 
salina: effects of light intensity, sulphide and temperature. Journal of General Mi
crobiology 129: 1849-1856. 

Walsby, A.E., van Rijn, J., and Cohen, Y. 1983. The biology of a new gas-vacuolate 
cyanobacterium, Dactylococcopsis salina sp. nov., in Solar Lake. Proceedings of the 
Royal Society of London B 217: 417-447. 

Warr, S.R.C., Reed, R.H., and Stewart, W.O.P. 1984. Osmotic adjustment of cyano
bacteria: the effects of NaCl, KCl, sucrose and glycine betaine on glutamine syn
thetase activity in a marine and a halotolerant strain. Journal of General Microbiology 
130: 2169-2175. 

Yopp, J.H., Tindall, O.R., Miller, O.M., and Schmid W.E.1978a. Isolation, purification 
and evidence for a halophilic nature of the blue-green alga Aphanothece halophytica 
Fremy (Chroococcales). Phycologia 17: 172-178. 

Yopp, J.H., Miller, O.M., and Tindall, O.R. 1978. Regulation of intracellular water 
potential in the halophilic blue-green alga Aphanothece halophytica (Chroococcales), 
pp. 619-624 in Caplan, S.R. and Ginzburg, M. (editors), Energy and Structure of 
Halophilic Microorganisms, Development in Halophilic Microorganisms, vol. 1, EI
sevier-North-Holland Biomedical Press, New York. 

Yopp, J.H., Albright, G., and Miller, O.M. 1979. Effects of antibiotics and ultraviolet 
radiation on the halophilic blue-green alga, Aphanothece halophytica. Botanica Mar
ina 22: 267-272. 



9 

Dunaliella and Other 
Halophilic, Eucaryotic Algae 

Dunaliella is the best known and possibly the most ubiquitous eucaryotic 
microorganism in hypersaline environments. It is a green alga that often 
assumes an orange coloration due to the synthesis of f3-carotene in strong 
brines. It is an obligately phototrophic, oxygenic, aerobic, unicellular organism 
that does not tolerate the stagnating, anaerobic conditions that are often as
sociated with hypersaline brines. Dunaliella is primarily found in the plankton, 
not in benthic communities and never in microbial mats. As primary pro
ducers, Dunaliella may introduce new organic matter into brines up to NaCl 
saturation. 

The following discussion highlights the growth conditions tolerated by 
Dunaliella and lesser known halotolerant algae, their mechanisms of osmo
regulation, and their lipid compositions. In spite of the detailed knowledge 
of the physiology and biochemistry of Dunaliella, there remain questions 
concerning the inability of other salt-tolerant eucaryotic algae to dominate 
the primary productivity of hypersaline habitats, and the exact environmental 
conditions that promote Dunaliella vs. cyanobacterial development in salin
ities up to gypsum saturation. 

9.1 Dunaliella 

The best known halo tolerant or halophilic eucaryotic algae are species of the 
genus Dunaliella (a Chlorophyta or green alga), including D. salina, D. viridis, 
D. parva, D. tertiolecta, and D. minuta. D. salina (a large red cell, 11 X 14 ~m) 
and D. viridis (a smaller green cell, 8 X 12 ~m) have been reported from 
numerous hypersaline marine and athalassic environments (Figure 9.1). D. 
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Figure 9.1 Photomicrograph of a pure culture of Dunaliella salina. Courtesy of Mi
crobio Resources, Inc. 

parva is the only species of Dunaliella found in the Dead Sea. Vegetative cells 
of Dunaliella are ellipsoid, flexible, and lack a cell wall. They have two equal 
flagella (Figure 9.1), a cup-shaped chloroplast, an anterior nucleus, an eyespot, 
and a pyrenoid surrounded by starch grains. Cultures are reported to have 
the smell of violets. 

There is a very large body of literature on Dunaliella of hypersaline 
environments. The literature can be broadly organized into three areas: 1) 
general physiology, ecology, and culture; 2) osmoregulation; and 3) lipid 
composition, with particular references to f1-carotene. The following discus
sion outlines the general characteristics of Dunaliella and other eucaryotic 
algae of hypersaline environments stressing the environmental factors that 
affect their success. More extensive reviews are given by Brown and Borow
itzka (1979), Borowitzka (1981), Ben-Amotz and Avron (1983a), Munns (1983), 
and Borowitzka and Borowitzka (1988). 

Dunaliella has several growth forms: vegetative cells, palmelloid cells, 
aplanospores, and encysted zygotes. Borowitzka (1981) outlined the different 
life stages. Vegetative cells of D. salina can be found in salinities of 4-35%. 
Palmelloid forms (non-motile vegetative cells) can occur when the salinity 
decreases to <1 % and aplanospores (haploid, asexual resting cysts) can occur 
when the salinity decreases below 4%. Sexual reproduction can also occur 
when the salinity decreases. 
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Salts and nutrients The major species of most hypersaline environments, 
D. salina and D. viridis, have different salt optima. D. viridis grows optimally 
in 5.8-8.9% salinity and tolerates up to 23.2% salinity (Borowitzka et al., 
1977; Brown and Borowitzka, 1979). D. salina grows best in 12% salinity and 
tolerates up to 35% (Loeblich, 1972). The higher salt tolerance of D. salina 
accounts for its dominance in the North Arm of the Great Salt Lake, Utah 
(33% TDS) (Post, 1977, 1981). D. viridis dominates the phytoplankton of the 
more dilute South Arm (12% TDS). Brock (1975) found that it was difficult 
to distinguish between the two species in Great Salt Lake enrichment cultures. 
Cultures of presumably both species grew optimally at lower salinities (8-
17%) than those of their environments in the lake. 

The strain of D. tertiolecta studied by Wegmann (1981) tolerated 0.5-
34% NaCl while the isolate used by McLachlan (1960) only grew between 
0.4 and 12% salinity. There is not a specific requirement for NaCl by Dunaliella 
since glucose or glycine can replace NaCl in the culture medium (Ben-Amotz 
and Avron, 1972). 

Both the optimal pH and temperatures depend on the species and the 
source of strains. Halophilic Dunaliella species typically tolerate a pH range 
of 6 to 9 (Baas-Becking, 1931; Gibor, 1956; Loeblich, 1972; Brown and Bo
rowitzka, 1979), although tolerance of pH 11 by D. salina was noted (Borow
itzka and Borowitzka, 1988). Gibor (1956) found that both D. salina and D. 
viridis tolerated a temperature range of 8°-35°C and grew optimally at 14°_ 
30°C. The strain of D. salina used by Loeblich (1972) grew optimally at 27°C 
(20 hr generation time) and incubation of the cells at 18°C caused the gen
eration time to double. The strain used by Van Auken and McNulty (1973) 
tolerated 5 ° -40°C. Brown and Borowitzka (1979) reported that D. viridis grew 
optimally at 37°C, D. salina at 30°C, and D. tertiolecta at 20°C. 

Gibor (1956) found that both D. salina and D. viridis (solar saltern isolates) 
grew much better with N03 - -N than NH4 + -N. Post (1977) noted that D. salina 
from the Great Salt Lake preferred NH4 + -N over N03 - -N. In D. salina, nitrate 
deficiency caused the cells to increase their carotenoid content and turn red 
(Loeblich, 1972). In D. tertiolecta, a change from N03 - to NH4 + caused a shift 
in carbon metabolism to produce more amino acids (Wegmann, 1981). 

D. salina and D. viridis grew optimally in medium with about 0.3 mM 
phosphate and tolerated up to 3.7 mM (Gibor, 1956). Phosphate deficiency 
(0-4 p,M) caused D. salina cells to turn red while 0.02-2 mM phosphate caused 
them to be green (Loeblich, 1972). In the Dead Sea, negligible concentrations 
of phosphate (in combination with very high salinities) caused Dunaliella to 
disappear from the lake (Oren and Shilo, 1982, 1985). 

D. salina prefers CO2 over HC03 - (Loeblich, 1972; Ginzburg and Ginz
burg, 1981) while a smaller, green Dunaliella (probably D. viridis) prefers 
HC03 - (Ginzburg and Ginzburg, 1981). D. salina synthesizes carbonic an
hydrase, the enzyme which converts bicarbonate to CO2 (Loeblich, 1972). It 
was noted that the addition of HC03 - to cultures at high salinity resulted in 
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the growth of cells in the green phase by increasing the content of chlorophyll 
a and decreasing the content of carotenoids. 

Inhibition of carbonic anhydrase with acetazolamide (Diamox) in the 
presence of Tris-HCl buffer reduced the growth rate of D. salina but did not 
affect it in the presence of glycine buffer (Loeblich, 1972). Loeblich suggested 
that the algae may have been able to utilize the carboxyl group from glycine 
for growth. No dark heterotrophic growth was detected on glycerol. Loeblich 
cited an earlier report by Mil'ko (1963) that showed Dunaliella was unable 
to sustain heterotrophic growth on glucose, ethyl acetate, or acetic acid. Gibor 
(1956) found no dark heterotrophic growth by Dunaliella, but showed that 
glucose and other organic substrates stimulated growth in the light of both 
D. salina and D. viridis. 

Both Ca2+ and Mg2+ retard the development of D. viridis, with Caz+ 
being more toxic (Baas-Becking, 1931). Enrichments for D. viridis were suc
cessful in medium containing 0-10 mM Ca2+ and 0-100 mM Mgz+. Mgz+ 
was found to detoxify the effects of Caz+, and higher concentrations of Mgz+ 
were necessary when the concentration of NaCl was higher. For. D. tertiolecta, 
the inhibitory effects of Mgz+ and Caz+ were prevented when the Mgz+:Ca2+ 
molar ratio was 4.0 (McLachan, 1960). McLachan suggested that the domi
nance of Mgz+ over Caz+ in alkaline environments may inhibit the growth 
of D. tertiolecta in those habitats. 

Light Optimal light conditions for both growth and photosynthesis have 
been established for several strains of Dunaliella. Growth of a strain of D. 
salina studied by Loeblich (1972) was saturated at 850 foot-candles of light. 
Maximal photosynthetic rates at this salinity were observed when the light 
was ~2500 foot candles. Photosynthesis was not inhibited by light up to 
42,000 foot candles. Higher light intensities were also correlated with caro
tenogenesis. Under the growth conditions employed by Van Auken and 
McNulty (1973), D. salina grew well under ca. 500-3700 foot candles, and 
optimally under 3200 foot candles of light. 

Ginzburg and Ginzburg (1981) showed that it was difficult to establish 
optimal growth conditions for different strains of halo tolerant and halophilic 
Dunaliella because of the integrated effects of temperature, salinities, COz 
levels, and light. For example, higher NaCl concentrations could be tolerated 
under conditions of high light and high pCOz. Higher light also permitted 
cells to grow at higher temperatures. If these factors are combined with the 
effects of light quality and day length, as well as ionic and nutrient compo
sition of the medium or natural environment, it is indeed difficult to establish 
the optimal set of parameters for growth of halo tolerant and halophilic species 
of Dunaliella. 

Osmoregulation Dunaliella can thrive in hypersaline habitats because of 
its ability to adjust its cytoplasm to osmotic equilibrium with the environment. 
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Enzymes assayed from halophilic species of Dunaliella are sensitive to NaCl 
(Johnson et al., 1968; Heimer, 1973; Borowitzka and Brown, 1974). Gimmler 
et al. (1984) showed that enzymes with non-ionic substrates were less salt
sensitive than those that interacted with electrolytes in D. parva. Salt inac
tivation was caused by Cl-, not by Na+ and K+. 

Numerous studies have established that glycerol is the compatible solute 
produced by Dunaliella growing in high salt, and that the processes regulating 
glycerol synthesis and breakdown are unique to these and at least one other 
halophilic green alga, Asteromonas gracilis (Wegmann, 1971; Ben-Amotz and 
Avron, 1973, 1982, 1983a; Borowitzka and Brown, 1974; Ben-Amotz, 1975; 
Borowitzka et al., 1977; Enhuber and Gimmler, 1980; Kaplan et al., 1980; 
Brown et al., 1982; Norton et al., 1982; Degani et aL 1985). Related studies 
have demonstrated the permeability of the membranes of Dunaliella, the flux 
of water and ions across the membrane, and the intracellular volume of cells 
as a response to changing ionic environments (Ginzburg, 1969, 1981a, 1981b; 
Gimmler et al., 1977; Gimmler and Schirling, 1978; Degani and Avron, 1982; 
Brown et al., 1982; Curtain et al., 1983; Balnokin et aL 1983; Balnokin and 
Mendevev, 1984; Balnokin and Maze!', 1985; Katz and Avron, 1985). 

Glycerol is synthesized in response to the high external osmotic envi
ronment. Two unique enzymes are involved in the osmoregulatory process: 
dihydroxyacetone reductase and dihyroxyacetone kinase. Glycerol may con
stitute >50% of the dry weight of Dunaliella (Ben-Amotz and Avron, 1982). 
In cells cultured in 1.5 M NaCt 2.1 M glycerol was found in the cytoplasm 
of the cells. In cells grown in 4 M salt, 110 picograms of glycerol per cell was 
measured (Ben-Amotz and Avron, 1973, 1982). Intracellular Na+ was found 
to be < 1 00 mM (Katz and Avron, 1985) although earlier reports gave higher 
values (Gimmler and Schirling, 1978; Ginzburg, 1981a, 1981b). Very little 
glycerol appears to leak from the cells upon transfer to hypotonic medium 
at normal growth temperatures (Degani et al., 1985), although Enhuber and 
Gimmler (1980) found significant leakage. At elevated temperatures (47°C), 
cells lose significant glycerol (Ben-Amotz and Avron, 1983a). The cells shrink 
or swell in response to a change in osmotic environment, but they are com
pletely re-equilibrated within 90 min (Ben-Amotz and Avron, 1973; Ben
Amotz, 1975). 

Carotenoids and other lipids As a response to a variety of environmental 
factors, D. salina and D. bardawil can synthesize enough fj-carotene to render 
the cells orange or red. D. salina is redder when grown in high light, high 
salinity, acidic pH, or in N- or P-deficient medium (Loeblich, 1972, 1982). 
Cells in 5-10% NaCl were green, in 15% NaCl were yellow-green, and in 
20-25% NaCl were red-orange. The chlorophyll a content of the cells in
creased with respect to salinity up to 15% NaCt and then leveled off. In 
contrast, carotenoid content continued to increase in cells with respect to 
salinity in medium with > 10% NaCl. In 5-10% NaCt the carot-
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enoid:chlorophyll a ratio (w jw) was about 3, but in 25% NaCl it was 12. D. 
bardawil (called D. salina by Borowitzka and Borowitzka [1988]) can produce 
even greater amounts of iJ-carotene (Ben-Amotz and Avron, 1982; 1983b). 
Cultured cells contained 30% glycerol, 30% protein, 18% lipid, 11 % carbo
hydrate, 9% iJ-carotene, and 1% chlorophyll based on dry weight. For D. 
salina cells grown under similar conditions, iJ-carotene constituted only about 
0.3% of the dry weight. iJ-carotene is stored in lipid globules in D. bardawil. 
Its synthesis is induced by high light, high NaCl, nitrate deficiency, or extreme 
temperatures. The ability of D. bardawil to synthesize large quantities of iJ
carotene has led to its commercial cultivation to harvest the pigment (Ben
Amotz and A vron, 1980). 

The polar and non-polar lipids of Dunaliella have been investigated to 
discern the algal response to different environmental conditions and to catalog 
the variety of lipids that could be organic geochemical markers in hypersaline 
sediments (Wright, 1979; Tornabene et aI., 1980; Evans et aI., 1982; Fried et 
aI., 1982; Evans and Kates, 1984; Ben-Amotz et aI., 1985). About 30-50% of 
the cellular material can be lipids. In D. bardawil, the polar:non-polar lipid 
ratio was about 50:50 while in D. salina the ratio was about 70:30. The major 
components among the non-polar lipids are glycolipids. Saturated and un
saturated CI6 and CIS fatty acids are prevalent, with C16.0 dominant. D. salina 
synthesizes trace amounts of C20 and C22 fatty acids but D. parva, D. bardawil, 
and D. tertiolecta do not. D. salina also produces CI7 and highly branched 
(C2U6) fatty acids. It produces at least six sterol derivatives. D. tertiolecta syn
thesizes ergosterol (Wright, 1979), which is generally believed to be a major 
sterol of yeast and fungi. Bulk lipid synthesis in D. salina was induced by 
lowering the salinity from 2 M to 0.5 M NaCl, and by giving the cells adequate 
concentrations of nitrate (Ben-Amotz et aI., 1985). 

Distribution Dunaliella is nearly ubiquitous in hypersaline environments 
although it was notably absent in the Dead Sea when the salinity increased 
and phosphate was limiting (Oren and Shilo, 1982) and in a solar saltern that 
was also phosphate-limited (Javor, 1983). Dunaliella is also absent in Solar 
Lake (Cohen et aI., 1977), presumably due to phosphate limitation. The max
imal density of Dunaliella cells in a Spanish solar saltern, 105 cells"ml-l, was 
found in 30% TDS. In ca. 21 % and 35% TDS, 104 cells"ml- 1 were found, and 
in 15% and 40% TDS, only 103 cells"ml- I were counted (Rodriguez-Valera 
et aI., 1985). In the Great Salt Lake, up to 2 X 105 cells"ml- I of D. viridis 
were found in the South Arm (12% TDS) in the late spring while up to 105 

cells"ml- 1 of D. salina were counted in the North Arm (33% TDS) (Post, 1977). 
While survival of Dunaliella in extremely high salinity is dependent upon 

osmoregulation (the synthesis of glycerol as an osmolyte), survival in dilute 
brines is often accompanied by alternate cell forms and reproduction. Dilution 
also causes D. parva cells to lose motility and sink, which is possibly a survival 
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mechanism to escape a dilute layer that would float on top of the brine (Dor, 
1985). 

The high lipid content of Dunaliella and the somewhat distinct compo
sition of the lipids make it possible to estimate its contribution to lipid ac
cumulation and diagenesis in both modern and ancient hypersaline sedi
ments. Lipids constituted 45% of the total organic matter (0.75% by weight) 
sedimented from a salt plus brine sample of Pink Lake (Victoria, Australia) 
and {1-carotene constituted about one-third of the lipids (Aasen et al., 1969). 
Such lipid-rich organic matter could be a primary source of hydrocarbons in 
some ancient hypersaline sediments. 

9.2 Other unicellular algae 

Diatoms Diatoms, common marine algae, are also nearly ubiquitous in
habitants of hypersaline environments, but they never appear to dominate. 
Little is known of their physiology and ecology in these habitats. They were 
noted in several environments in the Sinai: up to 10% salinity in Bardawil 
Lagoon (Erlich, 1975), up to ca. 18% salinity in Solar Lake (Cohen et al., 
1977; Krumbein et al., 1977; Fischer, 1979; J0rgensen et al., 1983), and up to 
ca. 20.5% salinity in Gavish Sabkha (Erlich and Dor, 1985). They are also 
common in solar salterns (up to ca. 21.3% salinity) (Davis, 1978) and in up 
to about 12.9% salinity in the Great Salt Lake (Felix and Rushforth, 1979; 
see also Chapter 18). Species of Navicula and Nitzschia are represented in all 
of these environments and Amphora coffeaeformis has been identified in most. 

The process of osmoregulation in diatoms is not well known. Fischer 
(1979) observed plasmolysis in diatoms upon exposure to lower salt concen
trations. Solar Lake diatoms responded slower to increased salinity than dia
toms from intertidal environments. Plasmolyzed cells survived exposure to 
higher salinities. Osmoregulation in the euryhaline, intertidal species Cyclo
tella cryptica and C. menghiniana involves the synthesis of proline and uptake 
of K+ (Ben-Amotz and Avron, 1983a). A strain of Navicula was found to 
accumulate proline as well as an oligosaccharide. Cylindrotheca fusiformis ac
cumulates mannose. 

The lipid composition of diatoms of hypersaline habitats is not well known. 
A species of Nitzschia cultured from the hypersaline, alkaline Mono Lake (see 
Chapter 20) was reported by Ben-Amotz et al. (1985). When grown in 1.4 M 
NaCl, 22% of the ash-free dry weight was lipid. About half of the ash-free 
dry weight was of unknown composition, being neither protein, carbohydrate, 
nor lipid. No glycerol was detected. The dominant fatty acids produced by 
this strain of Nitzschia were C161 and C20•6 (also a minor fatty acid of D. salina). 
A Cm fatty acid was produced by this strain of Nitzschia but not by D. salina. 

Erlich and Dor (1985) noted that in Gavish Sabkha the most salt-tolerant 
diatoms were always found in association with cyanobacteria. The authors 
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stated that they probably profited from the slimy sheath environment, but 
the actual demonstration of the uptake of carbohydrates, nitrogen and phos
phorus nutrients, or other substances by halo tolerant diatoms has not been 
shown. True halophily, or the requirement for high salt, has not been found 
among diatoms. The authors stated that Nitzschia lembiformis from Gavish 
Sabkha was found almost exclusively at salinities ~15%. This species was 
not found in either Solar Lake or Bardawil Lagoon, but it did grow in artificial 
brine ponds near the Dead Sea. Fossils of N. lembiformis were found among 
Pleistocene evaporites of the Jordan Rift Valley. Whether this diatom is a true 
halophile or whether it is competitively excluded from lower salinities remains 
to be shown. 

Other algae Osmoregulation in other halotolerant algae was reviewed by 
Ben-Amotz and Avron (1983a). Asteromonas gracilis (also called Stephanoptera 
gracilis) is a green alga (Prasinophyceae). It shares many characteristics with 
Dunaliella (Ben-Amotz and Grunwald, 1981; Ben-Amotz and Avron, 1982, 
1983a). Lacking a wall, its cells are flexible and thus accomodate changes in 
cell volume during transitions and adaptation to higher or lower salinities. It 
can grow in 0.5-4.5 M NaCl (saturation). Maximum growth rate occurs in 
0.5-2.5 M NaCl. Like Dunaliella, it accumulates glycerol as an osmolyte and 
its synthesis requires the same unique enzymes. Glycerol may constitute >50% 
of the dry weight of the cells. Up to 5.50 M glycerol has been measured in 
A. gracilis cells. The cells retain glycerol in salinities below 3.5 M NaCl. At 
higher salinities, significant amounts of glycerol leak from the cells. Exposure 
to high temperatures also causes glycerol to be released. Exposure to 47°C 
for several minutes caused the cells to lose half their glycerol while exposure 
to 60°C caused them to lose all their glycerol. A. gracilis has been found in 
salt marshes, brine pools, ocean seawater, and brackish water. It is unknown 
why it is never a dominant form in moderately hypersaline habitats. Other 
halotolerant eucaryotic algae, mostly members of the Chlorophyceae, are 
listed by Davis (1978), Felix and Rushforth (1979), and Erlich and Dor (1985). 

The factors that restrict eucaryotic algae from many hypersaline envi
ronments probably include the inability to osmoregulate under given con
ditions, the inability to assimilate nutrients that may be scarce, and the ex
clusion from habitats in which the temperature rises above 40° -45°C. Periodic 
desiccation may also restrict some eucaryotic algae, although Dunaliella is 
well adapted to such habitats. Other limiting factors could include limitations 
to dark metabolism, the production of antibiotics by other microorganisms, 
deleterious or inadequate concentrations of specific major or minor ions and 
vitamins, and the inability to tolerate sulfide. The factors affecting the success, 
distribution, and chemical composition of diatoms of hypersaline habitats can 
be used to interpret some evaporites since diatom frustules are often preserved 
in Cretaceous and younger sediments. 
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Protozoa 

Protozoa are commonly found in hypersaline lakes and solar salt ponds, but 
little is known about their physiological adaptations to high salt, specific ions, 
temperature fluctuations, and other chemical and physical parameters asso
ciated with these extreme environments (Fenchel, 1987). Table 10.1 lists the 
taxa of protozoans identified in a variety of hypersaline environments. The 
most comprehensive survey of salt-tolerant protozoa is that of Post et a1. 
(1983). The dominance of ciliates in the table may not reflect their true dom
inance in these environments, but rather the ease in identifying individual 
taxa due to distinct morphological characteristics. Figures of the identified 
forms are given in Pack (1919), Wilbert and Kahan (1981), and Post et a1. 
(1983). 

In freshwater, protozoans regulate their internal osmotic pressure with 
contractile vacuoles that expel water (Kitching, 1967; Laybourn-Parry, 1984). 
Marine species do not usually need to osmoregulate since they are in osmotic 
equilibrium with their environment. Marine amoebae and flagellates typically 
lack contractile vacuoles although these organelles are usually found in ma
rine ciliates. It is not known whether marine ciliates use these contractile 
vacuoles to osmoregulate, or whether they are vestiges from their freshwater 
origin. 

Mast and Hopkins (1941) described the changes in water content through 
vacuolar elimination in Amoeba mira in medium ranging from 0.1 to 1.0 X 
seawater. They stated that these protozoans grew in up to lOX seawater, but 
they did not describe the process of water regulation under hypersaline con
ditions. Kitching (1967) cited work published in 1924 (in Russian) by Gay
ewskaya that demonstrated that protozoa from brine pools either had nu
merous non-contracting vacuoles, no vacuoles at all, or vacuoles that underwent 
a very low frequency of contraction. 

159 
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Table 10.1 Taxonomy, distribution, and range of salinity of protozoans of 
hypersaline environments' 

Great Solar 
W. Australia" Salt Lake' Lake" 

CILIATES 
Blepharisma halophila 16.5-31.0 
Chiliophrya utahensis' 27.8 
Chondylostoma spp. 22.0-31.1 + 
Cladotricha sigmoidea ::::20.0 
Enchelydon trepida + 
Euplotes spp. 29.0 + 
Fabrea salina ::::17.0 
Frontonia marina + 
Halteria grandinella + 
Holosticha diademata + 
Litonotus spp. + 
Metacystis truncata 16.5-19.9 
Nassula sp. 16.5 
Paimarella salina 27.8 
Parauronema virginianum + 
Podophyra sp. 16.5-23.2 
Prorodon utahensis 23.0 
Pseudocohnilembus marinus + 
Rhopalophyra salina 17.0-33.2 
Stephanopogon apogon + 
Tachysoma sp. + 
Trachelocerca conifer 16.5-22.3 
Trematosoma bocqueti 19.2 
Uroleptus packii 23.0 
Uronchia transfuga + 
Uronema spp. 15.0-17.3 + 
ZOOFLAGELLATES 
Bodo spp. 20.2-saturated 
Monosigma spp. 17.0-23.0 
PhYIlomitus sp. 27.8-saturated 
Rhinchomonas nasuta 15.0-20.0 
Tetramites spp. up to saturated 
Acanthoecopsis unguiculatah 

Unidentified spp. 33 

SARCODINES 
Amoeba limax 23 
Heteramoeba sp. 12.5-21.0 
Nagleria spp. up to saturated 
Unidentified spp. 15-22 33 

"Salinities noted in %. + = Occurrence, but no salinity noted. 
'Hutt Lagoon marine embayment, W. Australia (Post et al., 1983). 
'Great Salt Lake, Utah, U.s.A. (Vorhies, 1917; Pack, 1919; Post, 1977). 
"Solar Lake, Sinai, 15-18% (Wilbert and Kahan, 1981). 
"Elazari-Volcani (1943). 

Dead 
Sea" Solar Salterns' 

CA + 

BA + 

BA ::::10.2 

PR + 

15 

15 

fCA = San Francisco, California, U.s.A. (Carpelan, 1957); BA = Bahamas (Davis, 1978); PR = 
Puerto Rico (Golubic, 1980). 
'Chiliophrya utahensis = Prorodon utahensis. 
hFound in Organic Lake, Antarctica: 16.5-22.8% TDS, -14° to 9.5°C (Franzmann et al., 1987). 
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Kitching (1967) pointed out that marine protozoans are permeable to 
Na+ and Cl- and that they maintain a high K+:Na+ ratio internally through 
the use of a Na + pump. Neither the internal ion concentration nor the com
patible solutes of protozoans in hypersaline media have been described. K+ 
flux in a soil amoeba in dilute medium was measured by Klein (1959). The 
role of cations in membrane excitation and swimming behavior of Fabrea salina 
in medium with 1.1 M NaCl and 0.1 M MgCl2 was described by Dryl et al. 
(1982) and Kubalski (1983a, 1983b). In these three studies normal swimming 
behavior was associated with regulation of Ca2+ and K+ by the cells. 

Pack (1919) described the behavioral response to high salinity of two 
ciliates from Great Salt Lake, Utah. When the salinity increased from 6% to 
15% Uroleptus packii decreased in length from 0.11 mm to 0.07 mm. Its cysts 
decreased in diameter from 30 ~m to 25 ~m. Prorodon utahensis decreased in 
length from 0.08 mm to 0.06 mm. Its cysts decreased in size from 27 ~m to 
25 ~m. The rate of movement of the feeding cirri decreased with increasing 
salinity. In 4.4% salinity the movement was too fast to measure. In 15% 
salinity, a single stroke lasted 0.2 sec. In 20% salt a single stroke lasted 1 sec 
while in saturated solution a single stroke of the cirri lasted 15 sec. Pack also 
noted the feeding cirri increased in length between 4.4% salinity (10-11 ~m) 
and saturated medium (17-20 ~m). Other physiological responses to higher 
salt included slower food ingestion, slower and less frequent vacuolar dis
charge, slower reproduction, and more rigid bodies. 

Elazari-Volcani (1943) described amoebae isolated from Dead Sea muds 
that grew optimally in 15-18% salt and survived in saturated solution. In 6% 
salt the rate of reproduction decreased from the optimal rate in 15-18% salt. 

The large variety of protozoans found thriving in hypersaline environ
ments attests to the relative success of this group of microorganisms in these 
habitats. They thrive by ingesting bacteria and algae, and in some cases, by 
cannibalism. Further investigations of the physiology of these protozoans 
would demonstrate whether they are truly halophilic or merely halotolerant. 
Such studies would also elucidate the nature of osmotic regulation of pro
tozoans and their role in carbon and nutrient cycling in hypersaline environ
ments. 
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Yeasts and Fungi 

Yeasts and fungi are suited for osmophilic life par excellence. There is a very 
large body of literature on the osmophilic nature of these organisms in the 
food industry with respect to their metabolic abilities in manufacturing high 
solute food products such as soy sauce, as well as in food spoilage. In spite 
of the high salt tolerance of many taxa (Tables 11.1 and 11.2), there have 
been very few reports of yeasts and fungi from extremely hypersaline envi
ronments. In the present chapter, the halotolerance of these microorganisms 
is outlined, some of the documented occurrences of yeasts and fungi in natural 
and man-made brines are discussed, and physiological and biochemical at
tributes for osmophilic life in this group are described. Some of the factors 
that permit the coexistence and competition between yeasts, fungi, and bac
teria are also discussed. It is striking that despite ability to grow in environ
ments of very high osmotic pressure, fungi and yeasts are relatively unknown 
from hypersaline environments. It remains to be proven whether the relative 
lack of representation by yeasts and fungi in natural hypersaline environments 
reflects the bias of investigators, or whether these organisms are poor com
petitors against bacteria in evaporite habitats. 

11.1 General environmental factors influencing growth 

The majority of osmophilic yeasts can grow facultatively as anaerobes, al
though they grow most rapidly under aerobic conditions (Tilbury, 1980a). 
Debaryomyces hansenii, one of the most osmotolerant yeasts known, is ex
ceptional in its inability to grow well or at all by anaerobic fermentation. 
Osmophilic fungi, which have a better ability of penetrating solid substrates 
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Table 11.1 Salt tolerances of yeasts 

Maximum 
salt 

Yeast tolerance Source Reference 

Candida parapsilosis 20% Marine Norkrans, 1966 
C. tropical is 18% Food brines Noda et al., 1980 
C. mogii 2:18% Salted fish Zvyagintseva and 

Goradnyanskaya, 1978 
Debaryomyces hansenii 24% Marine Norkrans, 1966 
D. membranaefaciens var. 24% Food brines Mrak and Phaff, 1948 

hollandicus 
D. guilliermondii var. nova 24% Food brines Mrak and Phaff, 1948 

zeelandicus 
D. tyrocola 15% Food brines Mrak and Phaff, 1948 
D. subglobosus 22% Marine Ross and Morris, 1962 
D. kloeckeri 24% Marine Ross and Morris, 1962 
Hansenula sp. 2:15% Food brines Kraemer and Krumbholz, 1932 
Metschnikowia bicuspidata var. 2:12% Marine Lachance et al., 1976 

australis Phaff and Starmer, 1980 
Mycoderma vini 21% Kroemer and Krumbholz, 1932 
M. decolorans 15% Food brines Mrak and Phaff, 1948 
Pichia etchellsii 20% Marine Norkrans, 1966 
P. membranaefaciens 15% Food brines Mrak and Phaff, 1948 

24% Marine Ross and Morris, 1962 
Rhodotorula rubra 2:16% Marine Norkrans, 1966 
R. glutinis 23% Marine Ross and Morris, 1962 
Saccharomyces rouxii 20-22% Food brines Onishi, 1963 

2:18% Food brines Noda et al., 1980; 
Horisberger et al., 1985 

S. cerevisiae 12% Marine Norkrans, 1966 
S. mellis 23% Koppensteiner and Windisch, 

1971 
S. heterogenicus 23% Koppensteiner and Windisch, 

1971 
Torulopsis candida 18% Marine Pal et al., 1979 
T. tamata 2:12% Marine Norkrans, 1966 

19% Marine Ross & Morris, 1962 
T. versatilis 18% Food brines Noda et al., 1980 
T. colliculosa 13% Tilbury, 1980b 
T. dattila 15% Tilbury, 1980b 
T. etchellsii 21% Tilbury, 1980b 
T. spp. 2:18% Food brines Onishi, 1963 
Willia spp. 21% Kraemer and Krumbholz, 1932 
Zygosaccharomyces sp. 2:15% Food brines Kraemer and Krumbholz, 1932 

than yeasts, are obligate aerobes. Yeasts and fungi thrive best on carbohy
drates or hydrocarbons. They typically can obtain their nitrogen from amino 
acids or ammonia, but they generally have a limited capability of breaking 
down nitrogenous compounds. Environments with high C:N ratios may select 
for yeasts and fungi along with bacteria, whereas environments with low C:N 
ratios may select for bacterial development alone. 

Yeasts typically tolerate temperatures from 0° to 40°C, with an average 
optimum of about 27°C (Tilbury, 1980b). Bacteria as a group also tolerate 
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Table 11.2 Salt tolerances of osmophilic fungia 

Maximum salt 
Fungus tolerance Source Reference 

Aspergillus spp. 2:5% Desert soil Abdel-Hafez, 1981 
Aspergillus. spp. 20-25% Marine Siepmann, 1959 
A. repens 2:25% Marine Siepmann, 1959 
A. ochraceus satd Pitt and Hocking, 1977 
A. wentii satd Salted fish Andrews and Pitt, 1987 
A. penicilloides satd Salted fish Andrews and Pitt, 1987 
Basipetospora halophila satd Salted fish Andrews and Pitt, 1987 
Cladosporium sp. 36% Great Salt Lake Cronin and Post, 1977 
Drechslera spp. 2:5% Desert soil Abdel-Hafez, 1981 
Eurotium repens 25% Salted fish Andrews and Pitt, 1987 
Exophiala werneckii satd Salted fish Andrews and Pitt, 1987 
Fusarium spp. 20-25% Marine Siepmann, 1959 
Glomus fasciculatum 2:13%" Mycorrhizae Pond et ai., 1984 
G. mosseae 2:11 %" Mycorrhizae Pond et ai., 1984 
G. etunicatus 2:10%" Mycorrhizae Pond et ai., 1984 
Penicillium spp. 20-25% Marine Siepmann, 1959 
P. notatum 25-30% Desert soil Radwan et ai., 1984 
Polypaecilium pisce 25% Salted fish Andrews and Pitt, 1987 
Ulocladium spp. '2::5% Desert soil Abdel-Hafez, 1981 
Wallemia sebi satd Bread Pitt and Hocking, 1977 

satd, saturated . 
. , Values reported as aw were recalculated to % NaCI according to Robinson and Stokes (1955). 
b Fungi isolated in medium with 0.42% salinity from soils of the given salinities. 

this temperature range although many bacteria thrive at much higher tem
peratures. Moderately halophilic bacteria have an optimal temperature of 
about 30°C (Rodriguez-Valera et al., 1980). Extremely halophilic bacteria are 
mesophilic, with optimal temperatures about 40°-45°C, and maximum tem
peratures near 55°C (Larsen, 1981). Based on temperatures and oxygen avail
ability, density-stratified hypersaline brines which experience extreme solar 
heating would be expected to have few or no fungi, and yeast populations 
would only develop in the cooler sediments. 

Yeasts and fungi generally prefer acidic to neutral pH conditions (range 
= pH 2-7, optimum = pH 4.0-4.5; Tilbury, 1980b), which often result from 
the excretion of organic acids during both bacterial and fungal decomposition 
processes. In high salt habitats, yeasts and fungi have a more narrow range 
of pH tolerance and lower ability to grow under acidic conditions (Tilbury, 
1980b). The inability to culture osmophilic yeasts and fungi under alkaline 
conditions does not always reflect the environmental pH in which they are 
found in nature. Pal et al. (1979) noted that a seawater isolate of Torulopsis 
candida grew optimally at pH 3-7, and not at all at pH 8, although the pH 
of the environment from which it was isolated was greater than 8. In Mono 
Lake, a hypersaline body of pH 9.7, numerous fungal hyphae, gemmae, and 
arthrospores were observed, and active parasitism of diatoms by Chytrido
mycetes was noted (Winkler, 1977). 
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It is possible that yeasts, fungi, and bacteria produce antibiotic substances 
that limit the development of certain microbes in their environment. Antibiotic 
production in extremely hypersaline environments has not been well studied. 
Bacterial-yeast antagonism was reported in soy sauce fermentation (18% NaCl) 
in which the bacterial production of acetic and lactic acids greatly inhibited 
the growth of yeasts (Saccharomyces rouxii and Torulopsis versatilis) (Noda et 
al., 1980). Radwan et al. (1985) measured antibiotic activity against bacteria 
produced by halophilic strains of Penicillium notatum and P. purpurogenum 
isolated from saline soils. In a standard medium with 0% or 10% salt, anti
biotic production only occurred in the dilute medium, although better growth 
was obtained in high salt. Different carbon sources and growth at pH values 
between 3 and 8 gave the same results. Only when potassium was included 
in the medium did the Penicillium strains produce antibiotics in medium with 
10% salt. Other substances with antibiotic activity against yeasts and fungi 
include other weak organic acids and their salts, such as benzoic acid, esters 
of polyhydroxybutyrate, and propionic acid, as well as some sulfur com
pounds, including sulfur dioxide, sulfite, and bisulfite (Tilbury, 1980b). A 
protein-like antibiotic (halocin) produced by halobacteria has been described 
(Rodriguez-Valera, 1982) but its natural occurrence and mode of action against 
yeast and fungi is unknown. 

11.2 Halotolerance and halophily 

It has been widely accepted that yeasts and fungi may be halotolerant but 
not obligately halophilic. In some cases, they show better growth under con
ditions of moderate to high salt. Torulopsis candida, a yeast isolated from 
Arabian Gulf seawater, grew best in 2 M NaCl at 37°C, although it also grew 
moderately well in dilute (1.45% salts) medium (Pal et al., 1979). Yamagata 
and Fujita (1974) found that T. etchel/sii and T. glabrata had enhanced ability 
to ferment sugars in the presence of 2 or 10% NaCl. Radwan et al. (1984) 
found several strains of Penicillium that grew optimally in 9-10% salt and 
one strain of P. notatum that grew optimally in 10-15% NaCl. Andrews and 
Pitt (1987) described several xerophilic fungi that grew better on NaCl than 
on sugars, including Polypaecilium pisce, Exophiala wenekii, and Aspergillus 
wentii (see Table 11.2). However, there was no obligate requirement for NaCl. 

Some degree of halotolerance may be associated with temperature de
pendence. Onishi (1963) noted that T. halonitratophila only grew on medium 
with >6% NaCl at 30°C, but at 20°C it grew in dilute medium. Salt tolerance 
can also be raised by the inclusion of certain sugars (Koppensteiner and Win
disch, 1971) or fish extract (a complex form of nitrogen) (Ross and Morris, 
1962) in the medium. 

True salt dependence or halophily has been recorded in the yeast Met
schnikowia bicuspidata var. australis, a parasite of the brine shrimp Artemia 
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salina that lives in salt ponds with 10-12% NaCl (Phaff and Starmer, 1980). 
These authors reported that it only grew on medium supplemented with 10 
or 12% NaCl, although the temperature and organic content of the medium 
were not given. It is the only yeast reported with an obligate salt requirement. 
Spencer et al. (1964) reported the isolation of a similar (or same) yeast (M. 
kamienskii) from brine shrimp using dilute medium at 30° and 37°C. 

Onishi (1963) demonstrated that salt tolerance or salt requirement is 
"trainable" in Saccharomyces rouxii by growing cells in 0 or 18% NaCl, and 
transferring each culture to both 0 and 18% salt media. Upon the first transfer 
from low to high salt or from high to low salt, there was a significant loss in 
viability, but surviving cells regained ability to grow well upon repeated trans
fer to the same salinity. Further experimentation with the salt-dependent M. 
bicuspidata under different medium and culture conditions would demonstrate 
the nature of its obligate osmophily or halophily. 

Osmotolerance and halo tolerance in yeasts and fungi have been studied 
by comparing metabolism and growth in ionic and non-ionic solutions of 
comparable water activity or osmotic strength. Kroemer and Krumbholz (1932) 
tested the osmotolerance of a variety of osmophilic yeasts by growing them 
in media with various concentrations of NaCl, NaN03, KCl, KN03, or glycerol. 
By recalculating osmolarity or aw from the molar values given in that report, 
the yeasts showed a greater osmotolerance in the presence of glycerol than 
in the salt media, and a slightly better tolerance of chloride salts over nitrate 
salts. Na+ and K+ were equally tolerated when their salts were compared by 
their osmolar rather than molar strength. A greater tolerance for lower water 
activity adjusted with sugars or polyols rather than salts has subsequently 
been demonstrated in numerous yeasts and fungi (Norkrans, 1968; Koppen
steiner and Windisch, 1971; Pitt and Hocking, 1977; Tilbury 1980a, 1980b). 

Onishi (1963) tested solute tolerance of an osmophilic strain of S. rouxii 
isolated from soy sauce mash. When the yeast was transferred from low salt 
to 18% salt, there was considerable loss of viability, but when it was trans
ferred from the dilute medium to 50% glucose (which has the same osmotic 
pressure as 18% NaCl), there was no loss of viability. Like the studies listed 
above, this experiment demonstrated that water activity alone does not limit 
osmophilic yeasts in hypersaline media. This strain grew in ::; 3 M NaCl (aw 

= 0.89) and in at least 4 M KCl (aw = 0.87). Mg2+ was less toxic than Ca2+ 
Onishi further demonstrated that the cells were highly permeable to K+ when 
cultured in 18% NaCl but not when they were cultured in 50% glucose. 

Osmoregulation Onishi (1963) showed that S. rouxii cells suspended in 
an 18% NaCl solution at 30°C showed a large loss of viability unless glucose 
was added to the solution. At 0° -5°C, cells remained viable without the added 
glucose. It was concluded that viability in NaCl solutions at physiological 
temperatures was related to cell permeability to K+ ions, which could be at 
least partly regulated by active metabolism. In this strain some metabolic 
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capabilities (maltose fermentation or possibly maltose uptake) were greatly 
inhibited by high salt, but others (glucose fermentation) were not. Norkrans 
(1968) suggested that the inability of D. hansenii to survive at very high salt 
concentrations may be a result of an inability to take up exogenous substrates. 

When grown in medium with high solute concentrations, osmophilic 
yeasts and fungi maintain their internal osmotic pressure by the synthesis of 
simple polyhedric alcohols: glycerol, erythritol, arabitol, and/or mannitol 
(Gustafsson and Norkrans, 1976; Edgley and Brown, 1978; Adler and Gus
tafsson, 1980; Adler et a1., 1981; Luard, 1982; Hocking and Norton, 1983; 
Adler et a1., 1985; Nobre and da Costa, 1985; Andre et a1., 1988). One or 
more polyols may be synthesized during growth, and certain polyols may be 
selectively synthesized during a particular phase of growth (e.g., logarithmic 
phase vs. stationary phase). The amount of polyol produced is proportional 
to the salinity of the culture medium (Gustafsson and Norkrans, 1976; Adler 
et a1., 1985). In addition to polyols, negatively charged amino acids (aspartate 
and glutamate) possibly contribute to the osmotic balance in fungi (Luard, 
1982). 

The ability to regulate K+ and Na + also reflects halotolerance. Onishi 
(1963) demonstrated that S. rouxii was very leaky to K+ ions when suspended 
in NaCl solutions. D. hansen ii, which demonstrates greater osmotolerance 
and halotolerance than S. cerevisiae, has a better ability to extrude Na+ and 
take up K+ (Norkrans and Kylin, 1969). Similarly, the fungus Chrysosporium 
fastidium is more salt tolerant than Penicillium chrysogenum, and it demon
strated a better ability to extrude Na+ and maintain a higher K+:Na+ ratio 
than the less tolerant species (Luard, 1982). 

11.3 Yeasts and fungi from saline environments 

Among the reports of yeasts and fungi actually thriving in natural hypersaline 
environments are the occurrence of a dematiaceous hyphomycete (Clados
porium sp.) growing and producing conidia on a submerged piece of pine 
wood in the Great Salt Lake (29-36% salinity; see Chapter 18) (Cronin and 
Post, 1977); identified and unidentified fungi in Mono Lake (9% salinity; see 
Chapter 20 and Winkler, 1977); the infection of brine shrimp (Artemia salina) 
with the yeast Metschnikowia kamienskii or M. bicuspidata var. australis in 
solar saltern brines (10-12% salinity) (Spencer et a1., 1964; Lachance et a1., 
1976; Phaff and Starmer, 1980); and the isolation of high salt-tolerant strains 
from the bottom sediments of Antarctic Lake Bonney (Dendryphiel/a salina) 
(Waguri, 1976) and the deep waters of Antarctic Lake Yanda (including two 
strains of Penicillium, one phycomycete, and one other fungus). The bottom 
sediments of Lake Yanda yielded a large variety of fungi, primarily strains 
of Aspergillus and Penicillium (Sugiyama et a1., 1967). The bottom water of 
Lake Yanda has 10% salt and is 25°C, and the bottom water of Lake Bonney 
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has 11-20% salt and is - 3° to - 5°C (see Chapter 16). Although these reports 
suggest that these yeasts and fungi appear to be physiologically active under 
the prevailing conditions, there have been no demonstrations of their activity 
in situ. There remains the possibility that the microorganisms were imported 
from more dilute sources and remained inactive but viable under hypersaline 
(and in some cases anaerobic) conditions. 

Yeasts and fungi have also been documented from a variety of saline 
desert soils (Abdel-Hafez, 1981; Pond et al., 1984; Radwan et al., 1984, 1985; 
Hunter-Cervera and Sotos, 1986) and salt marshes of elevated salinity (Mous
tafa, 1975a, 1975b; Abdel-Hafez et al., 1977). Radwan et al. (1984) isolated 
four strains of Penicillium that grew optimally in about 10% NaCl with max
imum salt tolerances ranging up to 15% to 30% salt (Table 11.2). The salinity 
tolerances of the identified strains were not tested in the other cited studies 
nor were there reports of in situ activity. Most of the samples collected were 
associated with the root zones of higher plants. The most numerically com
mon taxa cited were Aspergillus and Penicillium, although several other genera 
were also reported. 

Using sucrose-enriched medium to estimate the populations of osmo
philic fungi in coastal environments, Moustafa (1975a) compared colony counts 
and diversity in hypersaline (8.0-24.0% soluble salt per g dry soil) and less 
saline (0.8-6.4% soluble salts) sediment samples. The hypersaline samples 
typically had lower colony counts (475-998 total counts per g dry soil) than 
non-hypersaline soils (up to 1525 counts per g dry soil), but diversity was 
about the same for the hypersaline (9-16 species, 7-12 genera per sample) 
and less saline sediments (6-15 species, 3-12 genera per sample). While the 
hypersaline sediments were collected from a salt depression, less saline sed
iments were collected from a salt marsh and from coastal sandy soil. Inter
estingly, the salt marsh sediments yielded fewer osmotolerant (sugar-tolerant) 
fungi than the salt pan sediments. Moustafa (1975b) found that some of the 
heterogeneity in osmophilic fungal density in salt marshes not only correlated 
with soil salinity, but also with proximity to certain species of plants. This 
was interpreted as a reflection of the organic content of localized soils. 

Osmotolerant yeasts and fungi have also been directly isolated from 
seawater (Siepmann, 1959; Ross and Morris, 1962; Norkrans, 1966; Pal et al., 
1979). Siepmann (1959) isolated 56 strains with varying degrees of salt tol
erance. One-third of the isolates had a maximum tolerance of 10-15% NaCl, 
one-fourth of the isolates had a maximum tolerance of 15-20% NaCl, one
fifth of the strains tolerated 20-25% NaCl, and one strain (Aspergillus repens) 
tolerated 2:25% NaCl (Table 12.2). A. repens grew optimally in 6% salt. Ross 
and Morris (1962) isolated 10 species of yeasts from seawater including De
baryomyces kloeckeri and D. subglobosus (but not D. hansenii) with NaCl tol
erances of 22-24%. The other isolated strains tolerated 9-22% NaCl (Table 
11.1 ). 
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11.4 Debaryomyces hansen ii, a halotolerant yeast 

Norkrans (1966) isolated several seawater yeasts with varying degrees of 
halotolerance. The most halotolerant was Debaryomyces hansenii, which tol
erated up to 24% salt. Following Norkrans' investigation, D. hansenii has 
been the focus of numerous studies of mechanisms of halo tolerance in yeasts. 
Although this species has not yet been documented to occur in natural hy
persaline habitats, it is worthwhile summarizing the findings concerning the 
physiological and biochemical adaptation in this yeast as a reference to what 
characteristics can be expected from halotolerant (or possibly obligately hal
ophilic) yeasts and fungi in evaporite environments. 

Table 11.3 summarizes some of the physiological and biochemical char
acteristics of D. hansenii. Most strains can grow on a variety of carbohydrates 
and hydrocarbons, but they are restricted in their sources of nitrogen. D. 
hansenii grows poorly or not at all by anaerobic fermentation. The temperature 

Table 11.3 Some physiological and biochemical characteristics of Debaryomyces 
hansenii 
Characteristic 

General growth characteristics 
Carbon sources metabolized: 

sugars, starch, ethanol, glycerol, sorbitol 
glucosamine supports slow growth 
aromatic compounds 
hydrocarbons 

Vitamin-free growth: some strains 
Nitrogen sources metabolized: 

ammonia and urea utilized; nitrate, nitrite, 
L-asparagine, hydroxylamine, and hydrazine 
not assimilated 

Anaerobic growth: little or none 
Anaerobic growth decreases above 12% salt 
Upper temperature limit: ~37°C 
Lower temperature limit: 6°C 
pH tolerance: 3-8.5 

Salt tolerance and osmoregulation 
NaCl tolerance for growth: 0-24% 
Survival in 28% NaCl for 36 days: negative 
Osmoregulation: 

Glycerol dominant in log phase 

Arabitol dominant in stationary phase 
Amino acid pool not affected by salinity 

Ion regulation: 
Maintains high K+:Na+ internally 

Reference 

Tilbury, 1980b 
Lindman, 1981 
Cerniglia and Crow, 1981 
Bos and de Bruyn, 1973; 
Zvyagintseva and 
Gorodnyanskaya, 1978 
Tilbury, 1980b 

Choudary and Rao, 1984 

Tilbury, 1980b 
Norkrans, 1968 
Tilbury, 1980b 
Norkrans, 1966 
Norkrans, 1966 

Norkrans, 1966 
Norkrans, 1966 

Gustafsson and Norkrans, 1976; 
Adler and Gustafsson, 1980 
Adler and Gustafsson, 1980 
Adler and Gustafsson, 1980 

Norkrans, 1968; Norkrans and 
Kylin, 1969 
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range of growth is typical for yeasts. The strain used by Norkrans (1966) 
proved capable of growth at moderately alkaline pH. 

D. hansenii produces glycerol as a compatible solute during logarithmic 
growth and produces arabitol when it enters the stationary phase. In 16% 
NaCl, exponentially growing cells had 1.3 M glycerol (Gustafsson, 1979) and 
as much as about 4 M glycerol (Adler et aI., 1985). By late logarithmic phase, 
cells become leaky to glycerol and much of it was lost to the medium (Adler 
et aI., 1985). The glycerol in the medium was then metabolized by the yeast 
so that by late stationary phase there was no glycerol in the cells nor in the 
medium. Adler and Lijenberg (1981) found that cells grown in high salt also 
had increased permeability to various low-molecular-weight glycols. 

Growth appears to be slower and less efficient at high salt concentrations. 
Norkrans (1966) noted that growth in high salt was characterized by long lag 
periods and low yield. In comparing the ATP pools and molar growth yields 
of cells grown in 4 mM and 2.7 M NaCl, Gustafsson (1979) found that the 
ATP pool during late logarithmic phase was slightly higher in the cells in 
saline medium (3.5 mM vs. 3.1 mM), but the molar growth yield was dra
matically lower (59 vs. 91). Cells in high salt had a decreased capacity to 
maintain high internal K+:Na+ ratios (Norkrans, 1968). In cells grown without 
NaCl, the internal K+:Na + ratio (measured in JLg'mg dry wt) was 28.4:0.87. 
In cells grown in 16% NaCl, the K+:Na+ ratio was 8.8:8.6. In the less hal
otolerant S. cerevisiae, cells grown in 12% NaCl had a K+:Na+ ratio of 6.5:46.5. 

Although the intracellular enzymes of D. hansenii are presumably sen
sitive to salt, alkaline phosphatase (an extracellular enzyme) showed maxi
mum activity in 1-3 M NaCl, very high activity in 4 M NaCl, and reduced 
activity in .::::;0.5 M NaCl (Adler, 1978). Glycerol could not substitute for NaCl 
and in fact inhibited the phosphatase more than dilute buffer alone. Mg2+ 
(up to at least 100 mM) increased enzyme activity. There was no difference 
in alkaline phosphatase actvity between cells grown in high and low salt. 
Adler concluded that this enzyme behaves much like the alkaline phosphatase 
of halobacteria. 

The ultrastructure and membrane composition of D. hansenii may provide 
some clues to mechanisms of halotolerance. Electron microscopic studies of 
cells grown in 12 or 20% salt show unique storage vacuoles and channels 
that are not found in other yeasts (Gezelius and Norkrans, 1970; Lindman 
and Norkrans, 1982). Adler and Lijenberg (1981) compared the lipid content 
of cells grown in high and low salt. In high salt the amount of total and free 
sterols and total fatty acids increased, and the mole percent of mono- and di
unsaturated C18 acids (oleic and linoleic acids) increased while the proportion 
of tri-unsaturated C18 acid (linolenic acid) decreased. Similar trends were ob
served in the less osmotolerant S. cerevisiae. Changes in lipid composition 
were also accompanied by increased membrane permeability in D. hansenii. 
Gorodnyanskaya and Zvyagintseva (1978) found that changes in lipid com
position correlated with salt concentrations and C:N ratios in the medium. 
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Although the effect of NaCl concentration on the cell wall composition 
of D. hansenii has not been described, that of the halotolerant S. rouxii has 
been (Horisberger et al., 1985). When the yeast was grown both in 0% and 
18% NaCl, the major component of the cell envelope was glucan with lesser 
amounts of mann an and chitin. In low-salt cells, the glucan had a more 
complex structure. In other respects there were no significant differences in 
the cell walls of the yeast grown in high and low salt. 

D. hansenii forms ascospores with unique ornamentation (Banno and 
Mikata, 1985). Spore formation is an adaptation to facilitate dispersion and 
survival under adverse conditions, but the factors that promote and inhibit 
spore formation and germination in this halotolerant species have not been 
documented. 

11.5 Conclusions 

It appears that yeasts and fungi are well suited for life in natural habitats of 
high salt content. Their lack of representation in the literature may not reflect 
their inability to colonize these environments, but rather the relatively little 
effort that has been spent to find them. True halophily may occur among 
yeasts and fungi, but most studies show there is no absolute requirement for 
NaCI among salt-tolerant, osmophilic strains. 
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12 

Deep Sea Hypersaline Basins 

Several deep sea hypersaline basins have been investigated to understand 
their geochemical processes as well as their potential and actual biological 
activity. These environments include the Orca Basin and East Flower Garden 
bank (Gulf of Mexico), and the Red Sea hot brines (see map, Figure 1.1, for 
locations). They are all believed to be dissolution products of older evaporite 
deposits, the brines being trapped on the ocean floor by density stratification. 
While they all share certain features (high Na+ and Cl- concentrations and 
anoxic conditions), they differ in other biologically important and telltale 
features such as concentrations of nutrients, sulfur species, metals, and hy
drocarbons, as well as stable isotope signatures. Tables 12.1 and 12.2 sum
marize some of these differences. The following discussion outlines the major 
features of each of these environments. It emphasizes the criteria used to 
determine whether or not there is recent biological activity in the brines and 
associated sediments, or whether the biological by-products are imported into 
the brines. 

12.1 Orca Basin 

Both the Orca Basin and the East Flower Garden bank brines are examples 
of evaporite diagenesis and dissolution in continental slope environments. By 
examining the roles of microorganisms in these habitats (available substrates, 
products, rates of activity, and types of microorganismst it should be possible 
to construct a model to evaluate the importance of halophilic and halotolerant 
bacteria in the processes of petroleum genesis, maturation, and degradation 
in the Gulf of Mexico and similar environments. 
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The Orca Basin is an anoxic body of water in the northern Gulf of Mexico 
(27°N, 91°W) in a submarine basin 25 km long and encompassing 400 km2• 

The basin slopes down from 1800 m to 2400 m depth with about 9 km3 of 
brine filling the bottom 180 m (Shokes et al., 1977; Wiesenburg et al., 1985). 
The brine has a total salinity of 258 g'kg- 1, with NaCl constituting 93% (w / 
w) of the salts. In contrast, NaCl constitutes only 85% of the total salts in 
average seawater. Sediment porewaters decrease in Cl- content with depth, 
indicating that the source of dissolution brine is not from below the basin, 
but from some point surrounding the basin (Sackett and Bernard, 1977; Shokes 
et al., 1977). The Orca Basin has been hypersaline for at least 8000 years 
(Addy and Behrens, 1980). 

Dissolved Mn (about 250 ~M) and Fe (about 30 ~M) are very high in the 
brine, while sediment concentrations of CaC03 (15-20%), Fe (3-4%), Zn (90-
110 ppm), Cu (30-40 ppm), and Ni (50-55 ppm) are comparable to nearby, 
non-hypersaline slope sediments. Orca Basin sediments are depleted in Mn 
(700-900 ppm) relative to nearby slope sediments. Mn is apparently mobilized 
in the anoxic, reducing environment of the basin brines and sediments (Trefry 
and Presley, 1979). Although very little free sulfide has been detected, the 
high iron sulfide content of the sediments (up to 0.7%) suggests that sulfide 
is efficiently trapped by iron (Wiesenburg et al., 1985; Sheu and Presley, 
1986a, 1986b). 

Besides the presence of sulfide trapped by iron, other circumstantial evi
dence suggests that sulfate-reducing bacteria may be active in the Orca Basin 
sediments. An earlier report of sulfate depletion in a core sample may not 
represent the true Orca Basin profiles since it was taken from slumped slope 
sediments (Sackett and Bernard, 1977). In a sediment core analyzed by Wie
senburg et al. (1985), there was a slight sulfate depletion at 25 cm depth (41 
mM) while the rest of the core had sulfate values of 45-47 mM. The sediment 
contained abundant organic carbon (2-3% by weight). Kennett and Penrose 
(1978) found fragments of Holocene seaweed with attached calcareous po
lychaetes at a core depth of 10 m in an Orca Basin sediment. Such a finding 
indicates that anaerobic degradation must be extremely slow in this environ
ment. Wiesenburg et al. (1985) concluded that rates of in situ activity of 
sulfate-reducing bacteria could be calculated if the 1)34S values of pyrite were 
known. 

Such measurements would have to take into consideration the laminated 
nature of the sediments. Addy and Behrens (1980) reported that the top 485 
cm of sediments were black with three grey layers totalling 70 cm. Below 485 
cm, the sediments were grey. They interpreted the environment of deposition 
to have been oxic during the early stages and anaerobic only during the later 
stages represented by the top 485 cm of sediment. The grey laminae in the 
black layers were interpreted as turbidite inflows. Sheu and Presley (1986b) 
found that Orca Basin sediments had alternating black and grey laminae, with 
the black layers relatively enriched in CaC03 (19% vs. 15%), organic carbon 
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(1.8% vs. 0.7%), and iron sulfides (0.7% vs. 0.4%). Black mud was also 
enriched in Mn, Co, and Ni (Addy and Behrens, 1980). Occasional red layers 
of oxidized iron (hematite) were encountered (Sheu and Presley, 1986a, 1986b), 
which suggested that there were occasional periods of oxygen introduction 
through the seawater-brine interface during an essentially anoxic period. Such 
events could have accompanied the influx of turbidites noted by Addy and 
Behrens (1980). A detailed analysis of 034S values of sulfides in the Orca Basin 
sediments through the laminae would not only demonstrate that sulfate re
duction had occurred, but that it may be locally and temporally variable in 
this otherwise stable environment. 

LaRock et al. (1979) measured microbial biomass and activity (by uptake 
of radioactive uridine) in and above the Orca Basin brines (but not in the 
sediments). The highest cell counts were found in the seawater above the 
pycnocline (5.4-8.6 X lOs'ml- I ), while the hypersaline brines had modest 
counts (1.4-1.7 X lOs'ml- l) except near the bottom (2.9 X lOs·ml- I ). This 
sample was taken 62 m from the sediment interface which means that even 
higher cell densities may exist in the deeper brines. A TP levels in the aerobic 
seawater above the brines were 0.93-2.47 nanograms per liter and they were 
relatively higher in the transition zone above the dense brines (4.12-5.89 
ng'l- l, salinity not given). The transition zone waters showed the highest 
uridine uptake rates of all the samples measured above and in the brines. 
The authors suggested that autotrophic bacteria (Le., sulfur and ammonia 
oxidizers) may be the dominant group in the region above the brine-seawater 
interface. 

Wiesenburg et al. (1977) reported that values of nitrate decreased just 
above the pycnocline (23 ~M to 0) while nitrite peaked in this zone (14.7 
~M). Such evidence of denitrification indicates that autotrophic processes are 
probably accompanied by heterotrophic processes. Wiesenburg et al. (1985) 
found the only measurable free sulfide (2.8 ~M) only just below the pycnoc
line, although sulfide generated by sulfate-reducing bacteria may have reacted 
with dissolved Fe at other depths. 

Activity of heterotrophic bacteria was estimated by LaRock et al. (1979) 
from the incorporation by l4C-acetate in samples taken at different depths. 
Fairly constant rates both in and above the brines (1.7-2.5 ng'l-l'd-l) were 
found except in the deepest sample (3.3 ng·l-l·d- l). These rates are apparently 
uncorrected for the activity of the radiolabeled acetate in the seawater and 
brine. In addition, acetate does not measure the potential for fermentative 
metabolism in anaerobic microbial populations. Except for the indirect de
termination of nitrate reduction, there is little evidence that defines which 
kinds of microorganisms are responsible for the biological activity in the 
transition zone above the pycnocline of the Orca Basin brines. 

While ATP levels were relatively high in the transition zone, they were 
extremely high in the brine at 62 m above the sediment interface (15.4 ng·l- l). 
Uridine uptake rates (normalized to brine volume) were slightly higher in the 
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deep brine than in the transition zone. Uridine uptake rates of the deep brines 
normalized to ATP concentrations or cell counts were 30% and 50%, re
spectively, of the highest rates measured in the transition zone (Table 12.3). 
In fact, uridine uptake rates per ng ATP, a measure of nucleic acid synthesis, 
are fairly similar in the oxic seawater and anoxic brines except near boundary 
zones at the bottom of each layer. These data are some of the very few 
published that compare such metabolic activity of natural populations in 
neighboring seawater and brine habitats. 

The anoxic brines of the Orca Basin have high levels of nutrients and 
hydrocarbons (Table 12.2). CH4 concentrations are as high as 10.2-12.8 mg 
C'1-1 or three times the DOC values (Sackett et al., 1979). These concentra
tions of methane are about 100 times higher than those found in other anoxic 
brines except for the petroleum-associated East Flower Garden bank pool 
(Wiesenburg et al., 1985). While Sackett et al. (1979) measured o13CH4 values 
in the Orca Basin brines (-72 to -74.5%0), even lighter values (- 85 to 
-105%0) were recorded in an earlier investigation (Sackett and Bernard, 1977). 
Relatively light o13CH4 values ( - 97%0) were found in the sediments, and the 
differences in 013C values between interstitial and water column brine were 
attributed to anaerobic consumption of CH4 in near-surface sediments (Wie
senburg et al., 1985). Reid et al. (1977) noted that the 013C of the ~C02 in 
the brine was light (-16%0), indicating a significant pool of biogenic CO2, 

The isotope signatures and the ratio of C1:C2+C3 hydrocarbons (Table 
12.2) indicate that the methane is biogenic and not a thermal alteration prod
uct of older petroleum. Sackett and Bernard (1977) and Sackett et al. (1979) 
suggested that some of the methane may be a petroleum-related component 
introduced with the influx of the brine. The latter investigators rejected in 
situ methanogenesis as the major source of methane because of the generally 
known inhibition of methanogens in sulfate-rich environments. Because we 
lack data demonstrating the relative roles of these two groups of microor
ganisms in hypersaline marine sediments, it is premature to assume that in 
situ methanogenesis is quantitatively unimportant in Orca Basin sediments. 

In addition to methane measurements, Sackett et al. (1979) measured 

Table 12.3 Radiolabeled uridine uptake in Orca Basin brines' 

Zone Depth, m dpm uri dine per ng A TP - I 

Aerobic 1650 
Aerobic 1850 
Aerobic 2120 
Transition 2221 
Anoxic 2260 
Anoxic 2292 
Anoxic 2338 

dpm, disintegrations per minute. 
·'Data of LaRock et aJ. (1979). 

5430 
6680 
6870 

36,000 
>5380 
>4900 
10,310 

dpm uridine per 10' cells 

114 
115 
308 

10,600 
1076 
1190 
5481 
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Table 12.4 Dissolved and particulate organic carbon, and inorganic carbon in the 
Orca Basin" 
Carbon pool 

DOC 

POC 

Inorganic 
carbon 

Source 

Overlying seawater 
brine 

Overlying seawater 
brine 

Overlying seawater 
brine 

mg C·l I 

26.8-28.3 
51.7-56,9 

0.5-0.6 
3.3-3.7 

0.005-0.017 
0.058-0.086 

DOC, dissolved organic carbon; POc, particulate organic carbon. 
'Data of Sackett et al. (1979). 

oue, roo 
+0.2 to +0.4 

-15.0 to -19.0 

-19.8 to -20.3 
-23.0 to -27.0 

-17.0 to -22.6 

concentrations and 013C values of the dissolved and particulate organic carbon 
and the total inorganic carbon pools. In all cases the pool sizes were larger 
in the brines than in the overlying seawater (Table 12.4). While the 013C values 
of the particulate organic fraction of the brines are not unusual, the relatively 
light values of the DOC and inorganic carbon pools are indicative of reworking 
of buried organic matter. The extremely light 013C values of the methane are 
theoretically possible if the CO2 source is extremely light, which is the case 
in the Orca Basin brines. Like the problem of determining the methane source, 
the source of isotopically light CO2 (diffusion from lower sediments, lateral 
migration with brines, or in situ production) remains enigmatic. 

12.2 East Flower Garden Bank 

The East Flower Garden bank brine pool, located in the northwestern Gulf 
of Mexico (27 0 53'N, 93 0 38'W) is a small, shallow, hypersaline pond (30 cm 
deep, 30 m in diameter) located in the euphotic zone at 72 m depth (Brooks 
et al., 1979). For a "deep sea" hypersaline basin, it is unique in that biogeo
chemical processes apparently involve in situ photosynthesis. Brine flows 
down through the pool, over a sill, and down the axis of a submarine canyon. 
Although brine remains in the pool due to density stratification, it is not 
stagnant. 

Specific organisms were not identified at the bottom of the pool, but the 
presence of purple patches (phototrophic bacteria?), a thin white layer of 
presumably elemental sulfur, and the presence of HzS were noted. Colorless 
(non-phototrophic) sulfide-oxidizing bacteria were isolated. These data sug
gest that a complete sulfur cycle might be operating in this brine (18.8-19.5% 
salinity). The data in Table 12.2 show that nutrient levels are not particularly 
high. However, the flow of brine through the pool (estimated to be 2 days 
turnover time) may replenish phosphorus and nitrogen and stimulate bio
logical productivity, a situation analogous to solar salterns. The relatively high 



182 Chapter 12 Deep Sea Hypersaline Basins 

concentration of microorganisms in the brine (83.3 ng ATP'l-l) and 20 cm 
above the brine (43.5 ng ATP'l-l) also indicate the presence of very active 
microbial communities. These concentrations are significantly higher than 
those measured by LaRock et al. (1979) in the Orca Basin brines (maximum 
= 15.4 ng ATP'l-l) and in the transition zone above those brines (maximum 
= 4-6 ng ATP·l-I). 

Sulfur-producing, heterotrophic bacteria have beeIl isolated and cultured 
from the brine pool (P.A. LaRock, pers. comm. in Brooks et aI., 1979), but 
no details of the methods nor salinities used were given. Brooks et al. (1979) 
suggested that such microorganisms may live in the water column immedi
ately above the brine, where they would oxidize sulfide diffusing from the 
brines. They could account for the high level of A TP found at this level. 

Although substantial concentrations of hydrocarbons were measured from 
the East Flower Garden bank brines .. the low CI:C2+C3 ratio and the 013C 
isotope signatures (Table 12.2) suggest that the bulk of these gases were 
thermocatalytically produced in the petroleum fields of the region. However, 
Bernard et al. (1976) and Brooks et al. (1979) believe that some in situ meth
anogenesis may also be occurring. A comparison of CH4 concentrations in 
the main pool and a smaller pool a few meters downstream, showed a 3.26-
fold greater concentration in the second pool while the C2 and C3 hydrocar
bons remained essentially unchanged. Brooks et al. (1979) concluded that the 
difference in CH4 concentrations may either reflect organic degradation in the 
sediments that diffuse upward or an artifact caused by disruption of the sed
iment by the sampling vehicle. 

The o13CH4 of the second smaller pool was lighter (-47.1%0) than that 
of the first pool (-40.0%0). To account for this difference, the excess CH4 in 
the second pool would have to have a 013C value of - 50%0, which is heavier 
than most biogenic CH4 • The authors argued that (anaerobic) methane con
sumption or substrate depletion could account for the accumulation of rela
tively heavy CH4 produced in situ. Neither argument is compelling. CO2 

"substrate" was abundant (48.0 mg CO2 '1-1) and the authors offered no evi
dence to prove that other substrates were limiting. The investigators inferred 
that molecular and isotopic changes away from the center of the main brine 
pool suggested in situ sulfate reduction and methanogenesis but some of these 
comparisons were made between strong and weak brines. 

Although the East Flower Garden bank pools are small, their location in 
the euphotic zone with a presumably active phototrophic microbial com
munity makes them unique among the oceanic brine pools so far documented. 
The East Flower Garden bank and the Orca Basin are only two of many salt 
diapirs in the northwest Gulf of Mexico. Further investigations of the brines 
and associated sediments comparing the microbial processes at these sites 
would demonstrate the potential for petroleum diagenesis in different kinds 
of hypersaline communities in the same region. They would also show whether 
such anaerobic processes in deep sea brines are qualitatively and quantita-
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tively different from those in normal seawater environments of the same 
region. Dow (1984) has suggested that salt-controlled submarine topography 
in the Gulf of Mexico (due to subsurface flow of rock salt, forming diapirs, 
ridges, and sills) may be responsible for the formation of semi-isolated basins 
that became anoxic during periods of global warming and high sea level. Such 
basins are believed to be the sites of oil source bed accumulation during 
Pliocene and Miocene times. However, it remains to be demonstrated whether 
those anoxic basins were hypersaline or of normal marine composition at the 
time of organic matter accumulation. 

12.3 Red Sea Hot Brines 

The hot brines of the Red Sea were the focus of numerous studies during the 
1960's, and most of that work was published in a volume edited by Degens 
and Ross (1969). While detailed analyses of the geophysical, hydrological, 
and chemical nature of the environment were presented, only two studies 
devoted to the microbiology of the hot brines were reported in that volume 
(Triiper, 1969; Watson and Waterbury, 1969). Those investigators recognized 
that their limited number of samples put constraints on conclusions concern
ing microbial processes in the brines. Subsequent studies by Heitzer and 
Ottow (1976) and Burke et al. (1981) have shed some more light on this 
subject. The following discussion will focus on the actual and inferred evi
dence of microbial activity in the brines, and the chemical and physical factors 
that may limit life in this deep sea environment. Comparisons with the brine 
basins of the Gulf of Mexico further define some of the unique attributes of 
the Red Sea brines that may restrict or preclude life in some parts of those 
basins. 

The Red Sea brines are found in some 20 basins or "deeps" at over 2000 
m depth in an active fault zone (Backer and Schoell, 1972). The Red Sea 
brines are thought to have evolved from seawater dissolving buried halite 
from evaporites in the geothermally active Red Sea Rift zone. Heated brines, 
which are less dense than cold dissolution brines, are believed to rise in the 
sediments and form pools in the deeps (Brooks et al., 1969). The major ion 
composition of one basin, the Discovery Deep, is given in Table 12.1. 

Although Na+ and Cl- comprise the major ions (97% w jw) of the brines, 
differences exist between temperatures, size, and depth of the brine layers, 
as well as salinity gradients, total dissolved solids, and heavy metal concen
trations of the deeps (Brewer and Spencer, 1969; Brewer et al., 1969; Backer 
and Schoell, 1972). The Atlantis II Deep has two brine layers of different 
salinities and temperatures (Brewer et al., 1969b). There is about a 30-m 
transition zone in which the salinity rises from 4.32% to 13.5%, while the 
temperature rises from 2ZOC to 44°C. Below the transition zone there is a 
30-m zone of stable salinity and temperature (13.5%, 44°C), which overlies 
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the densest and hottest brines (up to 15.65%, 60°C) (Backer and Schoell, 
1972). In contrast, the Discovery Deep has a nearly 60-m salinity and tem
perature gradient to the bottom in which the salinity rises from 4.58% to 
25.7%, and the temperatures increases to 44.8°C. 

As a result of geothermal heating of the sediments, the brines emerge 
enriched in heavy metals. Table 12.5 summarizes trace metal concentrations 
and several other attributes of the Atlantis II Deep and the Discovery Deep. 
Other trace element analyses are given by Brooks et al. (1969). While the 
Discovery Deep and the 44°C layer of the Atlantis II brines share similar 
temperatures, the Discovery Deep brine has higher concentrations of the com
monly toxic heavy metals (Zn, Cu, Co, Ni, and Pb). The hotter bottom brines 
of the Atlantis II Deep have even higher concentrations of the heavy metals. 

The earliest studies of life in the Red Sea brines demonstrated they were 
largely sterile. Watson and Waterbury (1969) could not detect bacteria in the 
Atlantis II Deep brine and sediments, but obligate and facultative anaerobes 
were found in the overlying transition layer and in 22°C seawater. Positive 
enrichments for bacteria were made from Discovery Deep sediments but not 
from the brines. A variety of enrichments were made for aerobes and an
aerobes using different media with seawater or brine as the base, and at 2ZO-
56°C. While relatively lower heavy metal concentrations could possibly per
mit life in the Discovery Deep sediments, a variety of factors were cited which 
may generally limit and inhibit microbial life in the Red Sea brines: high 
salinity, high temperatures, high pressures, low carbon (DOC = 1.03-2.15 
mg C'l-I, sediment carbon = 0.224-0.664%), little or no O2, and high con
centrations of certain heavy metals. In addition, the authors cited the need 
for more sampling to look for bacteria. 

All enrichments for sulfate-reducing bacteria and nitrate-reducing bac
teria from the brines and core muds of the two deeps were negative (Triiper, 

Table 12.5 Chloride and trace metal concentrations of some Red Sea hot brines' 
Atlantis II Deep 

44°C 56°C 

Cl- 80.0 156 
Fe 2.00 X 10' 8.1 X 10' 
Mn 8.2 X 10 2 8.2 X 10' 
Zn 1.52 X 10-' 5.4 X 10- 3 

Cu 1.72 X 10-' 2.6 X 10- 4 

Co 8.0 X 10- 7 1.6 X 10 ' 
Ni 1.2 X 10 " nd 
Pb 8.8 X 10 h 6.3 X 10-' 
Brine area 55 km' 
Brine depth 126-178 m 

"Data of Backer and Schoell (1972) and Brooks et al. (1969). 
All data are in g'kg I 

nd, no data. 

Discovery Deep 

44.8°C 

155 
2.7 X 10-' 

5.46 X 10-2 

7.7 X 10-' 
7.5 X 10- 5 

1.29 X 10-' 
3.42 X 10-' 
1.65 X 10-' 

11.5 km' 
175-209 m 
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1969). Enrichments were conducted at room temperature and at the respective 
brine temperatures. One of five sediment samples taken outside the brine 
area had sulfate-reducing bacteria while the brine-seawater tran.sition zone 
of the Atlantis II Deep yielded positive enrichments from which three strains 
were isolated. All the isolated bacteria were strains of Desulfovibrio which 
had temperature optima of 35°-40°C. The strains from the Atlantis II tran
sition zone grew well at 44°C in 10% NaCl medium and at 35°C in 0.5X 
transition zone brine. No denitrifying bacteria were isolated from any en
richment. Triiper cited many of the same reasons given by Watson and Wa
terbury (1969) to explain the limited success of anaerobic bacteria in the hot 
brines. In addition, the following specific factors that might limit sulfate
reducing bacteria were noted: no extremely halophilic sulfate-reducing bac
teria have yet been found; the sulfate concentration of the Red Sea brines is 
much lower than that of seawater; and salt-tolerant sulfate-reducing bacteria 
may not have had enough evolutionary time to adapt in these isolated basins. 
The pH of the environment is suitable for these bacteria (pH 5.0-5.5), but 
even the non-brine muds yielded low numbers of bacteria. The nutrient status 
of the brines and sediments, which have not been determined, may also 
inhibit bacterial development. 

Although circumstantial evidence for free sulfide in the brines was given 
(brass messengers returned blackened), no free sulfide could be measured in 
the Atlantis II Deep. The high concentration of Fe2+ in the brine would prevent 
sulfide accumulation, even in the transition zone from which sulfate-reducing 
bacteria were isolated (Triiper, 1969; Watson and Waterbury, 1969). Sulfate 
depletion was observed in the Atlantis II Deep while it was not found in most 
other deeps (Bekker and Schoell, 1972). A smaller hypersaline basin, the Kebrit 
Deep (15.33% Cl~, 23.3°C) was reported to have large amounts of CO2 and 
H2S as well as relatively high concentration of sulfate (2.2 g' kg-l) (Backer 
and Schoell, 1972). This basin should be sampled in any further studies to 
detect sulfate-reducing bacteria in the Red Sea brines. 

Although Triiper (1969) had no success in finding de nitrifying bacteria 
in the Red Sea brines, Heitzer and Ottow (1976) obtained positive enrichments 
using 10% NaCl and 28° or 37°C with sediments from several basins, in
cluding the Discovery, Atlantis II, and Kebrit Deeps. They found up to 106 

bacteria'g sediment- 1 at the sediment surface with decreasing numbers of 
bacteria downward. Fifteen isolates of Pseudomonas spp. and one coccus were 
subjected to extensive biochemical testing. Of the several strains that could 
grow and denitrify in 20% salt, all could grow in ~3% salt as well. Assays 
to test the effects of environmental factors (i.e., high temperature, pressure, 
and heavy metal concentrations) were not conducted. Although several kinds 
of bacteria have now been isolated from the Red Sea brines, their potential 
activity under in situ conditions is still unknown. 

Burke et al. (1981) analyzed light hydrocarbons in Red Sea brines and 
sediments. By comparing C1:C2 +C3 ratios, they interpreted whether methane 
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was of unaltered biogenic origin or a thermally altered product of older pe
troleum. Hydrocarbon concentrations were considerably lower than those 
from the Gulf of Mexico (Table 12.2). In the 44°C Atlantis II brine, the CH4 

concentration was about 155 J.LH-l and the C1:C2+C3 ratio was high (about 
1100). Such a high ratio is indicative of biogenic origin of methane. In the 
lower brine body, about 120 J.LH-l CH4 was measured, but the C1:C2+C3 ratio 
was only about 50, indicating a thermogenic origin for that methane. The 
CH4 concentrations in the underlying sediments were only about half those 
measured in the brines. The authors concluded that the CH4 was produced 
in situ or at the seawater-brine interface. The C1:C2 ratios of the Valdivia Deep 
brine and the Nereus Deep brine were 40-130 and 130-470, respectively, 
indicating a thermal or mixed biogenic-thermal origin for the CH4 • 

Burke et al (1981) suggested that the absence of olefins, ethene, and 
propene in the brines could be explained by their consumption by bacteria 
in the surface layers of the sediment. Both ethene and propene were found 
in Red Sea sediments, with concentrations of 119 nH-l and 11 nH-l, re
spectively, analyzed in the Atlantis II Deep sediments. Although this evidence 
is somewhat circumstantial, it appears valid to suggest that both methano
genesis and processes of anaerobic hydrocarbon biodegradation are operative 
to a degree in the Red Sea hot brines. These interpretations should be con
firmed by: 1) detection of methanogens and methanogenesis; 2) determination 
of Ol3C signatures of methane at different levels in the brines and sediments; 
and 3) analyses to detect changes with time of low-molecular-weight alkenes 
in surficial sediments. 

Stable isotope analyses of the inorganic carbon and sulfate pools do not 
provide clear-cut evidence of biological activity, but rather reflect the com
plicated history of brines in the Red Sea deeps. By measuring the ~C02 
concentration (125 ppm) and the 013e02 (-1 %o) in Red Sea water and com
paring these values to those obtained in the brines, Craig (1969) interpreted 
that the excess CO2 in the Atlantis II Deep (total CO2 = 184.7 ppm, ol3C = 
-5.6%0) resulted from a mixture of isotopically heavy carbonate and light 
organic carbon. The deficiency in CO2 in the Discovery Deep brine (total CO2 

= 39.4 ppm, ol3C = -16.8%0) could be attributed to the precipitation of 
isotopically heavy carbon. 

The 034S values for sulfate in the brines and in Red Sea water were 
+ 20.3%0. The 034S values for sulfate in the brine were interpeted to reflect 
the fractionation of the sulfate of the original seawater that formed the brine 
in combination with processes of sulfate removal that do not fractionate it. 
The 0180 values of sulfate showed some isotope fractionation between sea
water (+9.5%0) and brine (+7.3%0), a reflection of some isotopic equilibrium 
at higher brine temperatures or fractionation processes during precipitation. 
Kaplan et al. (1969) analyzed total 034S fractionation and found several cat
egories, including values of greater than + 25%0 and less than - 25%0. They 
concluded that the brine sulfate was derived from marine evaporites while 
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the isotope signatures of sulfide in the Atlantis II Deep reflected a mixture of 
hydrothermal processes and brine introduction, or sulfate-reducing bacteria. 
The discussion by Craig (1969) summarizes some of the factors that could 
have influenced the final isotopic fractionation signatures of sulfates and sul
fides, and they include: possible sulfate-reducing bacteria (recent), cycles of 
biological activity over time, brine-shale reactions, and the influence of geo
thermal brines. 

Deep sea brines are rather uncommon, but they have been documented 
in the Gulf of Mexico, the Red Sea, and in the Mediterranean Sea. In the 
Tyro Basin near Greece, at >3300 m depth, 15°C brines have been discovered 
with 157 g Cl-l'kg-l, high organic carbon, and a strong smell of H2S (de 
Lange and ten Haven, 1983; Jongsma et a1., 1983; A. Yayanos, pers. comm.). 
Because subterranean evaporite deposits are similarly under pressure, deep 
sea brine systems may provide the most accessible in situ evidence of microbial 
processes involved in the diagenesis of organic matter under pressure in eva
porite environments. 
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13 

Solar Salterns 

13.1 Introduction 

Solar salterns are convenient systems for analyzing and interpreting biogeo
chemical trends through salinity gradients or between comparable salinities 
of different localities. Most commercial solar salterns (salinas) consist of a 
series of shallow ponds connected in a sequence of increasingly saline brines 
(Figure 13.1). Salt companies maintain records of weather, brine flow, evap
oration rates, and salinity. In seawater-fed systems, Ca2+ precipitates as car
bonate and sulfate salts in the concentrating ponds (see locations marked in 
Figure 13.2), while the brines of the salt crystallizers are saturated with NaCl 
and are nearly devoid of Ca2+. In some systems, potash salts containing 
various combinations of Na+, Mg2+, K+, Cl-, and S042- reach saturation in 
the most concentrated brines. These brines, called bitterns, are discarded or 
are processed for harvesting potash or other salts. 

In many salterns, NaCl of at least 99.8% purity is harvested throughout 
the year. To protect the salt floors of the crystallizer ponds from dissolution 
due to rain, some salt companies harvest NaCl only during the dry season. 
The optimal product of a solar saltern is pure NaCl in the form of large crystals 
that are free of brine inclusions and insoluble particulate matter. The large 
crystals are easier to process (which includes washing with brine to remove 
contaminants) and market. The presence of brine inclusions (which contain 
other ions besides Na+ and Cl-) makes the crystals mechanically weak and 
lowers the purity of the salt. Due to a combination of physical and chemical 
effects, NaCl crystals produced in salinas in the summer tend to be larger 
than those that grow during the winter. Some of the factors that promote the 
formation of large crystals in commercial salinas include warm temperatures 
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Figure 13.1 Aerial view of a solar saltern, San Diego, California. 

(with relatively little change between day and night), low humidity (and no 
rain), winds, dust-free air, and sufficient brine, in combination with proper 
design of crystallizer ponds that takes into consideration brine depth, con
vective currents, brine flow, and maintenance of proper brine salinities. 

Solar salterns provide ideal model systems for studying evaporative se
quences of minerals, biological composition and activity over a broad range 
of salinities, and detailed chemical partitioning between sediments and su
perficial and interstitial brines. Several different factors can cause significant 
deviations from the calculated succession of precipitates and ion composition 
during seawater evaporation in a saltern, including the composition of the 
seawater entering the system, leakage and reflux through pond floors and 
dikes, and flow patterns imposed by the management. A typical distribution 
of major ions in saltern ponds was given in Figure 1.3 and Table 1.1. 

Biogeochemical processes in salterns not only provide a framework for 
assessing the interplay between biology and geochemistry across salinities, 
but also for comparing seasonal and temperature effects on rates of processes 
within a narrow range of salinities. Seasonal differences in both salt produc
tion and biological productivity are notable. In the summer, increased brine 
temperatures and longer day length, both due to increased solar radiation, 
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Figure 13.2 General layout of a saltern of the Antilles International Salt Company, 
Bonaire, Netherlands Antilles. 

apparently promote biological productivity in solar salt ponds. While species 
diversity in general decreases with increasing salinity, organic productivity 
or standing crop does not necessarily decrease and may even increase, es
pecially during the summer. 

The following discussion examines some of the major chemical and phys
ical attributes of salterns, including the presence or absence of CaC03 mineral 
precipitation, the fate of Sr2 + and other trace elements, the stable isotopes of 
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brines, and nutrient concentrations. The published accounts of the microbi
ology of these systems are largely descriptive although some data on pho
tosynthetic rates and sediment degradation have been published. The follow
ing account of the microbiology describes the similarities and differences 
between salinas. Even though little is known about in situ activity, enrichment 
culture studies and experiments with isolates have provided a wealth of in
formation concerning potential microbial activity in these environments. 

13.2 Chemistry 

The pH and O2 content of saltern brines are dependent on salinity and bi
ological productivity. Brines typically range in pH between 7.5 and 8.5. Ex
tremely concentrated brines have even lower pH (see Chapter 1). O2 con
centrations can fluctuate diurnally. Kinsman et a1. (1974) determined O2 

saturation values for concentrated seawater. Although NaCl-saturated brines 
are saturated with about 2 mg O2 '1- 1, little or no O2 has been detected in 
crystallizer brines (Sammy, 1983; Javor, unpublished data). This situation 
probably occurs because respiration exceeds primary productivity in extremely 
strong brines (see below). 

When seawater of normal composition is allowed to evaporate, the min
erals predicted to precipitate follow the order of calcium carbonate, gypsum, 
and halite (see Chapter 1). Under experimental conditions in the laboratory, 
significant CaC03 does precipitate (Bassegio, 1974). Based on calculations of 
these data, about 2.5-6.3 millimoles per liter CaC03 precipitates at the point 
that seawater is concentrated to nearly halite saturation. Calcium carbonates 
are the dominant minerals precipitated in sabkhas and ponds such as Solar 
Lake, but they appear to be minor precipitates in solar salterns (Javor, 1983a, 
1983b; Gouleau, 1982; Landry and Jaccard, 1982; McCaffrey et aI., 1987). 
White precipitates (whitings) composed of CaC03 and CaS04 particles (1.5-
2.5 /otm diameter) sometimes occur when concentrator brines at pH values 
above 8.5 suddenly mix with inflowing brines and there is a 2°_3°C tem
perature difference between the two brines (Sammy, 1983). Other reports of 
CaC03 precipitation in a saltern described CaH concentration with respect to 
pond number, not brine concentration (Herrmann et aI., 1973; Schneider and 
Herrmann, 1980). A re-evaluation of those data based on the data in Figure 
1.1 and those of McCaffrey et a1. (1987) indicates that little CaC03 precipi
tation occurs before gypsum reaches saturation. 

The relative lack of CaC03 precipitation in solar salterns may be related 
to: 1) the relative homogeneity of brine salinities at anyone local pond area 
at anyone time; 2) the continuously subaqueous environment of the pond 
floors; 3) the relatively high DOC content of saltern brines; and/or 4) inhi
bition by increasing concentrations of Mg2+. The whitings reported by Sammy 
(1983) indicate that the mixture of brines of different compositions or tem-
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peratures may be a prerequisite for large-scale CaC03 precipitation in these 
systems. CaC03 precipitation may occur in environments such as Solar Lake 
and sabkha flats because normal salinity seawater is concentrated in a single 
body of brine. The general lack of reflux or mixing in the unidirectional flow 
of brines in salterns apparently makes them unique hypersaline environments. 
A detailed chemical study of the dynamics of calcium carbonate saturation 
and precipitation in saltern systems would complement the large body of 
literature on carbonates in other marine and hypersaline environments. 

Strontium (Sr2+) typically co-precipitates with gypsum in a sabkha en
vironment, but there is controversy as to whether most strontium precipitates 
as SrS04 (celestite) with halite (Braitsch, 1971; Butler et al., 1973). In solar 
salterns, Sr2+ concentration does not change with salinity up to gypsum sat
uration, where a little Sr2+ precipitates (Figure 13.3). However, mass Sr2+ 
precipitation does not occur until the brines are saturated with halite (Nadler 
and Magaritz, 1980; Javor, 1983a). Landry and Jaccard (1982) found that the 
total concentration and the loss of Sr2+ in brine solution could vary signifi
cantly in two different years in a saltern. Javor (1983a) showed that celestite 
and strontianite (SrC03) crystal morphology was influenced by dissolved or
ganic matter. Kinsman (1969) suggested that high Sr2+ :Ca2+ ratios in Bahaman 
and Persian Gulf aragonites were related to organic complexing. Similar ob-
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Figure 13.3 Sr2T concentrations in the brines of the Exportadora de Sal saltern (from 
Javor, 1983a). 
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servations have been made in normal seawater for CaC03, and in brines for 
gypsum (see Chapter 4). 

Bromide has been noted to accumulate in brines and to precipitate par
tially with NaCl. The partitioning of Br- between halite and interstitial or 
trapped fluids has been used to interpret the amount of brine recycling in 
evaporite systems (Holser, 1979). Herrmann et al. (1973) and McCaffrey et 
al. (1987) measured Br- in saltern brines and halite. While the data of Herr
mann et al. (1973) indicate that Br- concentration is not conservative as chlor
inity changes in brines that are undersaturated with respect to NaCl, the data 
of McCaffrey et al. (1987), measured by a more precise technique (ion chro
matography), indicate that Br- is a conservative element. Because microor
ganisms and presumably DOC sequester Br-, the possible effects of biological 
processes on Br- concentration cannot be ignored entirely. 

Trace elements in solar salterns have not been well characterized. Landry 
and Jaccard (1982) found Pb concentrations in saltern brines ranged from ~1 
to 10 /Lg"l-I. The higher concentrations were associated with brines saturated 
or nearly saturated with NaCl, but not all such dense brines had a high lead 
content. Fe concentrations mostly were in the range of 13-86 /Lg"l-l, but two 
samples (about 2.5 X concentrated seawater) had Fe concentrations of 129 
and 790 /Lg"l-I. The latter brine had an exceptionally high sugar content (24.5 
mg"I-1 vs. 0.70-11.0 mg"l-I in the other brines) and may have been associated 
with a bloom of microorganisms. Single analyses of such components cannot 
be properly evaluated without more detailed knowledge of the biological and 
organic components of the system. 

13.3 Stable isotopes 

Stable isotope distributions in solar salterns remain largely unstudied. In small 
ponds used to evaporate Mediterranean seawater, Nadler and Magaritz (1980) 
found that both 1)180 and I)D (deuterium) values of brine water increased until 
seawater was 4 X concentrated, and then decreased in more concentrated 
brines. Normal seawater H20 has 1) 180 values of + 1.62 to + 2.09%0 and I)D 
values of +10.6 to +21.2%0. In 4X seawater, 1) 180 was +3.99 to +5.59%0, 
and IlD was +24.9 to +26.20/00. By the time the brines reached saturation 
with respect to halite, 1)180 of water decreased to + 1.91 %0 and I)D decreased 
to + 14.1 %0. In 32-fold concentrated seawater, 1)180 was +0.08%0 and IlD was 
+3.4%0. These isotope fractionations occurred in the absence of observable 
biological activity. 

In the Salin-du-Giraud (France) saltern, the 1) 180 content of H20 was 
enriched in the summer (due to evaporation) but it decreased in the winter 
(due to rain dilution) (Pierre and Fontes, 1983). The same effects were re
corded in the hydration water of gypsum (CaS04"2 H20). 

The stable isotopes of the sulfate ion also showed fractionation effects 
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due to salinity and biological activity (Pierre, 1985). The 0180 of dissolved 
SOr increased from about +9.5%0 in seawater salinity to about +11%0 at 
gypsum saturation, and to about + 12%0 in NaCl-saturated brines. The 034S 
of dissolved sulfate increased from about + 20%0 to about + 20.5%0 at gypsum 
saturation, and about + 21 %0 at halite saturation. Interstitial solutions in the 
salina sediments (no salinity given) showed evidence of bacterial sulfate re
duction. The 034S values of sulfide were - 2.4%0 and -15.0%0 in two samples. 
Porewater sulfate had 034S values of +21.7%0 and +30.7%0, and 0180 values 
of +11%0 and +16.9%0. 

13.4 Nutrient effects on the biota 

The nutrient concentrations found in solar salterns depend on a variety of 
parameters. Geographic factors influencing nutrients include proximity to riv
ers, urban centers and pollution, the nutrient status of incoming seawater, 
and the climate. The nature and extent of the fauna and flora, the season of 
productivity, and management practices also influence nutrient concentration. 
In some cases, salt production can be improved by fertilization or inoculation 
with particular organisms (Davis, 1978; Jones et al., 1981). Davis (1978) showed 
that microbial mats Gould prevent brine leakage and that pigmented phyto
plankton or bacterioplankton could affect water temperature by increasing 
solar absorption in the crystallizers. Mucilage production by Aphanothece
type cyanobacteria has been demonstrated to be detrimental to the growth 
of commercial-grade NaCl crystals (Bah a Al-Deen and Baha Al-Deen, 1972). 
Jones et al. (1981) found that populations of mucilage-producing Coccochloris 
elabens (Aphanothece halophytica) could be checked by controlling algal pop
ulations with the inoculation of grazing brine shrimp. 

Among unamended salterns, both oligotrophic (low nutrient) and eu
trophic (high nutrient) systems have been described (Table 13.1). In concen
trator ponds with about 2-4X seawater salinity, oligotrophic systems are 
characterized by benthic microbial mats with sparse phytoplankton. Artemia 
salina, which is primarily a filter-feeder, is never very abundant in oligotrophic 
salinas such as the Exportadora de Sal saltern. In moderately eutrophic sys
tems, phytoplankton productivity exceeds brine shrimp grazing and both phy
toplankton and benthic mats thrive (California salt ponds). In very eutrophic 
systems, shading by the phytoplankton can limit benthic mat productivity. 
From the standpoint of salt production, such a situation is undesirable since 
a benthic mat is needed to retard brine leakage. The low-nutrientjlow-phy
toplankton system also introduces less particulate organic carbon into ponds 
where salt crystallizes. Although it may be desirable to maintain brines col
ored by plankton in the crystallizers to aid in heat absorption and evaporation, 
there remains a trade-off of increased DOC contamination of the salt and 
inhibition of NaCl crystallization (see Chapter 3). To overcome these prob-
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lems, salt company managers sometimes employ various "tricks" to optimize 
salt quality, including chemical and ultraviolet treatment to kill microorga
nisms, and purification of the salt by dissolution and recrystallization. 

It has been popularly accepted by saltern managers that red-colored brines 
(due to Dunaliella and/or halobacteria) increase solar absorption and cause 
the temperature of the brines to rise, but there are no published data docu
menting this effect. An experiment designed to show the effect of halobacterial 
coloration of brines on solar heating was described in Figure 1.5. The max
imum temperature attained by the densely-colored brine was 46°C while the 
clear brine reached only 39°C. In that saltern, mid-morning brine tempera
tures typically varied between 19° and 30°C (Javor, 1983b), although tem
peratures up to about 35°C were occasionally encountered during summer 
(Javor, unpublished data). Temperatures up to 41°C were recorded in a Span
ish saltern (Rodriguez-Valera et al., 1985). Others working in salt ponds have 
found that density differences that inhibit vertical mixing (a layer of fresher 
brine overlying dense brine) can cause bottom brines to be too hot for the 
bare feet (B. Soderberg, pers. comm.). 

13.5 Microbiology and primary productivity 

The effect of salinity on different microbial types has been discussed in Chap
ter 2 and Chapters 5-11. The microbial species composition of solar salterns 
tends to be similar in different systems. After seawater has been concentrated 
about two-fold, the photosynthetic community is largely restricted to cyano
bacteria, phototrophic bacteria, some diatoms, and the green algae Dunaliella 
viridis and D. salina (Davis, 1978). In brines concentrated to above gypsum 
saturation (about 4X seawater), the photosynthetic community is largely re
stricted to Dunaliella and Aphanothece halophytica (or related taxa). Only Dun
aliella, halotolerant and moderately halophilic eubacteria, and halobacteria 
thrive in NaCl-saturated seawater (see Chapters 7-9). No living organisms 
appear in bitterns brines which have a natural blue-green (low humic content) 
or yellow (high humic content) color. The water activity of bitterns brines 
drops below aw 0.70 (see Chapter 1) and the Mg2+ content increases to one 
molar and greater. These factors, as well as relatively low Na + concentrations 
or other chemical factors, probably preclude life in bitterns or potash brines 
(Javor, 1983b; 1984). 

Although halobacteria are known to color salt ponds red, no one has 
demonstrated how active they are in situ. Using natural saltern brines sup
plemented with peptone, Javor (1984) showed that isolates of halobacteria 
grew poorly in saltern brines saturated with NaCl and that moderately hal
ophilic eubacteria had little or no detectable growth in those brines. Further 
experiments demonstrated that the high concentrations of Na + and Mg2+ in 
the strong brines limited bacterial growth. The high numbers of bacteria found 
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in crystallizer brines may in. part be due to passive concentration with evap
oration. Wais and Daniels (1985) described how bacteriophage could also 
help control the population size of halobacteria in a salt pond. 

During the time of the studies by Javor (1983a, 1983b, 1984), the Ex
porta dora de Sal saltern was essentially devoid of Dunaliella. The absence of 
this alga was attributed to the oligotrophic nutrient status of the ponds (see 
Table 13.1). With subsequent changes in brine flow and composition imposed 
by the management, low populations of Dunaliella were regularly found in 
the crystallizers in that saltern (H. Estrada, pers. comm.). Davis (1978) noted 
the quantitative increase in species and biomass in a Bahaman saltern after 
the addition of Nand P fertilizers. After fertilization, 13 species of cyano
bacteria, 2 species of chlorophytes, 4 species of pyrrophytes, one species of 
cryptomonad, and 4 genera of diatoms were recognized in seawater at ~5.5 
salinity. A qualitative change in species composition was also noted in the 
Western Salt (California, U.S.A.) saltern after a winter of heavy rains flooded 
the ponds. Some of the concentrator ponds developed thick mats where only 
thin, sparse algal felts had been noted before (Javor, 1983a, unpublished data). 

Protozoa are significant members of the microbiotas of saltern concen
trator ponds (see Chapter 10), but little is known of their biology in these 
habitats. In ponds designed for outdoor culture of Dunaliella (presumably 
rather eutrophic), 14 ciliates, 10 zooflagellates, and 4 sarcodines were fre
quently observed in ~ 15% seawater (Post et al., 1983) (see Table 10.1). Davis 
(1978) counted 11 species of protozoans in a Bahaman saltern. In Exportadora 
de Sal brines (about 6-10% salinity), the ciliate Fabrea salina occasionally 
formed such blooms that the brine appeared filled with a suspension of fine 
grains of black pepper (Javor, 1983b, unpublished data). 

Primary productivity has been measured in several saltern systems. In 
the Alviso salt ponds (San Francisco, California, U.S.A.), Carpelan (1957) 
found that rates of photosynthesis in ponds of 4.7-9.4% salinity in August, 
1951, were 0.65-1.25 ml 020l-loh-l. When these values were calculated in 
terms of biomass (as optical density, wavelength not given), there was an 
inverse relationship between salinity and photosynthetic rates. The greatest 
productivity was in the 4.7% salinity pond (14.3 ml 020l-loh-loO.D. unit-I) 
while the lowest rate was at the outlet of the 9.4% salinity pond (2.2 ml 
020l-loh-loO.D. unit-I). Primary productivity at higher salinities was not de
termined. 

Carpelan (1957) noted that microbial activity could greatly influence the 
concentration of dissolved oxygen in the brines. The greatest difference in 
morning and afternoon oxygen concentrations was noted in the 6.4% salinity 
pond, where O2 increased from 2.3 to 6.8 ml 0 201-1 between morning and 
afternoon (exact hours not given). 

In Salina Fortuna (Puerto Rico), Copeland (1967) also noted a rise in O2 

concentrations along with an increase in pH (from 7.78 to 7.95 in 15% sal
inity). Copeland and Jones (1965) measured primary productivity in the plank-
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ton of Salina Fortuna in 15, 19.5, and 22.5% salinity brines in terms of O2 

and CO2 metabolism. The respiratory quotient (moles CO2 produced per mole 
O2 consumed) in all three salinities was comparable (1.5-1.7). The photo
synthetic quotient (moles O2 produced per mole CO2 consumed) increased 
with salinity from 0.3 to 1.2. The biomass in each brine was not given but 
areal rates and depth were tabulated. Those rates were recalculated in terms 
of brine volume and compared to planktonic productivity rates in Laguna 
Madre (Gulf of Mexico) in Table 13.2. 

In contrast to the apparently eutrophic Salina Fortuna saltern, the Ex
portadora de Sal saltern had very low or "negative" rates of photosynthesis 
in the plankton (Javor, 1983b). Investigations using microelectrodes in the 
microbial mats in those ponds showed that most of the primary productivity 
apparently occurred in the benthos (J0rgensen et al., 1987). Competition for 
sulfide by phototrophic bacteria and colorless sulfur bacteria was also dem
onstrated in those microbial mats (J0rgensen and Des Marais, 1986). 

13.6 Microbial processes in the sediments 

The activity of sulfate-reducing bacteria was detected in saltern sediments at 
salinities as high as 30% (Klug et al., 1985) (see Figure 4.4). Sulfide concen
trations as high as 18 mM were detected at 13 cm depth in 9% salinity pond 

Table 13.2 Community metabolism of plankton in the Salina Fortuna saltern 
(Puerto Rico) and Laguna Madre (Gulf of Mexico)" 

Salinity, Temperature, 
O2, g'm 3'd 1 

Photosynthetic 
% °C 0" mg·J 1 Photosynthesis Respiration quotient Site" 

Salina Fortuna 
15.0 27.6-34.9 2.5-3.5 3.68 9.94 0.37 
19.5 26.7-36.5 2.6-3.0 2.67 4.33 0.62 
22.5 26.1-37.0 1.7-2.6 5.25 10.67 0.50 

Laguna Madre 
12.1 18.2-20.5 0-0.16 0.50 50.4 0.01 LC 
12.1 18.2-19.5 0-0.10 0.48 47.1 0.01 LC 
5.0 24.8-28.7 5.71-6.47 1.07 0.93 1.67 Cl 
9.5 20.1-24.1 4.41-5.43 4.09 9.61 0.43 Cl 

11.4 7.8-16.4 4.11-6.51 4.00 9.07 0.44 Cl 
9.4 20.1-26.6 4.66-6.24 4.74 9.78 0.48 C2 

11.5 9.0-14.2 3.06-4.97 11.4 17.0 0.67 C2 
11.1 20.1-24.0 4.82-6.54 3.56 5.89 0.60 C2 
9.3 20.2-24.0 4.76-5.72 1.87 8.00 0.25 C3 

11.5 26.2-30.8 2.95-5.15 12.4 16.4 0.75 C3 
11.3 7.7-15.1 4.82-6.79 4.30 7.55 0.57 C3 
11.8 27.2-30.8 2.95-5.65 8.16 7.43 1.10 C4 
12.0 11.8-36.0 4.83-5.78 2.81 2.81 1.00 C4 

, From Copeland and Jones (1965). 
b LC, La Capia station; C1, Carvajal station 1; C2, Carvajal station 2; C3, Carvajal station 3; C4, 
Carvajal station 4. 
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Figure 13.4 Total carbohydrates (determined with the phenol-hydrazine sulfate 
method) of microbial mats. A: Aphanothece mats (13.2-17.8% salinity during the course 
of the study) in 1987 from the Israel Salt Company (Eilat) saltern; circles, 4 January; 
closed triangles, 23, April; open triangles, 6 June. B: Solar Lake; closed triangles, 15 
March (9.0% salinity); open triangles, 21 May (13.0% salinity). The concentrations of 
total carbohydrates in the brines overlying the microbial mat are indicated with an 
arrow on the abscissa. 
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Primary amines, mM 
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Figure 13.5 Dissolved free amino acids (triangles) and total amino acids (circles) 
measured as primary amines in porewaters of microbial mats (see Figure 13.4). Open 
symbols: Aphanothece mat, 2 March. Closed symbols: Solar Lake, 15 March. Primary 
amines were determined in unhydrolyzed (free amino acids) and hydrolyzed (total 
amino acids) samples with fluorescamine against glycine standards. Brines overlying 
the Aphanothece mats had 9-31 JLM free primary amines and 35-69 JLM total primary 
amines. 

sediments. The greatest rates of sulfate reduction were found in the top cen
timeter of the less saline sediments. At 13-15 em depth, sulfate reduction 
was still detectable in the hypersaline muds but it was negligible in the 3.3% 
salinity muds due to sulfate depletion. 

Although fermentation rates in saltern sediments were not measured by 
Klug et al.(1985), fermentation products (low-molecular-weight fatty acids) 
were detected and quantified. There was a general increase in the concen
tration of these fatty acids, especially acetate, with salinity (see Figure 4.1). 
The results suggest that microbial fermentation greatly exceeds sulfate re
duction in extremely hypersaline sediments. CH4 (but not methanogenesis) 
was detected in 4.2% salinity sediments by Klug et al. and in 15% salinity 
sediments of the Eilat, Israel, saltern (A. Oren, pers. comm.). 

Concentrations of dissolved total carbohydrates and total amino acids in 
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the surface brines of a eutrophic and an oligotrophic saltern generally in
creased with salinity (see Figures 4.2 and 4.3). Concentrations of dissolved 
carbohydrates (Figure 13.4) and amino acids (Figure 13.5) in the interstitial 
brines of Aphanothece mats (about 15% salinity) of the Eilat, Israel, saltern 
were highest in the top 4 mm of the mats (the photosynthetic zone), and 
they greatly exceeded the concentrations found in the overlying brines (Javor, 
unpublished data). Summer values were higher than winter values, probably 
due to warmer ambient temperatures and increased irradiance and daylength. 
The concentrations of these DOC pools are similar to those measured in Solar 
Lake mats. 

Because of their worldwide distribution and their accessibility for sam
pling, studies of biogeochemical processes in salterns can provide models for 
understanding the interactions between microorganisms and the geochemistry 
of evaporite environments in general. For example, salinas provide the op
portunity to compare primary productivity and degradation rates under both 
aerobic and anaerobic conditions across a wide range of salin ties. The effects 
of salinity and DOC on ion activity coefficients could be compared between 
surface brines and interstitial brines of the sediments. Likewise, the stable 
isotopic signatures of carbon and sulfur could be compared between salinities, 
between high and low redox potentials, and between systems of high and 
low organic productivity. 
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Solar Lake 

14.1 Introduction 

Solar Lake, on the Sinai Peninsula (Gulf of Aqaba), is an extremely small (50 
by 140 m), shallow (4-6 m deep), sea-marginal pond (Figure 14.1). Solar Lake 
can probably claim an unofficial record of the most number of scientific in
vestigations for such a small body of water. Some preliminary data on this 
pond were first reported by Por (1972), and the dynamic physical, chemical, 
and microbiological cycles in the lake were described in detail by Cohen and 
co-workers (Cohen et al., 1977a, 1977b, 1977c). Cohen's studies were fol
lowed by investigations by others to further define the microorganisms that 
comprise the biota, their activities, and their inorganic and organic geochem
ical remains. The small size, shallow depth, and the relative ease of access 
to the lake in the 1970s facilitated sample collection and measurements of in 
situ microbial activities. From the standpoint of understanding the biogeo
chemical dynamics of modern hypersaline environments, Solar Lake is the 
best known system in the world. Although it should not be considered a 
model for all marine-derived hypersaline systems, it can serve as a guide for 
similar investigations in other hypersaline habitats. 

Solar Lake (Figure 14.2) is a monomictic body of water subject to density 
stratification, intense solar heating in the lower layers (hence, the name), high 
evaporation rates, and complex and intense microbial interactions in the water 
column, on the benthos, and in the sediments (Cohen et al., 1977a, 1977b, 
1977c; Krumbein et al., 1977; J0rgensen and Cohen, 1977). Some of the lim
nological attributes are given in Table 14.1. The lake is separated from the 
Red Sea by a 60-m wide gravel bar. It is fed by occasional rain showers and 
by seawater seepage from the Red Sea. This type of sea-marginal lake has 
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Figure 14.1 Location of hypersaline environments in the Sinai (Solar Lake, Gavish 
Sabkha, Ras Muhammad pool, and Bardawil Lagoon) and in Israel-Jordan (Dead Sea). 
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Figure 14.2 Solar Lake, Sinai Peninsula. 

Table 14.1 Some limnological characteristics of Solar Lake, Sinai peninsula 

Size: 50 X 140 m 
Age: 4000 years total sediment accumulation. The oldest algal mats are 2400 years old. 
Annual evaporation rate: about 3.0 meters 
Annual precipitation: 6-98.2 mm 
Sediments: carbonates and gypsum 
Residence time of water: 5.5 months 

Mixing period: 4-13 weeks in summer 
Salinity: 15-18% 
pH: 8.2-8.8 
Temperature: 27°C 
0,: oxic at bottom 
Sulfide: absent in water 
Light penetration: relatively clear; 25.7% of surface light reaches bottom 

Stratification period: September to July 
Salinity gradient: 6.8% at top, 16-18% at bottom 
pH gradient: 8.1-8.2 in water column, 6.9 at bottom 
Temperature gradient: 27°C at surface, up to 60.5°C at 2.5-3 m depth, 40°C at bottom 
0,: anoxic at bottom 
Redox gradient: +390 mV at surface, -185 mV near bottom 
Sulfide: 39 mg'l I maximum in water near bottom 
Light penetration: very turbid 

From Cohen et al. (1977a, 1977c) 
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been termed an anchialine pool by Por (1985), meaning it has no surface 
connection to the sea. Rainwater runoff, which can form a less dense layer 
floating on the denser brine of the lake, can contribute significantly to tem
perature stratification (Cohen et aI., 1977a). While seawater does seep into 
the pond, brine loss back through the gravel bar is retarded by the presence 
of beachrock, gypsum crusts, and laminated microbial mats. The oldest mats 
in the sediments are about 2400 years old, indicating the limnological and 
climatic conditions of this environment have been stable during this period. 

Density stratification begins in the autumn (Table 14.1) and continues 
through the winter, spring, and early part of summer. With increasing solar 
radiation and evaporation, the epilimnion (0-1.0 m) becomes increasingly 
more saline until the top and bottom of the lake have the same density at 
the beginning of the mixing period (holomixis) in July or August. Holomixis 
lasts 4-13 weeks. During holomixis, parameters such as salinity, pH, and Eh, 
and temperature are constant throughout the lake while, during stratification, 
extremely steep physical and chemical gradients occur. These annual cycles 
impose physical and chemical boundaries that delimit microbial populations 
in the water column and benthos. 

14.2 Microbiology and primary productivity in the 
water column 

The phototrophic flora of the water column and some rates of primary pro
ductivity were presented by Cohen et a1. (1977b) and are summarized in 
Table 14.2. The maximal carbon fixation rate, 8015 mg C·m~2·d~1 is one of 
the highest rates of primary productivity ever recorded in a non-polluted 
body of water. The actual rates of carbon fixation (14C-HC03 ~ assimilation) 
were calculated from alkalinity measurements but were not corrected for the 
carbonate alkalinity of the brines (see Chapter 1). Because of the unmeasured 
inorganic carbon concentrations, it is impossible to compare CO2 assimilation 
rates in other brines with those of Solar Lake. Empirically-derived apparent 
dissociation constants of the carbonate system of this body of water have not 
been calculated. The values given by Cohen et a1. (1977b, 1977c) should be 
considered as estimates of unknown precision, especially when they are com
pared to productivity rates in other hypersaline systems. Monitoring oxygen 
evolution, which is sometimes used as an alternative measure of primary 
productivity rates, would not assess the role of phototrophic bacteria nor 
would it give an accurate estimate of the photosynthetic potential of the 
cyanobacteria capable of an oxygenic photosynthesis. The very high standing 
crops of planktonic organisms that develop each year during stratification in 
Solar Lake suggest that primary productivity rates are high or that grazers 
are few below the epilimnion. 

During stratification, the greatest primary productivity rates (in terms of 
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Table 14.2 Phototrophic microorganisms, microbial biomass, and primary 
productivity in the Solar Lake water column 

Summer mixing period 
Microorganisms: Cyanobacteria (Aphanothece halophytica*, A. littoralis, Oscillatoria salina, 

Microcoleus sp., Spirulina sp., S. labyrinthiformis), total number 2 X 101 'ml ' 
Diatoms (Amphora coffeaeformis·, Nitzschia thermalis, N. sp.), total number :s2 X lO"ml-' 
Heterotrophic bacteria, total number 6.7 X 10s'ml 'near bottom, somewhat less near top 

Biomass: 3 g C'm ' 
Primary productivity: <100 mg C'm"d 'for all depths 

Stratification period 
Epilimnion (0-1.0 m) 
Microorganisms: Similar to summer, but total number around lO"ml ',Dactylococcupsis salina" 

dominates 
Heterotrophic bacteria, total number 2 X 10S'ml ' 

Biomass: 1-8 g C'm' 
Primary productivity: 50-100 mg C'm "d ' 
Metalimnion (1.0-2.5 m) 
Microorganisms: Purple phototrophic bacteria (Chromatium violescens,· up to lOh 'ml ' 

Lamprocystis sp.) 
Filamentous cyanobacteria (0. salina, O. limnetica, Microcoleus sp.), up to 2 X 101 

filaments'ml ' 
Heterotrophic bacteria, up to 9.5 X 10h 'ml ' 

Biomass: 4-18 g C'm 1 

Primary productivity: 100-<1000 mg C'm "d ' 
Hypolimnion (2.5 m-bottom) 
Microorganisms: Upper hypolimnion has green phototrophic bacteria (Prosthecochloris sp. *) up 

to lO"'ml ',purple phototrophic bacteria, and filamentous cyanobacteria. 
Lower hypolimnion has floccose benthic mat with fewer green phototrophic bacteria (2 X 
lOs'ml ') but a dense bloom of filamentous cyanobacteria (same species as in the 
metalimnion). 
Heterotrophic bacteria, 1.8 X lO'''ml ' 

Biomass: 4-28 g'm ' 
Primary productivity: up to 4960 mg C'm"d I 

Maximum primary productivity in lake: 8015 mg C'm 2'd ',91% in the metalimnion + 
hypolimnion 

Annual primary productivity: 59.09 g C'm 2'yr ' 

From Cohen et al. (1977b, 1977c); Walsby et al. (1983) . 
• Dominant species 

lake area) were in the metaliminion and hypolimnion, where over 8 g of 
carbon was fixed per m2·d. The high standing crop of microorganisms greatly 
attenuates light in the lower part of the water column during stratification. 
Low rates of photosynthesis in the epilimnion may be partially due to grazing 
pressure by the brine shrimp Artemia salina. The experimental evidence of 
Walsby et a1. (1983) showed that high temperatures (100% mortality after 16 
hours at 37° C) and anoxia restrict the brine shrimp to the epilimnion. Ex
tremely high grazing rates (up to 106 cyanobacterial cells consumed each hour 
by each adult brine shrimp) indicate that photosynthesis must be fairly great 
in the epilimnion (unless grazing rates are much slower in dilute suspensions 
of cells and/or the brine shrimp consume other bacteria as well). An eval
uation of photoassimilation rates per mg chlorophyll a indicated the epilim-
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netic population has a relatively low potential for photosynthesis (Cohen et 
al.,1977b). 

A detailed survey of the Solar Lake biota during stratification was made 
by Hirsch (1980). A total of 149 morpho types were isolated in culture and 
their taxonomic affinities and their distribution within the lake were tabulated. 
Of the total isolates, 81 % were procaryotes. The eucaryotes were represented 
by diatoms, flagellates (green or golden, and colorless), non-flagellated algae, 
and ciliates. Fungi were absent. All the eucaryotes except for one flagellate 
were confined to the oxic layers of the lake, and 21 of the total 28 eucaryotes 
were confined to the water surface or shore mat. Among the procaryotes, 
only 28% were confined to the lake surface or shore mat. 

One-third of the morphotypes identified by Hirsch were primary pro
ducers, including cyanobacteria, phototrophic bacteria, and eucaryotic algae. 
Hirsch found 20 different morphotypes of cyanobacteria in Solar Lake while 
Potts (1980) counted 24 different species. Hirsch (1980) and Cohen et al. 
(1977b) noted that the phototrophic bacteria and some of the cyanobacteria 
were restricted to the hypolimnion. A great variety of heterotrophic bacteria 
were recognized by Hirsch (1980) but could not be identified with cultivated, 
known genera. While some experiments testing the effects of growth sub
strates and temperatures were done, measurements of growth at different 
salinities were not described. 

The study of Hirsch (1980) complemented an investigation by Cohen et 
al. (1977c) of bacterial activity in the water column of Solar Lake. Six different 
bacterial layers (plates) were observed during stratification. The presence and 
activity of these bacteria were confirmed by several techniques: direct and 
viable cells counts, light and dark 14C02 incorporation, measurement of res
piratory activity, and determinations of chlorophyll a, protein, and ATP. Dur
ing holomixis higher viable counts were obtained in 12% salinity medium in 
comparison to 3% salinity medium, and greater counts were obtained at lower 
incubation temperatures (20° > 35 ° » 48 ° C). During stratification, the great
est viable counts of the bacteria in the epilimnion were obtained in 3% salinity 
at 35°C. At 2.5 m depth, low counts were obtained in both media at all 
temperatures. At 4.5 m depth, greater viable counts were obtained in 3% 
salinity medium than in 12% salinity medium although the lake has a salinity 
of 18% at this depth. 

Enrichments for a variety of aerobic and anaerobic bacteria have been 
made. While Hirsch (1980) obtained enrichments of the sulfate-reducing bac
terium Desulfovibrio from hypolimnetic water, Cohen et al. (1977c) could not 
isolate any sulfate-reducing bacteria from any depth in summer or winter. 
They did find putrefactive bacteria that produced H2S from cysteine in bottom 
water samples. J0rgensen et al. (1979b) detected low rates of sulfate reduction 
near the bottom of the hypolimnion during stratification (4.1-6.9 ~mol 
SOr·I-I·d- I). 

Sulfur-oxidizing bacteria (thiobacilli) were detected just above the ther-
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mocline where they presumably thrive near the OdH2S transition zone. These 
bacteria typically grow as chemoautotrophs, reducing CO2 at the expense of 
energy obtained by the oxidation of sulfide. Dark CO2 uptake at the top of 
the metalimnion may be in part due to these bacteria. In spring, peaks in 
dark CO2 fixation were measured at 1.0, 2.0, and 4.0 m depth. When the 
results from those measurements were expressed as CO2 fixed'mg protein-I, 
the greatest dark CO2 assimilation rates were found at the lake surface, with 
lower rates at 2 and 4 m. The lowest efficiency of dark CO2 assimilation was 
measured at 1 m depth. Because of the extreme salinity stratification in the 
lake during the spring, it is uncertain whether the different CO2 fixation rates 
at each depth were more due to biological processes or to salinity effects on 
the carbonate equilibria. 

Relatively high dark CO2 fixation rates in the hypolimnion were thought 
to be due to non-reductive CO2 assimilation by the mixed phototrophic and 
non-phototrophic communities. CO2 fixation in the dark by photosynthetic 
microorganisms is typically about 6% of that measured in the light. The 
highest dark CO2 incorporation rate measured (1014 mg C'm-3'd- 1) was about 
one-fifth of the maximum rate of photosynthetic uptake of 14C02 (4960 mg 
C'm-3'd- 1) (Cohen et al., 1977c). The carbon necessary to support such high 
heterotrophic activity in the plankton was believed to have been produced 
in the benthic cyanobacterial mats. These mats produce 5-12 g C'm-2'd- 1 

(Krumbein et al., 1977). Plates of actively growing bacteria were also detected 
through ATP measurements (relatively high concentrations of ATP were found, 
nearly 100 mg'm- 3 at 1.0 m depth, with lower peaks at 3.0-3.5 m and at 4.5 
m) and O2 uptake measurements (high rates of respiration were found, 1700 
m mole O2 consumed'm- 3'h- 1 at 4.5 m, with lower activity peaks at 1.0-2.0 
m and at 3.0 m). Based on a wide variety of estimates, Cohen et al. (1977c) 
tabulated the major types of organisms that dominate the different layers of 
the lake during stratification (Table 14.3). 

The benthos of Solar Lake was characterized by four different types of 
microbial mats distinguished by their general morphology, species compo
sition, and location (Krumbein et al., 1977; J0rgensen et al., 1983): shallow 

Table 14.3 Dominant metabolic types of communities in the water column of 
Solar Lake during stratification 

Depth, m 

0-1.0 
1.0 
2.0 
2.5 
3.0-3.5 
4.0 

From Cohen et al. (1977c). 

Oxic 

+ 
+ 
± 

+ , present; ±, 0, variable, -, 0, absent. 

Community 

Chemolithotrophs 
Chemoorganotrophs 
Mixed chemolithotrophs and phototrophs 
Phototrophs 
Low biomass and low CO2 uptake 
Chemoorganotrophs and phototrophs 
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flat mat, deep flat mat, blister or pinnacle mat, and gelatinous or floccose mat. 
The shallow flat mat, covered by very little water, consisted of a surface film 
of diatoms and the bacterium Achromatium (0-0.1 mm depth), underlain by 
0.3 mm of a blue-green layer of the cyanobacterium Microcoleus. Layers of 
carbonate grains, filamentous and coccoid cyanobacteria, and flexibacteria 
were found between 0.4 and 1.2 mm depth. Below 2.5 mm, all the layers 
repeated themselves. The active photic zone was 0.8 mm deep. Photosynthetic 
rates were maximal in the Microcoleus layer (50 ~mol 02'cm- 3'h-1 produced, 
1.5 mg C'cm-2'd-1 assimilated as 14C02). 

The deep flat mat (covered with about 50 cm water) had essentially the 
same composition as the shallow flat mat except that it lacks Achromatium. 
The exact metabolic nature of Achromatium is unknown since it has not been 
isolated in pure culture. Photosynthetic rates up to 25 ~mol 02'cm-3'h-1 were 
measured in the Microcoleus zone of this mat (J0rgensen et al., 1983). The 
active photic zone was 2.5 mm deep. Extreme diurnal variations in O2, H2S, 
pH, and Eh were found in the photic zone of these mats using microelectrodes 
(J0rgensen et al., 1979a; Revsbech et al., 1983; Cohen, 1984): 0-1400 ~M O2, 
0-50 ~M H2S, pH 7.7-9.6, and -50mV to +280 mV at the mat surface. 

The Microcoleus layer of the mat was subjected to oxic conditions during 
the day and to about 200 ~M sulfide at night in a mat investigated by J0rgensen 
et al. (1986). The investigators found that the cyanobacteria in the mat shifted 
between oxygenic photosynthesis under low sulfide conditions and predom
inantly anoxygenic photosynthesis under high sulfide conditions. Both types 
of photosynthesis occurred concurrently in the mats in moderate sulfide con
centrations (around 300-500 ~M). The diatoms on the mat were inhibited by 
these sulfide concentrations. 

Nitrogenase activity (measured as acetylene reduction to ethylene) was 
detected in Microcoleus mats of Solar Lake (Potts, 1980). High background 
levels of spontaneous ethylene production were found throughout the water 
column (Potts, 1979). The background rates of spontaneous ethylene pro
duction increased toward the bottom and were not affected by formaldehyde 
and 0.1 M HCl. The background ethylene production was attenuated when 
the lake water was first filtered or when the headspace of the incubation vials 
was first flushed with N2 or H2. No potential source or agent of ethylene 
production was suggested. It is uncertain whether the acetylene reduction 
(nitrogenase) activity measured in the Microcoleus mat represents N2 fixation 
potential or activity related to ethylene production. 

The blister mat or pinnacle mat occurred at 1.0-2.5 m depth. The surface 
0.4 mm consisted of diatoms and the coccoid cyanobacterium Synechococcus. 
It was underlain by an orange zone (1.1 mm thick) of Phormidium and flex
ibacteria. Below a 0.5-mm thick layer of CaC03 grains were mm-thick layers 
of filamentous cyanobacteria and flexibacteria. At 2.5-3 mm depth (Phormi
dium-flexibacteria), photosynthetic rates up to 6 /-Lmol 02'cm- 3'h- 1 were mea-
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sured (J0rgensen et al., 1983). The photic zone extended down to 4.0-4.5 mm 
depth. 

In the deepest part of the lake, a gelatinous or floccose mat develops. 
During stratification the photic zone of this mat was 10 mm deep. It consisted 
of a variety of cyanobacteria including coccoid (Aphanothece, Synechococcus) 
and filamentous forms (Oscillatoria limnetica, O. salina, Phormidium) as well 
as flexibacteria. Maximum photosynthetic rates were 0.4-0.5 J.Lmol 02'cm- 3'h-1 
(J0rgensen et al., 1983). During holomixis, oxygenic photosynthesis in the 
mats causes them to accumulate oxygen bubbles and float. The development 
of non-phototrophic bacteria (including myxobacteria and non-phototrophic 
sulfur bacteria) accompany degradation and breakdown of the mat during 
the mixing period (Krumbein et al., 1977). 

The luxuriant growth of cyanobacteria that developed under anaerobic 
conditions and in high sulfide concentrations on the bottom sediments of the 
deepest part of Solar Lake led to the discovery of anoxygenic photosynthesis 
in O. limnetica, O. salina, A. halophytica, and Microcoleus sp. (Cohen, 1975, 
1984; Cohen et al., 1975; Garlick et al., 1977; Oren et al., 1977; Oren and 
Shilo, 1979). These species use sulfide instead of water as an electron donor 
for photosynthesis, while some strains have been reported capable of using 
ferrous iron as electron donor (Cohen, 1984). O. limnetica, the best charac
terized species, is the most tolerant of sulfide. It can perform anoxygenic 
photosynthesis in 1-8.5 mM sulfide, with optimal rates (1600 J.Lmol CO2 

fixed'mg protein-1'h-1) in 3.5 mM sulfide (Garlick et al., 1977). During sulfide 
oxidation, elemental sulfur globules accumulate on the outside of the cells 
(Cohen et al., 1975). In the dark under anaerobic conditions, the elemental 
sulfur serves as an electron sink for cell maintenance or the cells can ferment 
endogenous polyglucose (Oren and Shilo, 1979). A more detailed description 
of the physiology of these cyanobacteria is presented in Chapter 8. 

The dynamics of the sulfur cycle of the littoral zone mats were described 
by J0rgensen and Cohen (1977), J0rgensen et al. (1979a), and Cohen (1984). 
Very high rates of sulfate reduction (5400 nmol reduced'cm- 3'd- 1) were de
termined near the mat surface, while negligible rates « 1 nmol re
duced'cm- 3'd- 1) were found at one-meter sediment depth (J0rgensen and 
Cohen, 1977). The high rates of sulfate reduction near the surface were ac
companied by low SOr /Cl- ratios (with respect to Gulf of Aqaba water), 
high concentrations of free sulfide (about 1 mM), and the absence of gypsum. 
Gypsum occurs in deeper parts of Solar Lake and its absence in the shallow 
mats is probably due to sulfate depletion by bacteria (Krumbein et al., 1977). 
Based on measured rates and sulfate pools, J0rgensen and Cohen (1977) cal
culated sulfate turnover times of 22 days near the mat surface, and 160 years 
at 50 cm depth. In the mat sediment profile, 50% of the sulfate-reducing 
activity was found in the top 0.5 cm, and 90% within the top 3 cm. 

Viable counts of anaerobic bacteria at different depths in the sediments 
demonstrated that the total number of anaerobic heterotrophs was always 3-
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100 times greater than the number of sulfate-reducing bacteria. In the top 0-
2 mm of sediment, 2.5 X 106 sulfate-reducing bacteria and 6 X 106 anaerobic 
heterotrophs per cm3 sediment were detected. In a comparison of sulfate 
reduction rates with viable counts of sulfate-reducing bacteria according to 
depth, the viable counts decreased faster than the activity rates. The viable 
counts may not accurately represent the active population of sulfate-reducing 
bacteria at depth. However, it is likely that fermentation rates exceeded sulfate 
reduction rates, since the products of fermentation (e.g., low molecular weight 
acids) are typical substrates used by sulfate-reducing bacteria. 

Evidence that methanogens co-exist with sulfate-reducing bacteria in the 
littoral zone mats was presented by Giani et al. (1984). In the top cm of 
sediment,3 X 104 to 3 X 105 methanogens'ml- 1 were enumerated by viable 
counts, with decreasing numbers at depth. The predominant methanogen 
produced from enrichments was a Methanosarcina sp. It grew better on meth
ylated amines than on CO2 + H2 or acetate. This is significant because Boon 
(1984) reported the presence of trimethylamine only in the upper layers of 
mat. 

While Hirsch (1980) noted that one eucaryote (a flagellate) was found in 
the anaerobic zone of the lake, Wilbert and Kahan (1981) noted that none of 
the 16 species of ciliates they found in the lake were associated with the hot, 
anaerobic zones. The ciliates were associated with flat mats and pinnacle mats 
down to the lower boundary of the epilimnion. Most of them were of marine 
origin. The ciliates included two predators, five grazers of algae, and eight 
bacteriovorous species. Illustrations were shown for most of these species. In 
addition to protozoans, an acoelan flatworm of unknown distribution or spe
cies was noted by Por (1972). A turbellarian worm, Macrostomum sp., was 
identified by Gerdes et al. (1985). Other metazoans found in Solar lake as
sociated with the blister mat are a copepod (Robertsonia salsa) and larvae and 
adults of two insects (Ochthebius sp. and Paraberosus sp.). Eucaryotes may be 
generally excluded from the sediments and brines below the pycnocline due 
to their lack of tolerance of sulfide and anoxic conditions, as well as their 
inability to survive at elevated temperatures. 

14.3 Sediment and porewater chemistry 

Low concentrations of FeS have been detected in Solar Lake sediments 
Oorgensen and Cohen, 1977), but pyrite is essentially absent due to limited 
concentrations of iron. Iron is brought in with ,detritus during floods. Cohen 
et al. (1980) and Aizenshtat et al. (1983) found that the water column during 
stratification and the sediments were rich in polysulfides due to a lack of iron 
and the presence high concentrations of NH4 + at pH 8.0. The polysulfides 
led to secondary enrichment of buried organic matter with organically-bonded 
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sulfur. Stable accumulations of elemental sulfur were also detected 00rgensen 
and Cohen, 1977; Aizenshtat et al., 1983). 

Trace metals in Solar Lake sediments were measured by Gaudette and 
Lyons (1984) and compared to a variety of measurements in other sediments 
by Long et al. (1985). The following average concentrations in shallow Solar 
Lake sediments in and below mats were recorded by Gaudette and Lyons 
(1984) (in J.Lgog dry sediment-I): Fe, 8000; Cd, <0.36; Cr, 10; Cu, 9.4; Pb, 
3.8; and Zn, 27. The vertical profiles of Fe, Cu, and Zn suggested they were 
associated with sulfides, while Pb was probably associated with carbonates. 
These trace metal concentrations overlap those measured by Nissenbaum 
(1974) in Dead Sea sediments, and are close to the range of concentrations 
found between average carbonates and average shales (Long et al., 1985). 
Gaudette and Lyons (1984) concluded that Solar Lake-type sediments are not 
more enriched in metals than are nearshore sediments, but that the microbial 
mats in the lake may serve as a locus for the initial concentration of the heavy 
metals. 

Concentrations of porewater phosphate (0.9-3.5 J.LM) in 5-35 cm deep 
Solar Lake sediment (Lyons et al., 1984) were similar to concentrations mea
sured in laminated solar saltern mats in Mexico (0-7.4 J.LM) and mats plus 
sediments in the adjacent carbonate-gypsum sabkha (3.8-8.3 J.LM) (Javor, un
published data). Total phosphorus in Solar Lake sediments (550-883 J.Lg P 
per g sediment) (Lyons et al., 1984) was similar to total P in the solar saltern 
mat sediments in Mexico (87-1586 J.Lg pog sediment-I, average = 584 J.Lg pog 
sediment-I) and the adjacent sabkha sediments (198-980 J.Lg pog sediment-I, 
average = 624 J.Lg pog sediment-I) (Javor, unpublished data). Lyons et al. 
(1984) compared dissolved phosphate and total P with hypersaline sediments 
in Bonaire (with and without microbial mats) and found similar concentrations 
as those listed above. Phosphorus concentrations do not appear to fluctuate 
with intensity of sulfate reduction (Lyons et al., 1984), nor with maintenance 
of continually anaerobic conditions (lakes and salterns vs. sabkhas). Phos
phorus may accumulate with certain classes of organic material, or more 
importantly, as complexes or salts of Ca2+ and Mg2+. 

Organic geochemistry In spite of high primary productivity in the shallow 
mats, they only accrete about 30-40 g Com- 2-ycI, or about 10% of the rate 
calculated from primary productivity measurements (Cohen et al., 1980). Deg
radation by a variety of bacteria accounts for the loss of organic carbon with 
depth. Surveys of the organic geochemistry of Solar Lake sediments have 
provided a wealth of information concerning the degradation and preservation 
of organic matter in such a hypersaline environment (Lyons et al., 1982; 
Aizenshtat et al., 1983, 1984; Boon et al., 1983; Boon, 1984; Edmunds and 
Eglinton, 1984; Hines and Burlingame, 1984; Klok et al., 1984). Some of these 
data have been summarized in Tables 14.4 and 14.5 and Figures 13.2 and 
13.3. 
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Table 14.4 Concentrations of major lipids (in ppm) of Solar Lake" 

Depth (in mm) 

Lipid 0-3 3-10 10-20 268-300 568-620 

Fatty acids n-C I"" 1184 85 34 1.4 0.9 
Fatty acids n-C I, II 100 36 17 0.8 0.5 
Alcohols n -C I' " 50 67 5 12 24 
Alcohols n-CIll' 41 38 1.9 5.5 15 
Alcohols n-C I"" 21 17 1.6 3.1 16 
Hydrocarbons n-Ct<, I 270 8.2 OJ 0 0 
Hydrocarbons n-C I"" 30 0,9 OJ 1.2 0.2 
Hydrocarbons n-C I7 " 135 5,9 0.2 1.2 1.2 
Hydrocarbons n-C I,,, 62 2.3 0.3 1.2 0.2 
Hydrocarbons n-C'll" low 5.1 0.5 0,9 0.3 
Steroids: individual compounds as high as 15 ppm 
Hopanoic acids 0 36 70 2.5 3.5 
Hopanoid ketones 0 0.5 0.8 1.0 3.1' 
Hopanoid alcohols 0,6 10 2.6 6.3 16" 
Hopanoid hydrocarbons 1.1 2.3 0.6 1.9 1.5" 
Acyclic isoprenoids 
Phytol 576 335 23 97 54 
Carotenoids 136 26 
Phyt-l-ene 128 1.6 OJ 0.3 0.4 
Squalene 15,3 6,7 1.4 0.6 0 

" From Edmunds and Eglinton (1984), Some values were estimated from figures. 
b From a depth of 650-690 mm. 

Dissolved organic carbon (DOC) values are very high in Solar Lake sed
iments. Six horizons (5-81 cm depth) in four cores taken from 0.5-1.0 m lake 
depth had DOC values ranging from 119 to 818 mg DOC·I-I (Lyons et al., 
1982). The average of 24 samples was 273 mg·l- I. The profile at 15-53 cm 
core depth suggests that DOC production from POC is greater than its oxi
dation and removal. The authors stated that these are the highest DOC values 
ever recorded from recent sediments. Aizenshtat et al. (1984) suspected that 
the DOC was largely carbohydrates. They found both free and bound amino 
acids were abundant as well (Table 14.5). 

Total organic carbon (TOC) values decreased with depth. Aizenshtat et 
al. (1984) reported TOC decreased from 15-17% at the mat surface to 5-6% 
at 80 cm depth. Klok et al. (1984) found 15.2-26.6% organic carbon at the 
mat surface and 4.5% organic carbon at 60-70 cm depth. Much lower values 
of TOC reported by Boon et al. (1983) could reflect the incomplete oxidation 
of organic carbon in their method of analysis (Aizenshtat et al., 1984). Car
bohydrates constituted the major proportion of the TOC (Boon et al., 1983; 
Klok et al., 1984; Table 14.5). In the top 0.5 mm of mat, carbohydrates (pre
dominantly glucose with smaller amounts of other monosaccharides) consti
tuted 34.1 % of the organic matter (Klok et al., 1984). Carbohydrates (and 
especially glucose) decreased with depth, with only 7.5% of the residual 
organic matter of carbohydrate composition at 60-70 cm sediment depth. The 
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Table 14.5 Major organic components of Solar Lake sediments 

Component 

Carbohydrates 

Amino acids 

Humic acids 
Fatty acids 

Alcohols 

Hydrocarbons 

Acyclic isoprenoids 

Steroids 

Hopanoids 

Characterization 

Dominate throughout; major component of buried cell 
sheath material; glucose, major carbohydrate down to 
145 mm depth; xylose, major carbohydrate at 265-658 
mm depth; other sugars, rhamnose, fucose, arabinose, 
ribose, mannose, galactose 
Free amino acids around 50 mM, decreasing with depth; 
bound amino acids around 30% of organic matter near 
mat surface 
Not present 
n-C",,, acids dominate, followed by n-C" acids; no 
components >C1,,; unsaturated:saturated fatty acid ratio 
decreases with depth; rapid decrease in straight-chain 
and monomethyl acids with depth; degradation to n
alcohols; fatty acids largely from cyanobacteria; iso- and 
anteiso-fatty acids from heterotrophs 
n-C"" alcohols dominate; C" and C'o alcohols present in 
significant concentrations 
n-C,h' dominates surface layers; unsaturated C'o- C17, 

C", and Co" hydrocarbons dominate lower layers; no 
hydrocarbons> C,,, (no higher plant input); 
cyanobacteria are the source of surface hydrocarbons; 
deeper hydrocarbons may be due to reworking by 
bacteria or reactions with protokerogen 
Phytol dominates and is the major lipid (by weight) at 
depth; diagenetic products of phytol important, with all 
components decreasing with depth; squalene and 
carotenoids significant near mat surface; no 
archae bacterial isoprenoids nor diatom carotenoids 
detected 
Low concentrations of a diverse array of sterols; 
probably of cyanobacterial origin; show evidence of 
diagenesis with depth; ergosterol (indicator of fungi) not 
present 
Largely absent in surface mat; maximum concentrations 
at 3-20 mm depth with acid fraction dominant; C'2-(3(3 is 
the major hopanoic acid; eubacterial origin 

References' 

2,3,5 

1 
2,3,4 

4 

1,2,4 

4 

2,4 

4 

, (1) Aizenshtat et al. (1984); (2) Boon et al. (1983); (3) Boon (1984); (4) Edmunds and Eglinton 
(1984); (5) Klok et al. (1984). 

remnants of microbial mats in the lower sediments include abundant empty 
sheaths of cyanobacteria. Dissolved carbohydrates and amino acids in the 
porewaters of the surface of the mats were shown in Figures 13.2 and 13.3. 

Table 14.4 summarizes the concentrations of the major lipids in Solar 
Lake sediments while Table 14.5 outlines the major components and some 
of their attributes. A number of novel and unidentified compounds have been 
reported as well. The general picture of the profile of organic compounds of 
the mats and sediments shows that most of the marker molecules of the top 
mats are completely transformed or degraded after 2400 years of burial in 
spite of the fact that the sediments are hypersaline and anaerobic. Although 
such environments have been thought to promote the preservation of organic 
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matter, it is obvious that selective degradation is characteristic of such a hab
itat. Further experimentation would determine whether rates of degradation 
and transformations could be detected in the sediments. 

Stable isotopes The profile of stable carbon isotopes reveals very heavy 
values of organic carbon in Solar Lake (Schidlowski et al., 1984; Aizenshtat 
et al., 1984). Schidlowski et al. (1984) found that organic carbon in the mat 
was the heaviest encountered in the biosphere, with a 013C of -5.7 ± 1.4%0 
versus the standard (Peedee Belemnite). Average organic carbon has 013C 
values of - 20 to - 30%0. The authors attributed the heavy values to CO2 
limitation in Solar Lake, resulting in the ineffective discrimination of 12C and 
13C by the phototrophic microorganisms. Six horizons in a 100-cm long sed
iment core had organic carbon 013C values of -4.4 to -8.4%0. A more detailed 
core profile measured by Aizenshtat et al. (1984) showed a slight trend of 
increasingly lighter values from the mat top 2.2 mm (-6.65%0) to 19.5-21.0 
mm depth (-8.63%0). Values in the top 2 cm averaged -6.87%0. Theyat
tributed the 12C enrichment at the surface to discrimination by the enzyme 
ribulose 1,5-bisphosphate carboxylase (the first enzyme in the CO2 fixation 
pathway in photosynthesis). Slightly lighter carbon below was thought to be 
controlled by activities of sulfate-reducing bacteria which degrade organic 
carbon. A similar phenomenon was noted in microbial mats in Baja California, 
Mexico (D. DesMarais, pers. comm. in Aizenshtat et al., 1984). 

Limited availability of CO2 has also been suggested to explain the stable 
carbon isotope distribution in carbonates in Solar Lake (Aharon et al., 1977; 
Aizenshtat et al., 1984). Aharon et al. (1977) demonstrated that the average 
013C value for both aragonite and dolomite was +4%0 and for Mg-calcite was 
-8.7 to -9.7%0. They concluded that the dolomite does not originate in the 
algal layers, but rather in association with aragonite mixed with Mg2+ -rich 
brines. Mg-calcite was interpreted to have formed in a closed system, driven 
by gypsum dissolution by bacteria. Ca2+ -enriched brines mixed with HC03-

derived from organic decay would result in the precipitation of Mg-calcite. 
The 0180 values of the carbonates support this model. Aizenshtat et al. (1984) 
found the 013C values of carbonates varied with depth and were a result of 
a complex system of precipitation. At the bottom of the cores, where oxy
genated seawater mixed with the sediments, both light (013C = -100/00) and 
heavy (013C = +4%0) carbonates were found, probably as a result of biological 
activity and chemical deposition, respectively. 

The stable isotope profiles of various sulfur species confirm the high 
degree of activity of microbial sulfur cycling found in other biological and 
chemical studies. There was no fractionation of dissolved sulfate in the Solar 
Lake water column (034S = +20.1 to 20.9%0) in comparison to Red Sea water 
(034S = +20.7%0), which concurs with the finding that little or no sulfate 
reduction was detected in the water column (Aizenshtat et al., 1983). Sediment 
sulfate becomes heavier between the surface (034S = + 22.9%0) and 45-80 cm 
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depth (1)345 = +24.8%0), but lighter values were found at 80-99 cm depth 
(1)345 = +23.3 to 23.4%0) (Aizenshtat et al., 1983, 1984). In the same profile, 
5-bound organic matter (protokerogen) became lighter between the surface 
and 80 cm (1)345 = -12.2 to -26.3%0) but was slightly heavier (1)345 = 
- 24.1 roo) at 90 cm depth. Dissolved sulfide and elemental sulfur were light 
(1)345 = -16.3%0 and as low as -21%0, respectively) while gypsum sulfate 
at the bottom of the core was heavy (1)345 = +22.2%0). The progressive en
richment of light organic sulfur along with the increase in total 5-bound 
protokerogen with depth (from 1.4 to 8.2%) were interpreted to be a result 
of polysulfide reactions with proto kerogen material (Aizenshtat et al., 1983). 
Isotopic signatures of polysulfide should be similar to those of sulfide and 
elemental sulfur. 

The variety of biogeochemical studies performed on 50lar Lake samples 
have provided a complicated but still incomplete picture of the range and 
types of microbial activities in that system. Primary productivity is high, but 
there is uncertainty about the measured rates due to ignorance about actual 
total inorganic carbon concentrations. Organic matter produced in situ is not 
well preserved under anaerobic, hypersaline conditions, although salinities 
greater than 18% were not encountered in 50lar Lake. Few comparative stud
ies of more hypersaline environments have been published to support or 
contradict the popular notion that only minimal degradation occurs in the 
most extremely saline habitats. The findings at Solar Lake should serve as a 
springboard to challenge these concepts. 
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15 

Gavish Sabkha and Other 
Hypersa1ine Marine Sabkhas, 
Pools, and Lagoons 

Sea-marginal environments subject to hypersalinity include a variety of tidal 
flats and depressions, salt marshes, lagoons, and other physiographic features 
in which microorganisms thrive. Some of these environments are subject to 
extreme salinity variations and sometimes complete desiccation. In some cases, 
they offer the opportunity to study in a single basin the precipitation and 
diagenesis of a variety of evaporite minerals, and the potential biological and 
organic chemical interactions with those minerals. In other cases, they offer 
the opportunity to profile the biogeochemical attributes of a stage in the 
evolution of an evaporite basin. Both of these approaches are necessary for 
accurate interpretations of ancient marine evaporite deposits. 

15.1 Gavish Sabkha 

Besides Solar Lake, the Red Sea coast of the Sinai is noted for several other 
hypersaline embayments, including the Gavish Sabkha and Ras Muhammad 
pool (see Figure 14.1). A variety of largely descriptive papers covering bio
logical, geological, and chemical aspects of these environments was published 
in a volume edited by Friedman and Krumbein (1985). Aspects of those studies 
are discussed in comparison with the results in the Solar Lake investigations 
and with investigations of hypersaline habitats in the Gulf of Mexico, the 
Pacific coast of Baja California, Mexico, and Australia. Much of the work 
describing hypersaline environments in the Persian Gulf was presented in a 
volume by Purser (1973) and those studies will not be discussed here except 
where comparisons between the systems are noteworthy. 

Krumbein (1985) and Friedman (1985) discussed various characteristics 
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of sabkhas. They are smooth, flat plains or salt flats that gradually grade 
upward from a tropical sea or are separated from the sea by a low or permeable 
barrier. The mineralogy and reactions involved in evaporite precipitation in 
sabkhas has been well-documented for the Persian Gulf. The majority of 
evaporite salts in that environment precipitate from interstitial waters within 
the sabkha and are therefore of secondary origin (Purser, 1985). This situation 
makes it difficult to relate mineralogy with biological activity, since buried 
microbial communities may not be active in the geochemical regime at the 
time of an investigation. 

Minerals and trace elements In the Gavish Sabkha, gypsum forms within 
microbial mats as small crystals (5 mm), and below the mats as larger crystals 
(up to 20 cm). The presence of intact layers of microbial mats within the large 
gypsum crystals indicates that the gypsum replaces carbonate sediments upon 
burial of the mats. Gypsum formation in this sabkha is similar to that found 
in the Persian Gulf (Purser, 1985). 

In contrast to Solar Lake, Gavish Sabkha has only a small area of per
manent water. This pool remains very shallow all year around (Gerdes and 
Krumbein, 1984). The exposed areas are subject to the precipitation of a 
variety of minerals besides gypsum, including carbonates, celestite, and halite. 
Gypsum is locally absent but those hypersaline muds have FeS and smell of 
H2S (Gavish et al., 1985). The authors attributed the lack of gypsum in those 
sites to sulfate-reducing bacteria. The same phenomenon was observed in the 
shallow microbial mats of Solar Lake. 

Pb, Zn, and Cr contents of Gavish Sabkha mats and sediments are similar 
to those of Solar Lake. Cu was about half as abundant and Fe about one
sixth as abundant in the sabkha (Gaudette and Lyons, 1984; Lyons and Gau
dette, 1985; Long et al., 1985). The differences in Cu and Fe concentrations 
between the two sites may be related to differences of influx of detritus in 
the two systems. 

Microbiology Microbial mats dominated by cyanobacteria develop in some 
of the hypersaline sites in the Gavish Sabkha (Gerdes et al., 1985a). In 6.5-
15% seawater, nodular communities of procaryotes were described. The dom
inant species was Pleurocapsa, with lesser numbers of other coccoid and fi
lamentous forms. The filamentous cyanobacteria were favored at higher sal
inity. Both purple sulfur and green phototrophic bacteria were present, along 
with the sulfur-oxidizing Beggiatoa and unidentified spirilla and budding bac
teria. 

In 18-25% seawater, small, dome-shaped, laminated mats occur, growing 
in thickness to 10-13 mm in the winter. The top layer consisted predominantly 
of slime-producing, coccoid cyanobacteria identified as Synechocystis, Syne
chococcus, and/or Aphanocapsa, although it may be difficult to distinguish 
these taxa from the Aphanothece, the dominant coccoid cyanobacterium in 
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other hypersaline habitats (Golubic, 1980). Beneath the surface were four 
other zones: a layer of coccoid Pleurocapsa and Gloeothece, a layer of Micro
coleus-type cyanobacteria, a pink layer of purple phototrophic bacteria (Thio
caps a), and another layer of filamentous cyanobacteria (Phormidium-type). 
Flexibacteria were also abundant. During periods of relatively low salinity, 
diatoms (Nitzschia and Amphora) were found associated with the mats. Be
tween the mat and the black, reducing sediment, a zone of purple and green 
phototrophic bacteria developed. 

Halobacteria predominate in the zone of salt pans where brines are of 
30-36% salinity. Beneath the salt crusts some filamentous and coccoid cy
anobacteria were found. Many of the mat-forming cyanobacteria were isolated 
by Gerdes et al. (198Sa) and were found to be capable of growth in a medium 
of 23% salinity. 

In a zone of mats where the salinity varied between 18 and 20%, oxygen 
was present, being found at 10 mm and at 18 mm depth (3-4 mg O2 '1- 1), 

and coexisting with a sulfide peak at 4 mm depth (20 mg·I- I ). The slime of 
the mats apparently hinders gas movement and allows oxygen to remain in 
solution below an apparent zone of sulfate reduction near the top of the mat. 
This reverse zonation of oxygen and sulfide has not been described before. 

Gerdes et al. (198Sa) compared concentrations of photosynthetic pig
ments of different microbial mats in Gavish Sabkha (Table 15.1). These values 
are compared to pigment concentrations in mats from several other environ-

Table 15.1 Chlorophyll, bacteriochlorophyll, and photosynthetic rates of microbial mats ir 
sabkha and hypersaline marine environments 

Chi a, Bchl a, Photosynthesis, 
Site Salinity, % I'g'cm 1 I'g'cm 3 mg C'm- 2 'h ' Reference 

Gavish Sabkha 5.5-7.0 24.6 12.1 150-520 Gerdes et al. 
6.5-7.0 45.6 3.14 (maximum, all (1985a) 

salinities) 
10-18 55.1 3.28 

Spencer Gulf ca. 6.4 8.9-28.8 30-613 (most Bauld (1984) 
100-300) 

Shark Bay Not given 2.5-51.2 17-113 Bauld (1984) 

Laguna Guerrero 4.5-9.6 70.2-70.7" 25.5-31.2" Javor (1979) 
Negro 

Solar Lake :S18 Jorgensen et al. (19 
Shallow flat mat 211" 
Deep flat mat 160" 
Blister mat 157" 
Gelatinous mat 14" 

" Values expressed per cm'. 
10 Conversion of 0, produced to C assimilated. 
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ments. The greater abundance of chlorophylls in the Guerrero Negro mats 
probably reflects the lack of inorganic sediment and the differences in species 
composition (Javor, 1979; Javor and Castenholz, 1981). In Gavish Sabkha, 
the ratio of chlorophyll a:bacteriochlorophyll a appears to increase with sal
inity, perhaps reflecting the limited ability of phototrophic bacteria to succeed 
in these mat communities. In contrast, the same high salinities promote the 
development of planktonic phototrophic bacteria in Solar Lake and solar 
salterns (see Chapters 13 and 14). 

Photosynthetic rates of Gavish Sabkha mats were 150-520 mg C'm- 2'h- 1 

(Gerdes et al., 1985a), which are largely comparable to the rates measured 
in the mats of Solar Lake and Spencer Gulf (Table 15.1). Productivity in 
Gavish Sabkha apparently is not nutrient-limited. Both phosphate (1.8-8.9 
J.LM) and nitrate plus nitrite (1.6-5.9 J.LM) were present in Gavish Sabkha 
(Gerdes et al., 1985a). Ammonia was not reported. Nutrient concentrations 
in Solar Lake have not been published. 

Erlich and Dor (1985) made an extensive inventory of the phototrophic 
microorganisms in Gavish Sabkha. Diatoms were found at most collecting 
sites at salinities up to 20.5%. Dunaliella was usually found up to 15-20% 
salinity. Cyanobacteria were nearly ubiquitous. They dominated the micro
flora at salinities> 10% and were found at up to 32.7% salinity. The authors 
identified 33 species of cyanobacteria and 28 species of diatoms, and recorded 
their abundances. Their illustrations and photomicrographs of all the species 
should be a useful guide for the identification of algae in other hypersaline 
habitats. 

Among the cyanobacteria, most of the listed taxa tolerated at least 18% 
salinity, but only two species (Aphanothece halophytica and Schizothrix aren
aria) were associated with 25-33% salinity brines. Among the diatoms, the 
most halotolerant were Amphora coffeaeformis and species of Navicula and 
Nitzschia. Nitzschia lembiformis was found almost exclusively at high salinities 
(around 15%). No halophilic diatom has ever been reported before (see Chap
ter 9). This diatom is not found in Solar Lake or Bardawil Lagoon (another 
hypersaline embayment in the Sinai), but it was identified in hypersaline 
ponds near the Dead Sea. 

Extremely halophilic bacteria isolated from Gavish Sabkha include cocci, 
pleomorphic rods, and square bacteria (Kessel et al., 1985). About 10? cells'ml- 1 

were found in late summer and early fall (Stoeckenius et al., 1985). These 
studies showed the square bacteria have bacteriorhodopsin pigments. Other 
characteristics of these halophilic bacteria are discussed in Chapters 5 and 6. 
Stalked bacteria tentatively identified as Pedobacterium were also seen (Kessel 
et al., 1985). 

A large variety of salt-tolerant metazoans, including copepods, ostracods, 
a nematode, a turbellarian worm, a gastropod, and insects were found at 
various sites in Gavish Sabkha (Gerdes and Krumbein, 1984; Gerdes et al., 
1985b). The salinity tolerances of these animals are listed in Table 2.3. Gerdes 



226 Chapter 15 Gavish Sabkha and Other Hypersaline Marine Sabkhas 

et a1. (1985b) noted that several of the same taxa were found in the winter 
in Solar Lake, where they were associated with the pinnacle mat (9-14% 
salinity). However, a richer variety of invertebrates was associated with the 
more exposed, Gavish Sabkha environment. Artemia salina was notably ab
sent in Gavish Sabkha. 

Organic geochemistry The organic geochemistry of the Gavish Sabkha 
sediments was described by De Leeuw et a1. (1985) and Boon et a1. (1985). 
The general character of the organic components of the sediments is very 
similar to that reported for Solar Lake, with a few notable exceptions. Glucose 
is the major carbohydrate of the top mat, but it is less abundant in the Gavish 
Sabkha mat (0.48% vs. 7.8% of the sediment dry weight) (Boon et aI., 1983; 
de Leeuw et a1., 1985). Inorganic sediment brought in by floods probably 
accounts for the difference. 

Some similar acyclic isoprenoids that were intrepreted to be of eubacterial 
origin in Solar Lake, namely phytene and squalene, were thought to be pos
sibly of archaebacterial origin in the Gavish Sabkha (Edmunds and Eglinton, 
1984; de Leeuw et a1., 1985). No definitive archaebacterial isoprenoids (Le., 
C25 or C40) were found in either environment. Among the lipids in both en
vironments, phytol was the most abundant. It is believed to be a degradation 
product of chlorophyll. In the upper sediments of Gavish Sabkha, the con
centration of alcohols was much greater than fatty acids, which in turn were 
about as abundant as sterols and hopanoids. Hydrocarbons were the least 
abundant (de Leeuw et aI., 1985). In Solar Lake and other recent environ
ments, fatty acids exceed fatty alcohols in abundance. The same is true for 
the abundance of these compounds in a sandy layer 50 cm below the Gavish 
Sabkha mat. The authors concluded that the high fatty alcohol content may 
represent a response of the microbiota to extremely hypersaline conditions 
or a relatively large contribution by phototrophic bacteria. 

Stable isotopes The stable isotopes of carbon and oxygen of the Gavish 
Sabkha and Solar Lake sediments were compared by Schidlowski et a1. (1985). 
The organic carbon of Gavish Sabkha was isotopically heavy, but not quite 
as heavy as that in Solar Lake mats. The average 013Cmg for Solar Lake was 
-5.4%0. The Gavish Sabkha surface mat o13Corg was -8.1 to -9.8%0. Buried 
mats had o13Corg values of -8.4 to -11.7%0. Two clay-containing horizons 
had very light carbon (-16.8 to -17.0%0) which are probably associated with 
flood deposits. 

The 013C values for inorganic carbon (-3.5 to +4.7%0 in Gavish Sabkha, 
-3.3%0 in Solar Lake) were reported to be typical for carbonates precipitated 
in closed environments (Schidlowski et aI., 1985). The 0180 values for car
bonates (+ 32.1 %0 average for Gavish Sabkha, + 35.2%0 average for Solar 
Lake) are heavier than most marine carbonates (+ 26 to + 32%0). 180 enrich
ment of carbonates in the hypersaline habitats may reflect equilibration with 
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isotopically heavy water that results from evaporation. The 15 180 content of 
the brines was not reported. The heavy organic carbon in both environments 
was attributed to CO2 limitation. 

15.2 The Ras Muhammad Pool 

The Ras Muhammad pool in the southern Sinai undergoes yearly cycles of 
salinity that result in the alternate deposition of algal-carbonate sediments 
and gypsum. The result is an accumulation of varve-like sediments (Kushnir, 
1981; Friedman et al., 1985). Kushnir (1981) found that interstitial brine com
position of Ca2+ and SOr was anomalously high (up to two-fold supersa
turated). In the lower layers of the sediment, supersaturation was relieved by 
subsurface gypsum growth that eventually disrupted the algal laminae. 

Kushnir (1981) discounted any significant role of sulfate-reducing bacteria 
by citing that the Q34S of sulfate in the gypsum (+22.8 ±0.2%0) was approx
imately that of normal marine gypsum. This value is somewhat higher than 
the Q34S of sulfates from the sabkha of Laguna Ojo de Liebre, Baja California, 
Mexico, where Holser and Kaplan (1966) calculated an average value of 
+21.0%0. A closer examination of the Ca2+, SOr, and Cl- content of the 
interstitial brines of the Ras Muhammad pool measured by Kushnir (1981) 
suggests that significant sulfate depletion (high Ca2+:SO/- values) occurred 
in four varve cycles between layers 20 and 26 (Fig. 15.1). Minor fluctuations 
in Ca2+:S042- content can be seen in other horizons. Because gypsum is the 
only sulfate mineral that is stable under this salinity regime, sulfate losses 
relative to Ca2+ must result from bacterial reduction. 

Friedman et al. (1985) also concluded that, at least periodically, sulfate 
reduction affects the brine composition in Ras Muhammad pool. During 1970-
1971, when surface salinities increased from 13 to 31.5%, Ca2+ increased 
from 1.48 g"l-I to 5.30 g"l-I while sulfate decreased from 9.70 g"l-I to 4.60 
g"l-I. The authors noted the smell of HzS around the pool. During the 1977-
1979 period, such a S042-:Ca2+ decrease was not observed. Friedman et al. 
(1985) did not comment on the results of Kushnir (1981). 

The Q13C and 15 180 values of carbonates show different trends with depth 
in the Ras Muhammad pool sediments (Friedman et al., 1985). Unfortunately, 
there is no way to accurately compare the chemical analyses of Kushnir (1981) 
and Friedman et al. (1985) from the published data. The Q13e fractionation of 
carbonates show a trend for increasingly heavier values with depth between 
2.2 and 47.2 cm (-0.85 to +4.68%0), and a slight decrease at 64.0 cm (+3.30%0). 
The heavier values at depth are comparable to those measured in Solar Lake. 
Friedman et al. (1985) attributed the increasingly heavier values due to a Q13C

enriched residuum of bicarbonate produced by organic decomposition. How
ever, such decomposition typically results in 12C enrichment. 

The Ras Muhammad microbial mats were largely associated with ara-
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Figure 15.1 Ratios of calcium, sulfate, and chloride in porewaters of sediments from 
Ras Mohammad, Sinai (calculated from Kushnir, 1981). Thirty samples were taken 
from a core of 86 cm depth with no indication of the actual depth of each measured 
layer. Gypsum or algal layers mentioned by Kushnir are noted on the figure. Triangles 
= sulfate/chloride, circles = calcium/chloride, squares = calcium/sulfate. 

gonite, although Mg-calcite was also noted (Friedman et al., 1985). Dolomite 
was largely associated with gypsum, where it was also found in Solar Lake 
(Aharon et al., 1977). In Solar Lake, C in Mg-calcite was isotopically light 
and aragonite and dolomite carbon was relatively heavy (see Chapter 14). 
The published details of carbonate distribution in the Ras Muhammad pool 
are insufficient to allow similar conclusions to be reached. 
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In the same depth range where 013C values of carbonate increased (2.2-
47.2 cm), 0180 values of carbonates remained nearly constant (+3.37 to 
+3.72%0) in Ras Muhammad poo1. A heavier value (+5.20%0) was recorded 
at 64.0 cm depth. In Solar Lake, aragonite had 0180 values of +3 to +4%0 
(Aharon et a1., 1977) while the 0180 values of Mg-calcite were lighter and 
those for dolomite were heavier. Comparisons between the stable isotope 
values of carbonates of Solar Lake and Ras Muhammad pool show different 
trends. In Solar Lake, lighter carbon occurred with lighter oxygen in Mg
carbonate. In Ras Muhammad pool sediments, trends of increasing 013C values 
were not parallelled by any significant changes in 0180 values. The Ras Mu
hammad sediment is subjected to more dramatic salinity changes and to wetl 
dry cycles. More detailed stable isotope studies of C, 0, and S would clarify 
the interrelationships between biological and purely physico-chemical pro
cesses in that system. 

15.3 Coastal lagoons 

Some coastal lagoons which maintain a tidal connection to the sea are char
acterized by stagnation and high salinities in the farthest inland reaches. 

Putrid Sea The Sivash, or Putrid Sea, a large (2700 km2) arm of the Sea 
of Azov, is one such system (Zenkevitch, 1963). Salinities up to 12.4-16.6% 
have been measured in the southern part where the shallow waters (up to 
3.2 m) undergo extreme temperature fluctuations between summer (30 0 -35°q 
and winter (-1 ° to - 3°q. The temperature fluctuations lead to mass mor
tality or migration of animals out of the more hypersaline waters. The hy
persaline Sivash is characterized by low O2, organic-rich muds, nutrient ac
cumulation in the winter, and an impoverished fauna (Artemia and Chironomus 
only). 

Gulf of Mexico Lagoons similar to that of the Putrid Sea are found along 
the Texas and Mexican coasts of the Gulf of Mexico (Copeland and Jones, 
1965; Copeland, 1967). In Laguna Tamaulipas, Copeland (1967) showed a 
strong negative correlation between salinity and number of fish species. In 
5.1 % salinity, 29 species of fish were recorded. In 9.5% salinity, eight species 
of fish were found. In 11-12% salinity, only two species were seen (Cypri
nodon variegatus and Menidia beryllina). No fish were observed in 2::14% 
salinity. A variety of environmental characteristics of lagoons and salterns 
were also compared in that study, including pH, alkalinity, and oxygen sol
ubility. 

Copeland and Jones (1965) measured community metabolism in hyper
saline waters of Laguna Madre and in the Salina Fortuna solar saltern (see 
Chapter 13). Measurements of photosynthesis and respiration were done un-
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der different in situ temperatures, which makes it difficult to make correlations 
according to salinity. Photosynthetic quotients were mostly below 1.0. In 
12.1 % salinity at La Capia, they were extremely low (0.01), probably due to 
pollution. 

Based on brine volume, the moderately hypersaline brines of Laguna 
Madre generally had high rates of photosynthesis. These rates were mostly 
comparable to rates similarly measured in the Salina Fortuna salterns (see 
Chapter 13). The highest rate of photosynthesis in Laguna Madre (12.35 g 
02·m-3·d-1 at Carvajal station 3, 11.5% salinity) was nearly as high as the 
maximum rate measured in the hypolimnion of Solar Lake (see Chapter 14). 
Some of the high productivity rates in the Laguna Madre brines may be 
attributable to pollution. 

Laguna Ojo de Liebre The Laguna Ojo de Liebre complex on the Pacific 
coast of Baja California, Mexico, consists of three lagoons. Laguna Ojo de 
Liebre is the largest (about 50 km long). The intertidal flats and supratidal 
sabkha that extend from Laguna Ojo de Liebre are associated with algal mats 
and carbonate, gypsum, halite, and diagenetic evaporite deposits. The high 
planktonic productivity in the lagoon itself (47.2 mg C·m-3·d-1) (Phleger and 
Ewing, 1962), along with the fairly heavy growth of the sea grass Zostera in 
the lagoon and microbial mats in the intertidal zone, are the source of much 
of the organic matter in the sabkha. 

Both tidal and wind action cause the migration and accumulation of 
organic debris in the sabkha (Phleger and Ewing, 1962; Phleger, 1969, 1971). 
Phleger (1969) noted that fine particles of clay and silt can be deposited by 
wind action over the extensive, flat sabkhas of the region. Such fine sediments 
are usually associated with deep water, low energy systems or storm influxes. 
At Laguna Ojo de Liebre, the environmental setting of a flat, coastal plain 
situated between the cool Pacific Ocean on the northwest and the Vizcaino 
desert on the southeast creates a weather pattern of frequent, and often very 
strong, northwesterly winds blowing across the lagoon to and across the 
supratidal sabkha. 

Biological productivity in the intertidal zone of Laguna Ojo de Liebre has 
hardly been studied. Cyanobacterial mats composed primarily of Lyngbya and 
Calothrix up to l-cm thick cover broad expanses of the intertidal zone (Javor 
and Castenholz, 1981). Bacteriochlorophyll a was detected in those mats, but 
little bacterial photosynthesis and no anoxygenic photosynthesis by the cy
anobacteria were detected (Javor and Castenholz, 1981, 1984). 

It is likely that productivity rates of the Laguna Ojo de Liebre mats are 
similar to those of Laguna Guerrero Negro (in the same lagoon complex) 
(Javor and Castenholz, 1984), Solar Lake, Spencer Gulf (South Australia), and 
Shark Bay (Western Australia) (Bauld, 1984), since these environments share 
many of the same chemical and climatological attributes (Table 15.1). Javor 
and Castenholz (1984) found three mat types in Laguna Guerrero Negro with 
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the following maximum photosynthetic rates (in mg C°f.lg chI a~loh~l): Mi
crocoleus mat, 0.282; Lyngbya mat, 0.122; and Calothrix mat, 0.100. All the 
mats had salinity optima slightly more saline than normal seawater. Micro
coleus mats in Spencer Gulf had a somewhat higher salinity optimum (see 
below). Table 15.1 shows that different kinds of mats from different hyper
saline lagoons or sabkhas demonstrate highly variable rates of oxygenic pho
tosynthesis. The variability is probably related to a host of environmental 
factors (Le., salinity, light and temperature) and species composition. Because 
of this variability, it is difficult to estimate annual productivity rates of mi
crobial mat systems in these types of hypersaline environments. 

Spencer Gulf and Shark Bay, Australia The open waters of Spencer Bay 
and Shark Bay are characterized by moderate hypersalinity: 3.6-4.8% in 
Spencer Gulf and 5.5-7.0% in Shark Bay (Bauld, 1984). Microbial mats col
onize intertidal sediments in Spencer Gulf and both intertidal and subtidal 
sediments in Shark Bay. The intertidal microbial mats are subjected to widely 
fluctuating salinities and complete desiccation. Experiments to demonstrate 
photosynthetic potential of microbial mats of Spencer Gulf were carried out 
in artificial seawater of different salinities to which equal concentrations of 
NaHC03 and Na214C03 were added (to avoid the problem of measuring HC03 ~ 

and C032~ in natural brines). Maximum photosynthetic potential of mats 
dominated by the cyanobacterium Microcoleus chthonoplastes occurred in 7.0-
10.5% salinity. Rates were high in 14.0% salinity and were still detectable in 
17.5% salinity seawater. 

Sulfate reduction in intertidal sediments of Spencer Gulf and Shark Bay 
was determined by Skyring (1984). Microcoleus mats plus sediments typically 
had the highest rates. In Spencer Gulf mats, reduction rates of 2-104 mmol 
S042~'m~2'd~1 were measured with an average rate of 22 mmol S042~om~2od~1. 
In Shark Bay Microcoleus mats plus sediments, reduction rates of 5-10 mmol 
SO/~om~2·d~1. Spencer Gulf Lyngbya mat sediments showed higher sulfate 
reduction rates in winter than in summer (21 vs. 2 mmol S04 ~2·m~2od~1). 
Entophysalis mats in Shark Bay had negligible rates. In Shark Bay mat-as
sociated sediments (mat type not given), most of the sulfate reduction mea
sured in the top 20 cm of sediments occured in the top cm (1880 nmolog~lod~l). 
These rates are only one-third of those measured in Solar Lake mats (J0rgensen 
and Cohen, 1977). In the Shark Bay sediments, total organic carbon (0.90-
1.70%) and organic nitrogen (0.10-0.72%) showed no trends with depth. 
Although the sediments are relatively organic-rich, much of that organic mat
ter is apparently recalcitrant to anaerobic microbial degradation. 

Stable isotopes The stable isotopes of S, C, and 0 of the Laguna Ojo de 
Liebre evaporites have been described (Holser and Kaplan, 1966; Holser et 
aI., 1981; Pierre, 1982). Pierre (1982) also gave detailed ion analyses and the 
distribution of QD. The Q34S fractionation of various sulfate sources are given 



232 Chapter 15 Gavish Sabkha and Other Hypersaline Marine Sabkhas 

in Table 15.2. The average 0345 fractionation for all sulfate samples was 
+ 20.4 ± 1.2%0 (Holser and Kaplan, 1966). 50me pools showed substantial 0345 
depletion from the average, including some interstitial brines and water from 
the head of the lagoon (+18.6 to +18.8%0). Gypsum associated with black 
halite was slightly heavy (0345 = +21.0 to +21.3%0) but black gypsum as
sociated with Zostera did not reflect isotope fractionation due to sulfate re
duction (+20.4%0). A more detailed examination of the types and extent of 
organic degradation would probably show why local differences in sulfur 
isotope fractionation occur. 

The Ol3C values of the carbonates show some carbonates are chemical 
precipitates under the control of ocean-atmosphere equilibrium (013C = +2%0), 
while some carbonates have a relatively large input of biogenic CO2 (ol3C = 
-3.7 to -5.3%0) (Holser et al., 1981). The bulk carbonate has 0180 values of 
+0.9 to +2.6%0. The higher values are associated with dolomite, suggesting 
that the crystallization process is associated with 180 enrichment. 5uch frac
tionation apparently is not unusual. At one site, porewater H20 was isotop
ically light (0 180 = -1.2 to +0.9%0) and porewater 50r was heavy (0 180 
= +9.5 to +11.3%0). The authors believed these variations were due to the 
influence of meteoric waters in the supratidal regions of the sabkha. The same 
site yielded isotopically light sulfur in the sulfate pool (0 345 = + 17.3 to 
+ 19.0%0). Oxidizing conditions precluded the activity of sulfate-reducing bac
teria. Pore fluid migration of a mixture of marine-derived brines and disso
lution of gypsum by continental waters in addition to diagenetic, subsurface 
gypsum precipitation, make the interpretation of stable isotopic signatures in 
Ojo de Liebre and other sabkhas, such as the Abu Dhabi tidal flats in the 
Persian Gulf, a very difficult and complex problem (Butler et al., 1973). 

Table 15.2 Distribution of 0345 in sulfates of the Laguna ajo de Liebre sabkha" 

Sample description 

Water from the head of the lagoon 
Brown mud with diagenetic(?) gypsum, 1 m depth below gypsum muds and 
algal mats, on a tidal flat 
Brine in top 2 cm of white to red salt, at the edge of salt flats, 189 g Cl ·1 1 

Gypsum sands, alternating light to dark greenish grey, underlying salt: 
2.5 cm depth, black halite with red organic specks 
5-6 cm depth, light halite sand 
22-24 cm depth, black gypsum with sea grass, no 52 
24-26 cm depth, light greyish green gypsum with sea grass 

Gypsum concentrated in 3 mm of a salt bed: 
Under the salt 
Brines 

Mean for all samples 

; From Holser and Kaplan (1966). 

15"5, %0 

+18.6 
+20.8-21.0 

+18.8 

+21.0-21.3 
+20.8 
+20.4 
+19.6 
+21.0 
+22.1 
+18.7 
+20.4±1.2 
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16 

Antarctic Lakes 

16.1 Introduction 

Several hypersaline Antarctic lakes have been investigated to determine their 
chemical constituents, the origin of their salts, and the composition and ac
tivity of their biological communities. These lakes are considered oases in 
desert valleys devoid of higher plants. The challenge of discovery of biological 
and chemical activities in such extreme environments, characterized by hy
persalinity and sometimes sub-zero temperatures, is matched by the challenge 
of conducting research in such remote areas where logistics problems (Le., 
coring through 4 m of ice, frequently inclement weather, and limited numbers 
of personnel) are compounded by the rather short field season. As a result, 
most of the relatively large body of literature on these lakes concerns chemical 
analyses or descriptive biology of samples collected and subsequently ana
lyzed in the laboratory. However, several studies of in situ biological activities 
have also been made. 

This survey examines some of the biogeochemical parameters of several 
hypersaline lakes in the Dry Valleys of Southern Victoria Land (Lake Vanda, 
Lake Bonney, and Don Juan Pond), the Vestfold Hills (Deep Lake), and the 
Syowa Oasis (Lake Hunazoko and Lake Suribati) (see map, Figure 1.1). It 
largely focuses on the processes found only in extremely hypersaline milieux 
which, in some cases, are found only near the bottom of the lakes. The 
apparent lack of certain common microbiological processes, or at least the 
inability to detect them under the restrictive conditions of the Antarctic, is 
compared and discussed in relation to these processes in other Antarctic en
vironments. For more detailed discussions of general and specific aspects of 
the saline lakes of Antarctica, several reviews are available (Wilson, 1970, 
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1979; Torii et al., 1975; Priddle and Heywood, 1980; Burton, 1981; Torii and 
Yamagata, 1981; Wright and Burton, 1981; Heywood, 1984; Matsumoto et 
al., 1984a; and Tomiyama and Kitano, 1985). 

The climate of the Dry Valleys is marked by low precipitation and high 
evaporation rates. The snow that does fall is usually lost by sublimation due 
to winds and low relative humidity. Inflow into the Dry Valley lakes is fed 
by groundwater, intermittent streams, or glacial meltwaters. The best studied 
hypersaline Antarctic lakes are Lake Vanda and Lake Bonney. These mer
omictic lakes were first described by Wilson and Wellman (1962) and Angino 
and Armitage (1963). Both lakes have a permanent ice-cover about 4 m thick, 
and are chemically stratified with a dense saline layer near the lake bottoms. 
Like other hypersaline Antarctic lakes, they are devoid of multicellular or
ganisms, except in the very shallow, dilute moats around the lakes (Parker 
and Simmons, 1985). 

16.2 Lake Yanda 

The major limnological characteristics of Lake Vanda are shown in Figure 
16.1 and Table 1.1. Located in the Wright Valley, it is a deep lake (68.8 m) 
and rather large (8.5 km long and up to 2.4 km wide). It is characterized by 
inverse temperature stratification with temperatures up to 23.5°C (Vincent et 
al., 1981) or 25°C (Wilson and Wellman, 1962) at the bottom as a result of 
solar heating (Wilson et al., 1974). The pH of the surface waters (3.9-48.4 m 
depth) ranged from 6.72 to 7.99, while the very hypersaline, deep waters 
(58.9 to 64.6 m depth) were lower (5.45-5.80) (Torii et al., 1975). The major 
ions are similar to those of seawater. 

Chemistry The origins of the salts in Lake Vanda have been assessed 
from studies on stable isotope ratios, chemical composition, and hydrological 
evolution. One school of thought interprets the data as showing that the salts 
are a remnant of an evaporated seawater fjord covered by fresh surface water 
(Nakai et al., 1975a, 1975b; Nakai and Mizutani, 1977; Tomiyama and Kitano, 
1985). These interpretations are based on values of 013C, 0180, and 0345 of the 
water, salts and sediments. Morikawa et al. (1975) also hypothesized a sea
water origin from studies on Mg2+:K+ ratios of the water. Another school of 
thought believes that the salts of the lake bottom are of non-marine origin, 
derived mainly from the chemical weathering of bedrock Oones and Faure, 
1967; Matsubaya et al., 1979). These inte,'pretations are based on strontium 
isotope values and chemical composition (high Ca2+ relative to Mg2+ and 
Na+). 

The monimolimnion of Lake Vanda increases in temperature below 40 
m and remains saturated or supersaturated with O2 down to 55 m (Torii et 
al., 1975). Below 55 m, dissolved salts increase from 4.7% to 11.4% at the 
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Figure 16.1 Some limnological features of Lake Yanda. TDS (closed circles), tem
perature (open circles), 0, (crosses), ammonia (open squares), nitrate (closed squares), 
reactive phosphate (triangles). The data were taken from Torii et al. (1975) and Canfield 
and Green (1985). 

bottom while dissolved O2 is zero at 59 m and below. The bottom waters of 
Lake Vanda contain 1.18 mM sulfide (Torii et aI., 1975). 

The lakes and ponds of the Wright Valley tend to have high nitrate 
concentrations, believed to be derived from the weathering of the surrounding 
evaporites and soils (Torii et aI., 1975). Because different investigators have 
used different methods to measure nutrients, and salt interference with the 
chemical assays may lead to erroneous results, the concentrations of nutrients 
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in Lake Vanda reported in several studies differ by more than ten-fold in 
some cases (Matsumoto et al., 1982). The values reported by Canfield and 
Green (1985) demonstrate the trends in nutrient concentrations with respect 
to lake depth. par -P was less than 0.04 ,lIM in the 5-57 m depth range, 
and it increased at 60 and 65 m to 0.66 ,lIM and 3.20 ,lIM, respectively. Total 
phosphate values were 2-4 times those of reactive phosphate. Ammonia 
showed a similar but more dramatic increase with depth, from 4.14 ,lIM at 54 
m to 507 ,lIM in the 60-65 m depth range. Nitrate and nitrite values were 
low at the lake surface, but they increased to maxima of 143 ,lIM and 0.76 
,lIM, respectively, at 54 m (just above the chemocline). In the 60-65 m depth 
range, no nitrate or nitrite was detected. The nitrate and nitrite peaks were 
ascribed to the activities of a layer of nitrifying bacteria and were accompanied 
by a peak in nitrous oxide concentration (Vincent et al., 1981). 

Wada et al. (1984) found high nitrate concentrations (179-209 ,lIM) at 
54-56 m depth (15.9-24.6 g Cl-'kg-1, or about seawater salinity). This nitrate 
was significantly rich in o15N (+10.3 to +13.4%0) in comparison to sedimen
tary organic nitrogen (-4.6%0) probably as a result of isotope fractionation 
due to nitrate assimilation by algae. This would suggest that nitrate assimi
lation by the phytoplankton at this depth occurs under light-limited condi
tions. No discussion of nitrifying bacteria at these depths was given in that 
paper. 

Microbiology Lake Vanda can be broadly defined as a two-tiered system: 
a cold, dilute, oxygenated, lighted zone where primary productivity and aero
bic decomposition occur, and a temperate, hypersaline, anoxic, dark zone 
where probably only decomposition processes occur. The transition zone has 
an active community of bacteria (nitrifiers and possibly sulfur-oxidizing and 
other bacteria). A variety of microbial communities, including well-developed 
microbial mats, have been described from the non-hypersaline depths of Lake 
Vanda (down to 31 m or about 0.1 % salinity) (Love et al., 1983; Wharton et 
al., 1983). From the standpoint of understanding biogeochemical processes 
in extremely hypersaline environments, only the deepest water (8.4-11.4% 
salinity) and the associated sediments are of interest. Very few data have been 
published for these depths. Goldman et al. (1967) reported the plankton at 
60 m had 106 cells'l-l of coccoid cyanobacteria (probably Synechocystis) and 
105 filaments'l-l of cyanobacteria (Phormidium-type), and was devoid of the 
phytoflagellates and heliozoans observed in shallower and more dilute water. 
Parker et al. (1982) found the dominant pliytoplankter was a cryptophyte, 
Chroomonas lacustris. Chlorophyll a concentrations throughout the water col
umn showed little variation (0.1 mg'm- 3), although values for samples taken 
between 50 and 65 m (the chemocline) were not shown. Osnitskaya and 
Chudina (1978) described the isolation of a Chromatium (probably C. vinosum) 
from the lake. 

Goldman et al. (1967) found that only 1 % of the surface light energy 
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reaches waters at 30-40 m depth in the summer. While Parker and Simmons 
(1985) stated that 18% of the photosynthetically active radiation (PAR) pen
etrated Lake Vanda's ice-cover, Parker et a1. (1982) measured only 5.2% PAR 
penetration at 5 m, and only 0.84% PAR at 25 m depth. Most measurements 
of photosynthetic productivity have shown significant rates only in the rather 
dilute parts of the lake (Goldman, 1964; Parker et aI., 1982; Seaburg et aI., 
1983). Reports of high photosynthetic activity in deep, essentially dark waters 
of Lake Vanda (Goldman et aI., 1967; Vincent et aI., 1981) should be re
evaluated. 

Vincent et a1. (1981) discovered several layers of distinct microbiological 
activity in the plankton. The 52.5-55 m-depth range (about 2.4-4.7% salinity) 
had a layer of nitrifying bacteria, at 57 m (about 7.0% salinity) they measured 
a peak in DNA synthesis (from tritiated thymidine uptake measurements) 
coincident with a peak in photosynthetic activity, while the 59.5-62.5 m
depth range (about 8.0-10.0% salinity) was associated with denitrification 
activity. 

Monimolimnion and sediments The data of Vincent et a1. (1981), coupled 
with the data showing high concentrations of sulfide in bottom waters led 
Canfield and Green (1985) to conclude that below 60 m depth, the only 
microbial processes which are likely to be quantitatively significant for the 
oxidation of organic matter are denitrification and sulfate reduction. The pres
ence of sulfate-reducing bacteria has only been implied from sulfide mea
surements since in situ measurements of activity are lacking. Barghoorn and 
Nichols (1961) suggested that the black, sulfidic muds in a hypersaline (13.3% 
salinity) kettlehole pond in the Wright Valley resulted from the activities of 
sulfate-reducing bacteria. Sulfate-reducing bacterial activity can also be im
plied from the relative depletion of sulfate with respect to calcium at depth. 
But, since it is not known whether the salts are marine or non-marine, sulfate 
depletion may not necessarily be entirely controlled by biological activity. 

The 0345 values for the gypsum in the lake sediments are low (+ 20.4-
22.4%0) compared to sediment porewater sulfate (+39.1-48.8%0) (Nakai et 
aI., 1975a). The 0180 and 0345 values of dissolved sulfate in the deepest parts 
of the lake (65-68 m) are also high (+6.0 to +6.2%0 and +42.1 to +46.00/'00, 
respectively) (Nakai et aI., 1975b). The 034S values for H25 at 65 and 68 m 
are light (+ 7.7%0 and + 10.5%0, respectively), which led the investigators to 
conclude that these stable isotope fractionations were the result of the activ
ities of sulfate-reducing bacteria. Because the sulfide and the heavy sulfur 
isotopes of the brines in the monimolimnion are trapped, there is no intuitive 
way to estimate whether the activities of the sulfate-reducing bacteria are 
actually detectable, or whether they are immeasurably slow over very long 
periods of time. 

Fermentation processes have not been measured nor even mentioned in 
reports of Antarctic hypersaline lakes, although they have been observed in 
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more dilute Antarctic environments (Burton and Barker, 1979; Yarrington and 
Wynn-Williams, 1985). They may be an important link in the degradation 
process, producing the low molecular weight substrates utilized during an
aerobic respiration by denitrifying and sulfate-reducing bacteria. Sugiyama et 
al. (1967) enriched for and isolated fungi and yeasts from the bottom waters 
and sediments of Lake Yanda. Benoit et al. (1971) did not observe any yeasts 
or molds at 57 m, nor could they isolate any bacteria from this depth. They 
used three-fourths-strength seawater medium under aerobic conditions. Nei
ther anaerobic or hypersaline isolations were attempted. It is possible that 
both bacteria and yeasts are important agents of fermentations in the moderate 
temperatures of the bottom of the lake, but in situ measurements have yet 
to be made. The presence of methane in the bottom water of the lake suggests 
that methanogens may be active as well (Waguri, 1976). 

The sediments of the deepest parts of the lake, which emit a strong odor 
of sulfide, have been described as black to brown sands and silts (Nakai et 
al., 1975b) and as grey-green, and green sandy muds (Nelson and Wilson, 
1972). The latter investigators found that they are rich in finely disseminated 
organic matter (average of 6% by weight) and variable (up to 10% by weight) 
concentrations of authigenic calcite. Gypsum laminae are also observed in 
sediment cores. The activities of microorganisms in these sediments appar
ently have not been studied. 

Within the hypersaline monimolimnion, trace metals show various dis
tributions (Figure 16.2). Aluminum remains fairly constant throughout the 
water column while Zn, Ni, and eo vary with depth but are rather conserv
ative with respect to salinity. Fe is greatly enriched in the anaerobic brine, 
but it is apparently oxidized rapidly in the deepest oxic zones of the lake. eu 
is also greatly enriched in the deep zones. The values shown in Figure 16.2 
are actually low with respect to eu values in the shallower parts of the lake, 
since eu is already enriched at 50 m (74.8 J.lg'l-l) relative to the average 
concentration measured in the 4-45 m zone (24.8 J.lg'l-l). Mn shows the 
greatest enrichment of the measured trace elements in the anaerobic brines. 
Masuda et al. (1982, 1984) concluded that the trace metals are largely derived 
from airborne particles. The depth distribution follows expected patterns of 
solution in a low Eh-pH environment that typically results from intense ac
tivity of fermenting and sulfate-reducing bacteria. Lake Yanda thus provides 
an example of how evaporitic environments may be a source of heavy metal 
sedimentary deposits. 

Organic geochemistry Significant analyses have been performed on the 
organic geochemical constituents of Antarctic lakes, including Lake Yanda. 
Beginning with the early observations that the deep brines are brown in color 
(Wilson and Wellman, 1962; Goldman et al., 1967), subsequent reports by 
Matsumoto and co-workers describe the distribution of the major organic 
constituents. Matsumoto and Hanya (1977) measured the increase of total 
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Figure 16.2 Trace metals dissolved in Lake Yanda. Fe (closed circles), Cu (closed 
squares), Ni (closed triangles), Al (crosses), Mn (open triangles), Zn (open circles), Co 
(open squares). The data were tak~n from Masuda et al. (1982, 1984). 

organic carbon (TOC) and ethyl acetate-extractable organic carbon (EOC) from 
above the dense brine (55 m) to the bottom of Lake Yanda (66 m). TOe 
increases from 1.9 to 63.8 mg'l- l while EOe increases from 0.2 to 5.1 mg'l-l. 
Surficial waters and influent waters have much lower values. Sediment values 
are also low, with a TOe content of 1.9 mg'l-l and an EOe content of 0.077 
mg'l- l (Matsumoto et aI., 1984a). EOe:TOe ratios increase with depth in the 
5.4-50.4 m-depth range (up to 0.30), but then decrease to the bottom of the 
lake (0.06) and in the sediments (0.04). The higher EOC:TOC ratios in the 
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more dilute layers of the lake suggest the presence of fresh organic matter, 
including living organisms. 

Fatty acids constitute the majority of identified compounds except at the 
bottom and in the sediments where hydrocarbons and sterols comprise the 
greatest proportion (Matsumoto et al., 1984b). Fatty acids are relatively scarce 
in the 5.4-50 m-range, and show the greatest concentration (60 ~g·l-I) at 
55.4 m. This depth is nearly coincident with the layer,s of nitrifying bacteria 
(52.5-55 m) and DNA synthesis/photosynthetic activity (57 m) described by 
Vincent et al. (1981). At 66 m the fatty acids are characterized by C8-C32 
compounds, with acids of even carbon numbers more common than odd. 
Saturated acids predominate over unsaturated acids, except CI61 and C18•1 acids 
are more common than the saturated CI6 and CI8 fatty acids (Matsumoto and 
Hanya, 1977). At 55 m, the C12-C28 fatty acids are predominantly unsaturated. 

Hydrocarbons are only found below 60 m in Lake Vanda, with concen
trations of 6.5 ~g·l-I at 65.9 m and 7.4 ~g.g-I dry sediment in the bottom 
sediments (Matsumoto et al., 1984b). The CIRO branched compound, 2,6-di
methyl hexadecane, is the major hydrocarbon in the brines (up to 75% of 
the total hydrocarbons) and an important component (42% of the total hy
drocarbons) in the sediments. Its presence has not yet been recorded in living 
organisms and it may arise from microorganisms of unknown composition, 
perhaps unique to this environment (Matsumoto et al., 1984a). Sterols increase 
from the bottom (1.4 ,ug·I-I) to the muds (4.1 ,ug·I-I). Phytol concentration 
in the sediments is relatively low (0.39 ~g.g-I dry sediment (Matsumoto et 
al., 1984b). The high ratios of C29:C27 sterols (1.1-5.3), which are normally 
indicative of a relatively large contribution by vascular plants, require other 
interpretations in the desert environment of the Wright Valley (Matsumoto 
et al., 1984a). The lack of any contribution by higher plants is confirmed by 
the very low content of phenolic acids (0-0.6 ILg·I- I). 

16.3 Lake Bonney 

Much of the work on Lake Bonney has been done in comparative studies 
with Lake Vanda, since both lakes are located in the same region and they 
are both perennially ice-covered and meromictic. Lake Bonney, which lies in 
Taylor Valley, consists of two connected hypersaline basins. The chemistry 
and limnological characteristics of the two basins are quite different (Table 
1.1 and Figure 16.3). In the west basin, the dilute mixolimnion (0-12 m) is 
oxic, whereas the monimolimnion is anoxic from 15 m to the bottom (29.5 
m). No H2S has been detected (Torii et al., 1975). The salinity increases from 
8.5 m (4.36%) to the bottom (12.64%). The entire lake is cold, with the highest 
temperature at 8.5 m (1.9°C) and the lowest temperature at the bottom 
(-4.6°C). Alkalinity values are about 20 times greater in the west lobe brines 
than in Lake Vanda brines (Torii et al., 1975). Hoehn et al. (1977) found a 
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peak in alkalinity at the chemocline of the west basin (12-15 m depth). It is 
unknown whether the differences in the trends of alkalinity concentrations 
reflect differences in collection or analytical techniques, or whether significant 
differences occur intra-seasonally or inter-annually. 

The east basin of Lake Bonney remains oxic, although O2 values are low 
(1-2 mg'l- I) at the bottom (32.5 m). Like the west basin, it remains cold 
throughout the lake, with a temperature maximum at 15 m (6.0°C). The 
temperature maxima in both basins is due to solar heating (Hoare et aI., 1964). 
The salinity profile of the east basin is quite different from the west basin. 
Between 10 and 15 m depth, salinity increases from 1.52 to 12.17%, and at 
the bottom it is 24.79%. The brines are moderately buffered, with a decrease 
in total alkalinity in the monimolimnion from 15 m (16.4 meq'l-I) to 32.5 m 
(3.70 meq·l-I). The major ions of both basins are Na+, Mg2+, and C1-. The 
high salinity is believed to have resulted from seawater evaporation or freeze
drying (Matsubaya et aI., 1979). 

Various nutrient concentrations have been reported, the differences ap
parently due to different techniques and dates of analysis (Fortner et aI., 1976; 
Matsumoto et aI., 1982). In analyses using improved techniques by Fortner 
et a1. (1976), reactive phosphate in the 15-26 m-depth zone of Lake Bonney 
(probably the east basin, although the authors did not give the location) 
ranged from 112-205 ~g'l-I, in comparison to concentrations of 0.34-1480 
~g'l-I they cited from the literature. Their nitrate values in those brines were 
0.931-2.19 mg'l-I, while values in the literature they cited were 0-0.176 
mg·l- I. At 26 m, they found 593 ~g'l-I nitrite, while earlier publications had 
reported values of 50-1100 ~g'l-I nitrite at that depth. The values for am
monia were similar to those for nitrate concentrations in the depth range of 
12.5-26 m (1.20-6.0 mg'l- I) with total nitrogen in the range of 2.1 to 6.4 
mg·l- I. In contrast, Hoehn et a1. (1977) reported total N values up to 13.4 
mg'l- I and Weand et a1. (1977) found total N values up to 21.6 mg·l- I. In 
both of those studies of the east basin nutrients, ammonia levels were greater 
than nitrate levels. The varied results of these studies emphasize the inherent 
difficulties of brine analysis. In the case of nutrients, errors in analyses can 
lead to incorrect interpretations concerning the potential fertility of a system 
and the extent and rates of such microbial processes as nitrification and de
nitrification. 

The isotope fractionation of bl5N in the east basin of Lake Bonney shows 
a trend for increasingly heavier values with depth between 20 and 30 m 
(+4.9%0 to +32.2%0) (Wada et aI., 1984). The dissolved N2 in the basin was 
also isotopically heavy (+ 1.5 to + 2.5%0). The authors interpreted the ac
cumulation of the heavy nitrogen to be a result of fractionation during nitrate 
reduction, suggesting there may be microsites of anaerobic conditions in an 
otherwise oxic monimolimnion. Alternatively, the nitrate trapped at the bot
tom during an earlier period in the basin's history could have been isotopically 
heavy. In contrast, the west basin of Lake Bonney, which has more than one 
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order of magnitude less nitrate (see Figure 16.3), has relatively lighter nitrogen 
in the anaerobic monimolimnion. There was a marked decrease in nitrate 
values from 20 m (13.1 ~M) to 30 m depth (1.7 ~M), while total Ol5N decreased 
from + 2.5%0 to + 1.5%0 between 15 and 30 m depth. These findings were 
interpreted as evidence of denitrification. 

Microbiology The reports of the distribution of microorganisms also show 
variations between investigators and year of the study. The ice-cover on Lake 
Bonney severely attenuates light in both basins. While 2.8-3.3% PAR was 
detected at 5-6 m, only 0.10-0.30% PAR was measured at 29 m (Parker et 
al., 1982). Chroomonas lacustris is probably the most abundarit phytoplankter, 
but there are also significant numbers of green algae (Chlamydomonas sub
caudata, Chlorella vulgaris, and an unidentified coccus), an unidentified flag
ellate, and possibly unidentified coccoid cyanobacteria (Goldman et al., 1967; 
Koob and Leister, 1972; Parker et al., 1982; Seaburg et al., 1983). In these 
studies, phytoplankton population maxima were found at different depths, 
nearly always in or above the chemocline. The report of a large accumulation 
of phytoflagellates at 30 m by Goldman et al. (1967) may be indicative of an 
inactive, sinking population. Parker et al. (1977) found that an accumulation 
of algae (1256 cells·l- I ) at 20 m in the austral spring essentially remained 
unchanged one month later (1085 cells·l- I ). Algal populations at different 
depths between 4 and 15 m all increased by factors of 2 to 100, with a 
maximum density of 5032 cells·l- I at 4 m depth. These measurements again 
suggest that the hypersaline monimolimnion of Lake Bonney is a sink for 
algal cells rather than a zone of active photosynthesis. 

Hoehn et al. (1977) detected no bacteria or yeasts below the chemocline 
at 15 m in the east basin of the lake, while Parker et al. (1977) reported 
relatively high algal counts and low bacterial counts below the chemocline. 
In contrast, Goldman et al. (1967) found an accumulation of bacteria at 20 
m. Using the plate count method, Benoit et al. (1971) showed the greatest 
concentration of bacteria was near the ice interface, with total counts changing 
during the summer season. They used dilute and three-fourths-strength sea
water media under aerobic conditions and detected low numbers of bacteria 
throughout the monimolimnion. In most cases, plate counts were lower for 
samples incubated at O°C than at 15°C. In the austral spring (October), mostly 
yeasts (Candida and Cryptococcus) were observed in the chemocline at 10-15 
m depth. They were absent from other depths and they could not be detected 
in subsequent months. The authors noted that the yeasts were present in the 
warmest zone of the lake (5 0 -8°C), which is about 10°-12°C below their 
optimum. A fungus (Dendryphiella salina) was isolated from the bottom water 
of Lake Bonney (Waguri, 1976), but it is unknown whether it is active at in 
situ salinities, particularly since the bottom of the lake is anaerobic. 

Koob and Leister (1972) measured heterotrophic 14C-acetate assimilation 
in the east basin of Lake Bonney. They found gross uptake decreased with 
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depth from 5 to 30 m. Since they did not measure acetate concentrations in 
the water, these uptake values could not be translated into activity rates. 

Benthic mats dominated by cyanobacteria were observed down to 14 m 
in the east basin (about 10% salinity), while diatom-dominated benthic mats 
were found at 14-16 m depth (about 10.5% salinity) (Wharton et al., 1983). 
The cyanobacterial mats contained Lyngbya martensiana and Phormidium fri
gidum along with lesser numbers of the green alga C. subcaudata and diatoms 
(Navicula spp.). The most salt-tolerant diatoms included Navicula spp., Pin
nularia cymatopleura, and Nitzschia angustata. Parker and Simmons (1985) 
noted that phototrophic and heterotrophic bacteria were associated with an
aerobic mats containing Phormidium frigidum. 

Reliable determinations of rates of primary productivity in the hyper
saline zones of Lake Bonney are lacking. Measurements using the 14C method 
at different depths in such a density-stratified lake are complicated by un
certainties in calculating the appropriate carbonate alkalinity correction factor 
at each depth. Koob and Leister (1972) recognized this problem and presented 
their calculated data along with the raw counts per minute. In the study by 
Parker et al. (1977) of the productivity in the deep waters of Lake Bonney, 
the investigators rejected all data below 20 m depth because they were not 
convinced that either the 14C method they employed or the conversion tables 
for total organic C values are applicable at high salinities. Productivity was 
measured from extracellular fixed 14C in their study. They discussed the rea
sons why they and others have found high values of dark 14COz fixation in 
the deep, hypersaline brines of Lake Bonney and Lake Yanda. They cite four 
possibilities: 1) the high content of DOC is stimulatory; 2) photorespiration 
activity is high; 3) injury of cells during the filtration of samples causes the 
release of HC products; and 4) high rates of abiotic 14COz fixation have been 
found. 

Parker et al. (1977) found carbon fixation rates in the mixolimnion were 
negligible for all dates between November 12 and January 17 except December 
26, when 0-1938 mg C'm-3h- 1 was measured. Carbon fixation in the mon
imolimnion (12.5-20 m) for that date was 22-658 mg C'm-3h- 1, while even 
higher values (2-1677 mg C'm-3h- 1) were measured between November 12 
and December 13. These productivity rates were based on calculations using 
the dissociation constants of the carbonate system in dilute lake water. In
correct assumptions would result in estimates either too high or too low for 
productivity rates. Subsequent studies of quantum efficiencies and quantum 
yields of photosynthesis documented relatively high values at 9 and 12 m 
(Parker et al., 1982) and at 14 m depth (Seaburg et al., 1983). Without an 
empirical basis for calculating the activity and dissociation of bicarbonate and 
carbonate in solution in the brines of greater than seawater salinity, any 
estimates of primary productivity in and below the chemocline of Lake Bon
ney must be treated with caution. 

There is no evidence of sulfate-reducing bacterial activity in either basin 
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of Lake Bonney. Although the bottom waters of the west basin have a similar 
salinity as the bottom waters of Lake Vanda, the two lakes differ in the relative 
concentrations of Ca2+ and Mg2+, and probably more significantly, in tem
perature. A comparison of the 50/-/Ca2+ ratios with respect to depth of the 
three basins demonstrates that sulfate depletion occurs with depth in Lake 
Vanda, but the ratio remains roughly constant in the west basin of Lake 
Bonney (even in the anoxic regions of the lake) and actually increases in the 
oxic east basin. These observations suggest that as a group, sulfate-reducing 
bacteria may be constrained both by the combination of high salt and very 
low temperatures. In contrast, Ace Lake, a meromictic Antarctic lake of ap
proximately seawater salinity, has an active sulfur cycle community in its cold 
(0.7° -3.3 0c) monimolimnion (Burton and Barker, 1979; Hand, 1980). Com
parative studies of rates of sulfate reduction in other very cold hypersaline 
lakes or even deep-sea hypersaline basins may elucidate the exact causes of 
the inhibition of this group of microorganisms in Lake Bonney. 

Trace metals Trace metals dissolved in the east basin of Lake Bonney are 
present at higher concentrations in the monimolimnion than in the more dilute 
mixolimnion (Weand et al., 1976). The concentrations of Mn and Fe can be 
correlated with salinity, with Mn as high as 8.76 mg'l- I and Fe as high as 
1.48 mg'l- I at 25 m. The concentrations of Cu (0.59 mg'l- I ) and B (up to 
94.2 mg'l- I ) in the monimolimnion are possibly toxic to microorganisms, and 
the lesser concentrations of these trace elements in the mixolimnion are pos
sibly inhibitory as well. Ni, Co, and Mo were measured in micromolar con
centrations. 

Organic geochemistry The two basins of Lake Bonney differ both in TOC 
and the relative amounts of different organic compounds. Matsumoto and 
Hanya (1977) found TOC at the bottom of both basins to be greater than 
values in shallower waters. TOC concentrations at the bottom of the west 
and east basins were 18.6 and 28.9 mg'l-I, respectively. These differences in 
TOC values are apparently largely due to concentration with respect to sal
inity. The ratio of TOC (mg'I- I )/TD5(%) for the west and east basins are 
1.47 and 1.13, respectively, while that of Lake Vanda is significantly higher 
(about 5.60). The slightly larger ratio for the west basin may reflect relatively 
greater productivity in that basin since degradation is presumably low in both 
basins of the lake. The greater ratio in Lake Vanda may reflect overall greater 
organic productivity or a measurement during a part of the season when 
heterotrophic bacteria had not yet consumed much of the TOe. Parker et al. 
(1977) found somewhat higher TOC values (21-28 mg'l- I ) at depths of :::::15 
m in the west basin of Lake Bonney early in the austral summer, but by mid
summer those values had decreased to 5-9 mg·l- I • These changes reflect 
increased microbial degradation of TOC accumulated during the prior fall, 
winter, and spring. They also determined that :::::90% of the organic matter 
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is dissolved, not particulate, which they interpreted as products of the benthic 
microbial mats. 

The EOC content of both basim of Lake Bonney is similar to that of Lake 
Vanda, with values ranging from 3.8 to 4.7 mg'l- I (Matsumoto and Hanya, 
1977). Fatty acids in the west basin of the lake (up to 7.8 J.Lg·I- I) are also of 
comparable concentrations to those of Lake Vanda, while greater concentra
tions were recorded at depth in the east basin of the lake (up to 14 J.Lg·I- I). 
The ratios of fatty acids:salinity are similar in the two basins, suggesting that 
fatty acids are conserved during brine concentration. The fatty acid profiles 
of both basins of Lake Bonney and of Lake Vanda are similar in carbon 
numbers, dominance of even over odd acids, and dominance of saturated 
acids. Methyl phenyl acetate, a fungal metabolite, was found in low concen
trations in the east basin of Lake Bonney. Matsumoto (1984a) also found 
significant quantities of phenolic acids in Lake Bonney, with values as high 
as 12 J.Lg·I- 1 at the bottom of the west basin. No hydrocarbons were detected 
in the brines of Lake Bonney, although they were found in the sediments. 

16.4 Don Juan Pond 

Don Juan Pond is an extremely hypersaline, ice-free body of water in the 
Wright Valley. It measures about 200 by about 700 m and has an average 
depth of 11 cm (Meyer Et al., 1962). It is essentially a CaCl2 brine. Meyer et 
al. (1962) reported it had a TDS content of 474 g'l-I (presumably measured 
as the dried but relatively hydrated residue) while total ion content was 339 
g·l-I. Harris et al. (1979) noted that there is a seasonal, dramatic variation in 
Don Juan Pond composition. The phase relations of the hydrated salts are 
under hydrological and temperature control in the summer, while temperature 
is the primary determinant of precipitation and dissolution in the winter. The 
peculiar chemical and physical nature of the Don Juan basin permits the 
seasonal precipitation of antarctite (CaCI2'6 H20) and halite, but not hydro
halite. Individual trace components, such as sulfate and iron, also apparently 
undergo seasonal changes in concentrations. Sulfate ranges from <0.1 to 11 
mg'l-I, and iron ranges from 0.8 to 23.7 mg'l- I (Meyer et al., 1962; Cameron 
et al., 1972; Masuda et al., 1984). 

The pH has been measured as high as 5.4 (Meyer et al., 1962) and as 
low as 3.8 (Cameron et al., 1972). While the mean annual temperature of the 
brine is -18°C (Harris et al., 1979), temperatures as high as 8°C have been 
recorded (Cameron et al., 1972). The water activity was calculated to be 0.45 
and the osmotic pressure was 75.6 atm. 

Meyer et al. (1962) attributed the brown color of Don Juan Pond brine 
to a suspension of pyrite particles although Tomiyama and Kitano (1985) 
found no evidence for pyrite in the pond sediments. Variations in dissolved 
iron are probably due to precipitation, although there is no evidence of pyrite 
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formation nor for any sulfide generation by sulfate-reducing bacteria. Other 
trace metals in solution in Don Juan Pond brines include Mn (0.800 mg'l-I), 
Zn (0.270 mg'l-l), and Co (1.2 ,ug'l-I). These values are comparable to those 
found in the deep brines of Lake Yanda. Masuda et al. (1984) concluded that 
trace metals in trapped aerosols could be the sole source of Fe and Co, while 
Zn and Mn show some deviation from this pattern. 

The origin of the salts in Don Juan Pond is intimately tied to the question 
of whether microorganisms can thrive in the brines. According to Tomiyama 
and Kitano (1985), CaCl2-rich groundwater is an important source of brine. 
They reported 0345 of the sulfate in Don Juan basin was + 30.5%0. In a personal 
communication to those authors by Nakai, 0345-50/- values were +31.8 to 
+37.5%0, an enrichment considered attributable to sulfate-reducing bacteria. 
Tomiyama and Kitano rejected the idea of sulfate-reducing bacteria because 
the pond lacks pyrite in its sediments. They also calculated that the amount 
of sulfate supplied through the groundwater represented only ~0.5% of the 
total sulfate in the pond basin. They concluded that the mechanism for 0345 
enrichment in Don Juan pond sulfate remains enigmatic since neither bacterial 
activity nor groundwater supply seemed probable. The beachline in the Don 
Juan basin shows that the pond was once 10 m deep (Priddle and Heywood, 
1980). 5ulfur enriched in the heavy isotope may be a relic of an earlier, more 
dilute stage of the Don Juan basin. 

Microbiology The controversy of whether such dense CaCl2 brines of low 
water activity (aw ) and low temperatures can support life remains unsettled. 
Meyer et al. (1962) found viable bacteria in the sediments but no growing 
algae. By incubating samples for 3 weeks at 20°C (considerably above ambient 
temperatures of the pond), they isolated several kinds of bacteria and one 
yeast. No anaerobes developed. They reported that the cultures grew at 0°_ 
25°C in Don Juan pond water-based medium. They concluded that the bac
teria were autochthonous in the pond since no airborne bacteria could be 
isolated in the vicinity. 

Later reports by Benoit and Hall (1970), Cameron et al. (1972), and Ho
rowitz et al. (1972) refuted the claims of life in Don Juan Pond. Benoit and 
Hall (1970) employed dilute media at 2°, 15°, and 20°C but detected no 
viable bacteria. They did not attempt plate counts with saline medium. Cam
eron et al. (1972) found significant counts of bacteria and fungi in air samples 
above the pond. They enriched for microbes at 20°C in dilute medium. Their 
only isolate was the bacterium Achromobacter parvulus, a strain that tolerated 
only 5% salt. Because no enrichments nor plate counts in very saline media 
were tried in these studies, the results cannot be regarded as absolute proof 
of the sterility of the pond brines. Horowitz et al. (1972) stated that the 
organisms from Don Juan Pond cannot grow in the CaCl2 concentrations 
found in the pond. Cameron et al. (1972) made radiorespirometric tests of 
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pond water with negative results, but they did not report any measurements 
in surficial sediments where bacterial activity would most likely be detected. 

Siegel et al. (1979) presented evidence of active life in Don Juan Pond 
waters in their study of thin algal mats that cover a salt flat on one side of 
the pond. The mat was 2-5 mm thick. It contained cyanobacteria (Oscillatoria
like filaments), algae (non-motile Chlorella-like cells, motile Dunaliella-like 
cells, and other forms), occasional fungal hyphae, and motile and non-motile 
bacteria (red and colorless). The mat had areas of active bubble formation 
near it. Mats moistened with Don Juan brine contained ATP, proteins, poly
saccharides, lipids, and demonstrated a variety of enzymatic activities. When 
the mat was suspended in pond water at 4°C, growth was slow but cells 
maintained osmotic integrity and pigmentation. Preliminary manometric ex
periments at 4°C showed that O2 was produced in the light and CO2 was 
released in the dark. Although this algal mat shows activity in Don Juan 
brine, it apparently formed during periods of higher (and probably more 
dilute) water in the Don Juan basin. No one has yet offered conclusive proof 
of in situ biological activity in Don Juan Pond brines. 

In spite of lack of evidence for active life forms, the sediments of Don 
Juan pond contain organic matter, albeit very little (Matsumoto et al., 1984a). 
TOC was 0.18 mg'l-I and total nitrogen was 0.021 mg'l-I. These values are 
about one-tenth the concentrations measured in Lake Vanda sediments. Very 
low concentrations of EOC, hydrocarbons, fatty acids, stenols, and stanols 
were also noted. 

16.5 Deep Lake 

Deep Lake, located in the Vestfold Hills, is a small (0.64 km2), deep (36 m), 
ice-free, monomictic lake (Kerry et al., 1977) (Tables 1.1, 1.4, 2.1, and 2.2). 
It is hypersaline throughout (ca. 28% salinity), and the salinity is believed to 
be derived from evaporated seawater. Published brine analyses (Kerry et al., 
1977; Campbell, 1978) have failed to note whether there is any dissolved 
sulfate in the lake water. Much or all of the 50/- may have precipitated as 
mirabilite,as this salt and hydrohalite reach saturation in the extremely cold 
brine (Priddle and Heywood, 1980). Although the lake does not stratify chem
ically, it does undergo thermal stratification. Surface temperatures of the lake 
brine in the winter have been recorded as low as -20°C (Kerry et al., 1977), 
which is above the freezing point of -28°C (Priddle and Heywood, 1980). 
The surface warms to lOoC in the summer (Campbell, 1978). The lake remains 
oxic throughout the water column. 

Nutrient concentrations were reported to be less than or equal to those 
of seawater (Kerry et al., 1977), with POr -P values from a trace to 45.8 
1Lg'l-l and N03--N values of 53-871Lg'I-1. However, Hand (1980) found very 
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high concentrations of total nitrogen (about 7 mg·l- I). The pH is about 7.4 
and the brine is poorly buffered (3.1-4.6 meq'l-l) (Kerry et al., 1977). 

Planktonic life in Deep Lake is sparse. Campbell (1978) reported up to 
105 cells'l- 1 of two unidentified coccoid green algae. Wright and Burton (1981) 
have identified at least one of these as Dunaliella sp. Kerry et al. (1977) also 
noted centric and pennate diatoms, and rare occurrences of cyanobacteria and 
silicoflagellates, although they did not mention whether any of these cells 
were viable. The lake is devoid of invertebrates, amoebae, and ciliates. No 
14C02 incorporation could be detected except a disturbed sediment once yielded 
an uptake rate of 0.18 mg C'm-3 h-1 (Campbell, 1978). Bacterial counts were 
also modest. About 105 cells'ml-1 were detected at all depths except at the 
beginning of holomixis (winter) when 106 cells'ml-1 were detected (Hand, 
1980). The increase in bacterial counts was attributed to sediment resuspen
sion since it occurred at the coldest and darkest time of the year. 

Although bacteria were detected, there was no evidence of any bacterial 
activity in Deep Lake. They could not be cultured from the lake when the 
medium was greater than half the salinity of the lake brine. Hand (1980) 
interpreted the high concentrations of total nitrogen and TOC (50 mg'l- l) as 
evidence of the lack of bacterial degradation activity, and concluded that these 
nutrients were probably washed into the lake. 

The sediments of Deep Lake were reported to show bands of mirabilite 
and dark sand, but no mention of reducing conditions or sulfide were made 
(Kerry et al., 1977). In comparison to the sediments of Lake Yanda and Lake 
Bonney, Deep Lake sediments have more TOC (4.6 mg'l- I), EOC (0.47 mg'l- I), 
and total nitrogen (0.99 mg'l- l) (Matsumoto et al., 1984a). Fatty acids, hy
drocarbons, and stenols in the sediments are in comparable concentrations 
as in Lake Bonney sediments. 

Deep Lake differs from Lake Bonney and Lake Yanda by its lack of a 
dilute mixolimnion. This factor, in combination with low nutrients, low tem
peratures, and limited light, apparently limit primary productivity and mi
crobial heterotrophy. 

16.6 Lakes Hunazoko and Suribati 

Lakes Hunazoko and Suribati, located in the Syowa Oasis, have similar sal
inities (21.3 and 22.0%, respectively), high silica content (105-227 J.LM), pH 
(7.4-7.8 and 7.0-7.8, respectively), and alkalinities of about 5 mg CO/I-I, 
but they are very different in other limnological respects (Tominaga and Fukui, 
1981; Fukui et al., 1985) (Figure 16.4 and Tables 1.1, 1.4, 2.1, and 2.2). Lake 
Hunazoko is shallow (9.2 m) but it stratifies in the summer both thermally 
(10°C at the surface, -lZOC at the bottom) and chemically (11.2% Cl- at 
the surface, 15.8% at the bottom). During holomixis, the whole lake is -18.3°C. 
The entire lake remains oxic, with recorded oxygen concentrations of 2.17-
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Figure 16.4 Some limnological features of Lakes Hunazoko and Suribati. Open sym
bols = Hunazoko, closed symbols = Suribati. Chloride (circles), temperature (squares), 
ammonia (triangles), DOC (diamonds). The data are from Fukui et al. (1985). 
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2.57 mgol- I (Fukui et aI., 1985) and 2.6-2.8 mgol- I (Tominaga and Fukui, 
1981). Inorganic nutrients were found in low concentrations: P04 -3_p = 0.25-
0.45 ~M, N02 - -N = 0.1-0.4 ~M, N03 - -N = 0-1.9 ~M, and NH/ -N = 1.7-
6.0 ~M (Fukui et aI., 1985). 

Lake 5uribati, which is much deeper (31.2 m), also undergoes thermal 
stratification. While surface temperatures are the same as those for Lake Hun
azoko, bottom temperatures go down to only 2°e. The lake is meromictic 
and remains anoxic below 10 m depth. The oxygen content in the mixolimnion 
during the summer was 5-6 mgol- I (Tominaga and Fukui, 1981). Although 
no nitrate or nitrite has been found at any depth in Lake 5uribati, phosphate 
and ammonia concentrations correlate with the meromictic stratification. P04 -3_ 

P in the mixolimnion was 0.05-0.40 ~M, while in the monimolimnion con
centrations were 54.0-66.7 ~M. NH/ -N in the mixolimnion was 0-1.7 ~M, 
with concentrations in the monimolimnion ranging from 458 to 575 ~M (Fukui 
et aI., 1985). 

Dunaliella and the diatom Tropidoneis dominate the phytoplankton of 
both lakes (Tominaga and Fukui, 1981). In that study, planktonic density at 
the bottom of the photic zone in Lake Hunazoko (3 m depth) was rather high 
(5.5 mg chI aom- 3). Chlorophyll a concentrations in the mixolimnion of Lake 
5uribati were uniform (1 mg chI aom -3). No phototrophic bacteria were de
tected. Experiments with isolates of the algae demonstrated that they were 
capable of low rates of photosynthesis under temperature and salinity con
ditions of the lakes, including measurable photosynthesis at temperatures 
below O°e. 

Both lakes have remarkably high concentrations of TOe. The concen
tration of TOC strongly correlates with salinity, which has been interpreted 
to be a result of passive concentration accompanying the concentration of 
seawater under freezing conditions (Tominaga and Fukui, 1981; Fukui et a1., 
1985). The high concentration of TOC and the green color of the sediments 
(due to chlorophyll) both indicate that bacterial degradation is probably rather 
slow (Tominaga and Fukui, 1981). No mention of sulfide in Lake Hunazoko 
sediments was made. 

The bottom waters of Lake 5uribati had 1 mg 52 - 0 1- 1, indicating that 
sulfate-reducing bacteria are probably active during certain seasons. The bot
tom waters of Lake 5uribati have significant dissolved 50r (8.1 gol-I) as 
does the west basin of Lake Bonney (4.0-4.5 gol-I). Even though Lake 5uribati 
is more hypersaline than the west basin of Lake Bonney, sulfide has not been 
detected in Lake Bonney. The lack of activity of sulfate-reducing bacteria in 
that lake correlates with lower temperatures (- 4.6 °C vs. 2°C) and lower 
nutrient levels which further inhibit salinity-stressed populations. 

Organic analyses of the presumably oxic sediments of Lake Hunazoko 
indicate they have moderately high concentrations of TOC (3.8 mgol- I), EOC 
(1.1 mgol- I) and, total nitrogen (0.75 mgol- I) (Matsumoto et aI., 1984a). Hy
drocarbon concentrations are relatively low (0.38 ~gol-I), but fatty acids are 



16.7 Conclusions 255 

rather abundant (120 /Lgol-l). Those sediments have a higher concentration 
of phenolic acids than any of the other sediments from hypersaline Antarctic 
lakes measured (0.76/Lgol-l). Unfortunately, no organic geochemical analyses 
are available for Lake Suribati. 

1607 Conclusions 

The hypersaline lakes and ponds of Antarctica share several common features: 
high total dissolved solids, extremely short growing season, and extremely 
low temperatures during at least part of the year. Apart from these similarities, 
the lakes and ponds are each unique. The published primary productivity 
rates are very low except in the more dilute parts of Lake Bonney and Lake 
Yanda. No primary productivity measurements have been published for Lakes 
Hunazoko and Suribati, but the chlorophyll a levels in those lakes and the 
measurable rates of photosynthesis by cultures of the phytoplankton indicate 
that appreciable photosynthetic rates may be possible under in situ conditions. 

While certain groups of microorganisms can apparently grow in both 
temperate and Antarctic moderately hypersaline lakes (i.e., cyanobacteria, 
diatoms, and the green alga Dunaliella), other major groups have not been 
reported from the Antarctic hypersaline habitats: halobacteria, nitrogen-fixing 
bacteria, fermenting bacteria, and sulfur-oxidizing bacteria. The report of 
methane and sulfide near the benthos of the monimolimnion of Lake Yanda 
suggests that methanogens and sulfate-reducing bacteria can thrive at the 
moderate temperatures of the strong brines in that lake, but it is unknown 
whether they can survive the colder conditions of the other hypersaline lakes. 
Methanogenic, sulfate-reducing, phototrophic, and fermentative bacteria have 
been described from Antarctic environments at near-freezing temperatures in 
both freshwater environments (Yarrington and Wynn-Williams, 1985; Ellis
Evans, 1985) and saline Ace Lake (Burton and Barker, 1979; Hand, 1980). 
Ellis-Evans (1985) noted that sulfate-reducing bacteria isolated from Antarctic 
lakes were not psychrophilic, but had temperature optima of 3ZOC. 

Nitrogen-fixing bacteria, which require anaerobic conditions to fix N2, 

may be absent because the anoxic brines of the lakes are not generally ni
trogen-limited. However, no extremely halophilic, nitrogen-fixing bacteria have 
been described. Likewise, no cold-tolerant halobacteria are known. The effects 
of low temperatures on the state of high salt concentrations inside the cells 
may prevent any members of this group from successful colonization of Ant
arctic environments. There is general agreement in the literature that the 
combination of low temperatures and high salt concentrations are major lim
iting factors of biological productivity in the hypersaline Antarctic lakes. 

The apparent "absence" of certain groups of bacteria may also be due 
to the relative lack of effort to enrich for and identify them using appropriate 
media for halophiles. The report of red colonies of bacteria in the algal mats 



256 Chapter 16 Antarctic Lakes 

near Don Juan Pond and the identification of phototrophic bacteria in Lake 
Bonney mats both indicate potentially active phototrophic bacteria. Such mi
crobial associations are common in hypersaline marine algal mats. Isolation 
of these and associated anaerobes may be successful under appropriate con
ditions of cultivation. 

In addition to light limitations in some cases, algal productivity in hy
persaline Antarctic lakes is apparently controlled by the same factors that 
limit bacteria. Attempts to enumerate viable phytoplankton by plate counts 
may have resulted in underestimates of populations because inappropriate 
(dilute) media were employed. Temperature tolerances of 128 strains of 35 
algal taxa isolated from a variety of Antarctic lakes were measured by Seaburg 
et al. (1981), who found that 92% of the phytoplankton strains, and 74% of 
the benthic mat strains grew at rc. Some strains still grew at -1°C. Un
fortunately, no media saltier than seawater were used. Measurements of the 
salt tolerances and the combined temperature-salt responses of these isolates 
would be invaluable for evaluating the ecology and productivity of hyper
saline Antarctic lakes. 

It is worthwhile comparing the microbiology of the hypersaline lakes 
with that of the Dry Valley saline soils, since they share some of the envi
ronmental factors that limit productivity. Cameron et al. (1970) listed the 
colonization order of microbes in such soils as: 1) non-pigmented, hetero
trophic, aerobic bacteria; 2) pigmented, heterotrophic, microaerophilic bac
teria; 3) actinomycetes; 4) cyanobacteria and coccoid green algae; 5) sulfate
reducing and N2-fixing bacteria, fungi, and protozoa; 6) lichens; and 7) mosses 
and other algae. Primary productivity is absent in the harshest of the cold, 
saline desert soils, where the micro flora must depend on "imported" organic 
carbon. Sulfate-reducing and N2-fixing bacteria, important agents in nutrient 
cycles, are extremely sensitive to these conditions and are late-comers to well
established microbial floras. These observations parallel those made in the 
hypersaline Antarctic lakes. The authors noted that anaerobes, phototrophic 
bacteria, obligate psychrophiles, thermophiles, and obligate halophiles are 
generally not detected in the Dry Valley soils. 

These observations are in agreement with other studies of Dry Valley 
soils (Benoit and Hall, 1970; Horowitz et al., 1972). Enrichment cultures of 
the soil around Don Juan Pond yielded actinomycetes and an abundant flora 
of non-halophilic, mesophilic bacteria (Benoit and Hall, 1970). The authors 
observed that many small ponds in the Dry Valley had large populations of 
phototrophic and sulfate-reducing bacteria. These bacteria, in addition to che
moautotrophic bacteria, were seldom detected in soils. Enrichments for bac
teria from a saline soil in Taylor Valley demonstrated a strong temperature
salt correlation. Bacterial counts (per g soil) at 20°C in 0% NaCl were 7.2 X 
104, while in 15% NaCl they were 1.4 X 103, and in 20% NaCl they were 
<40. At 2°C, viable bacteria were detected only in 0% and 5% NaCl media. 

Although Antarctic hypersaline environments are rare examples of pro-
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cesses occurring in evaporitic habitats, they can be instructional for deter
mining some of the factors that limit life, especially with respect to salinity, 
water activity, temperature, and light. 
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Lake Eyre and Other 
Temperate Lakes 

Unlike hypersaline environments of marine origin, terminal continental lakes 
(which have no outlet to the ocean) may have distinct chemical compositions 
dependent on the weathering of local rocks, salt transport, and evaporation. 
Australian Lake Eyre, the lakes of Saskatchewan, and other smaller, temperate 
lakes have not received the scientific attention that the Great Salt Lake, the 
Dead Sea, or the alkaline lakes of Africa and North America (discussed in 
Chapters 18-20) have. However, the few microbiological studies on the lesser
known lakes described here indicate that microbial activity can be found in 
extreme salinities and in brines of unusual composition in temperate climates. 

17.1 Lake Eyre 

Lake Eyre, South Australia, is an extremely large, saline, playa basin. The 
highest point on the shoreline lies about 5 m below sea level and the lowest 
point about 10 m below sea level in this terminal lake. The whole lake oc
cupies about 9500 km2• Madigan Gulf, which measures about 32 X 40 km 
and is about 2 m deep, occupies the deepest part of Lake Eyre North. The 
lake is mostly dry, but periodic floods fill the lake with varying amounts of 
water. Upon evaporation, the deeper parts of the lake contain practically all 
the lake salts (Bonython, 1956). The dominant evaporite minerals in the lake 
are gypsum and halite. The salt composition is different from the ocean and 
from in flowing water and probably reflects a complex history of contributions 
from the underlying basin materials and windborne salts. 

Nodules of native sulfur were found at the lee shore on the surface and 
at a sediment depth of over 30 cm. The identification of various groups of 
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microbes in the sediments and a description of their activities in different salt 
concentrations led Baas-Becking and Kaplan (1956) to conclude that the sulfur 
nodules had been formed from gypsum as a result of microbiological activities. 
The following description of the biogeochemistry of Madigan Gulf, Lake Eyre, 
was taken from the works of Bonython (1956) and Baas-Becking and Kaplan 
(1956). Other general descriptions of Lake Eyre were referenced by Bonython 
(1956). At the time of these studies, the center of the Madigan Gulf basin 
had a halite crust of about 28 cm thickness, below which was a l-cm thick 
layer of black mud. From about 30 to 260 cm depth the sediment was mostly 
gypsum with a thin layer of halite at about 90 cm depth. Below 260 cm, the 
sediments were largely clay and dolomite. 

Bonython described the composition of the salt crust, including the colors 
at different levels (Table 17.1). The rusty color near the surface was mainly 
due to iron oxide, with a small contribution by halobacteria and Dunaliella. 
The purple color at 13-15 cm depth was found to contain small, amorphous, 
mucoid masses which could have been of bacterial or of algal origin, but they 
were not described. The purple layer clearly coincides with a dilution event 
in the lake and with CaS04 precipitation (compare SOr and Ca2+ content 
of the salt at 13 cm vs. 13-15 cm). Because evaporites can precipitate below 
the sediment-brine interface, it is impossible to tell if the purple layer formed 
after the precipitation of nearly pure halite, or if halite crystallized below the 
organic sediment after the cells were deposited. It is unknown whether the 
organic matter represents planktonic material or the remains of an active 
microbial mat. The brownish layer at 12 cm depth probably represents dust 
that had settled during a freshening event. 

Baas-Becking and Kaplan (1956) described the organic and microbiolog
ical composition of sulfur nodules which were found in mud along with wind
blown gypsum and organic detritus. The nodules contained abundant organic 

Table 17.1 Chemical and color deSCription of the salt crust and of the brine from 
borehole 93/54, Madigan Gulf, Lake Eyre" 

Depth, em NaCl, % 50/ ,% Ca, % Mg, % Color 

0-3 99.0 0.46 0.12 0.05 Clear to rusty 
4-8 97.5 0.90 0.32 0.02 Pink 
8-11 96.8 1.37 0.53 0.01 Pink 
12 Brownish 
13 94.5 2.61 0.91 0.05 White 
13-15 99.1 0.43 0.11 0.04 Purple 
18-20 97.6 0.66 0.21 0.03 White 
20-23 94.3 3.31 0.64 0.07 Pink 
24-28 97.5 1.51 0.42 0.02 White; grey at bottom 

NaCl 50/ Ca Mg 

Ground brine" 308.8 17.9 0.28 6.56 

. From Bonython (1956). 
'0 In g.j , 
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matter. They observed or obtained enrichment cultures for a variety of mi
crobes from brine, salt, mud, and sulfur samples (Table 17.2). The sulfur 
nodules proved to be a rich source of bacteria involved in the sulfur cycle. 
The muds and brines were of near-neutral pH (6.72-7.20) and the redox 
potentials were - 60 to -11 0 m V in the zones of the most active sulfate 
reduction. 

The mechanism for elemental sulfur formation was described as an in
tegrated process involving the following steps and their respective agents: 

Anaerobic fermentation of organic detritus ---. Hz 

Gypsum + Hz + sulfate-reducing bacteria ---. 5z-, Fe5 

5z-, Fe5 + O2 ---. 5° (abiotic or thiobacteria) 

5° + thiobacteria ---. H2504 

Hz504 + CaC03 ---. Ca2+ + CO/-

Caz+ + brine 50/- ---. secondary gypsum crust around 5° nodules 

Enrichments of brines, salts, and muds for various groups of bacteria in 5-
25% NaCl demonstrated that certain metabolic processes or microorganisms 
responsible for those processes were inhibited by high salt concentrations and 
that each of these environments had different microbiological potential (Ta
bles 17.3 and 17.4). Fermentation of glucose and cellulose were the least 

Table 17.2 Microorganisms in Lake Eyre" 

Type Identification 

Chlorophytes 

Diatoms 

Protozoans 
Other eukaryotes 

Cyanobacteria 
Bacteria" 

Dunaliella minuta, D. parva, D. euchlorld, 
unnamed, spindle-shaped alga, 15 I'm 
long 

Pleurosigma sp. 
Amphora coffeaeformis 
Colorless ciliates, flagellates 
Chytrid fungi 
Parartemia 
Lyngbya sp. 
Spirilla, long rods, halobacteria 
Sulfate reducers on H, 
Sulfate reducers on lactate 
Sulfate reducers on pyruvate 
Sulfur oxidizers on thiosulfate 
Sulfur oxidizers on sulfur 
Glucose fermenters 
Denitrifiers 
Aerobic cellulose decomposers 
Anaerobic cellulose decomposers 
Methanogens 

.. From Baas-Becking and Kaplan (1956). 
,. Identified from enrichment cultures. 

Source 

Brine, salt 

Diluted brine 
Brine 
Brine 
With Lyngbya 
Brine (one locality) 
Various materials 
Brine 
Gypsum, mud, sulfur 
Gypsum, mud, sulfur 
Surface mud only 
Gypsum, deep mud, sulfur 
Gypsum, mud, sulfur 
Brine, salt, surface mud 
Brine, surface mud 
Surface mud, sulfur 
Brine, salt, mud, gypsum 
Brine, salt surface mud 
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Table 17.3 Effects of NaC! concentration on anaerobic activity in brine, salt crust, 
and surface mud of Lake Eyre" 

Source 

% NaCi Surface brine Pink salt 

Glucose fermentation, ml Hz formed after 14 days, 30°C 
5 0.70 0.25 

10 3.15 0.05 
15 0 4.50 
20 5.65 5.65 
25 0.75 2.90 

Denitrification, ml gas formed after 28 days, 30°C 
5 1.25 0.02 

10 1.88 0 
15 0.25 0 
20 0.07 0 
25 0.02 0 

Methanogenesis, ml gas X 10 formed after 14 days, 30°C 
5 0 0.16 

10 0.25 0.16 
15 0.25 0.10 
20 0 0 
25 0 0 

. From Baas-Becking and Kaplan (1956). 

Surface mud 

3.15 
6.25 

11.25 
9.40 

10.00 

1.25 
0.83 
0.13 
0.06 
o 

0.25 
0.25 
o 
o 
o 

Table 17.4 Anaerobic cellulose decomposition in brine, salt, and sediment from 
Lake Eyre incubated in different concentrations of NaC!' 

Source 

% NaCi Surface brine Pink salt Surface mud Deep mud Gypsum Sulfur mud 

pH after 29 days, 30°C 
5 5.60 3.80 2.80 3.42 

10 2.87 4.43 2.72 2.66 2.93 
15 3.53 3.92 2.80 4.33 2.85 
20 4.03 4.55 2.57 2.49 2.70 
25 3.62 3.70 2.47 2.44 2.70 

Sulfate reduction in the presence of Hz" 
5 +++ 0 ++ 0 

10 + ++++++ + ++++++ 
15 + ++ 0 0 
20 + ++++++ ++++ 0 
25 + ++ + 0 

. From Baas-Becking and Kaplan (1956). 
b 0, no sulfate reduction; +, sulfate reduction (extent indicated by the number of + symbols). 
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affected by high salt. The highest rates of glucose fermentation were observed 
in 20% salt. Aerobic decomposition was reported only in surface mud and 
mud associated with sulfur nodules between 6.25 and 18.75% NaCl. Deni
trification and especially methanogenesis were retarded or completely inhib
ited at high salinities. The details for those enrichments were not given. It is 
unknown whether nitrate was added to the enrichments for denitrifiers, 
whether the authors assayed for nitrite, or whether the kind of gas formed 
was determined. Although the development of sulfate-reducing bacteria was 
only subjectively quantified, it is clear that sulfate reduction can occur in 20-
25% salt as long as there are appropriate carbon and energy sources. The 
authors were unable to isolate green and purple phototrophic bacteria except 
for one instance from a surface mud sample using 20% NaCl. 

Lake Eyre probably resembles the Great Salt Lake of North America 
during its early, playa stages (Spencer et al., 1984). Although it lacks a per
manent water column, the periodic wetting and drying cycles result in the 
accumulation of organic matter that is subject to microbial degradation, .even 
under very saline conditions. Enrichment culture studies indicate that anaer
obic degradation of at least some forms of organic carbon can be potentially 
quite rapid, even at brine concentrations near halite saturation. 

17.2 Other Australian lakes 

A number of hypersaline lakes have been described from Australia. Microbial 
mats have been documented from several of these lakes in West Australia 
(Government House Lake, 16.4% TDS; Lake Cowan, 29.8% TDS), South 
Australia (Deep Lake, 12.5% TDS; Coorong lakes, 17.5% TDS), and Victoria 
(West Basin Lake, 9-13% TDS) (Bauld, 1981). Although microbial mats as 
well as lake salinities were noted, rates of microbial activity were not reported. 

Pink Lake, Victoria, is a shallow (up to 70 cm deep) hypersaline lake 
with a salinity that fluctuates between 9% and 24% (Marchant and Williams, 
1977) and a conductivity that fluctuates between 180 and 410 milliSiemens 
(mS)'cm- 1 (Hammer, 1981). The pH also fluctuates seasonally between 7.6 
and 8.6. The lake is characterized by negligible phosphate and no nitrate 
(ammonium was not measured). Dunaliella salina was always present in Pink 
Lake except during periods of the highest salinities. The photosynthetic rates 
measured in Pink Lake were maximal in July (461 mg C'm- 3'd- 1) and un
detectable in February and March. These rates are rather modest, which is 
probably attributable to the low nutrients and high salinity. The photosyn
thetic rates were often greater at 0.5 m depth, suggesting photoinhibition or 
a greater accumulation of cells with depth. 

The sediments of Pink Lake are loose and black, indicating sulfate re
duction. In the top 3 cm, the sediments had 9.7-11.8% organic matter by 
weight (Marchant and Williams, 1977). About 2% of the total organic material 
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was water-soluble. Much of the organic matter was believed to be fecal pellets 
of Parartemia zietziana, a benthic-grazing brine shrimp endemic to Australia. 
Organic N was 1.8 mg'g- l sediment. In another study by Aasen et al. (1969), 
crystalline salts from the lake were found to contain about 0.75% organic 
matter. About 14% of the organic matter was ,B-carotene from Dunaliella. 
Total lipid-soluble material constituted nearly 50% of the organic matter in 
the sediment. 

17.3 Saskatchewan, Canada 

The saline lakes of the plains region of Saskatchewan, Canada, are dominated 
by Mg2+, Na+, and SO/-. The composition of eight extremely hypersaline 
lakes of Saskatchewan is given in Table 17.5 (see also Table 1.1). The very 
saline lakes are somewhat alkaline (pH 7.9-9.15), although some of the less 
saline lakes of the region have a pH as high as 9.8 (Hammer, 1978). NH/ 
is quite high and N03 - is scarce (Table 17.6). P043- is also high in spite of 
the presence of high concentrations of Mg2+. The N:P ratios of Little Manitou 
and Patience Lakes are close to the Redfield ratio of 16 (the average N:P ratio 
of living organisms), but that of west Chaplin Lake is very low. 

The lakes undergo extreme temperature fluctuations between summer 
and winter (30 0 to - 3 0c) (Hammer and Haynes, 1978). The permanent lakes 
are typically:::; 10 m deep. The deeper lakes stratify and higher salinities tend 
to prolong the period of stratification. In lakes >3 m deep, the sediments 
tend to be fine-grained, organic-rich, and well laminated (Last and Schweyen, 
1983). 

In the permanent lakes, the precipitation of calcite occurs due to the 
effects of biological activities, and calcite, gypsum, and mirabilite precipitate 
as a result of temperature fluctuations, freezing-out, and brine mixing (Last 
and Schweyen, 1983). The authors noted that very thin calcite layers (varves) 

Table 17.5 The composition of eight hypersaline lakes of Saskatchewan, Canada" 

HC03 -

Lake Salinity, % pH Mg'+ Na+ SO,'- Cl- + COr 

Little Manitou 8.14 8.8 9.52 12.3 39.6 18.0 0.985 
Aroma 8.52 9.1 9.12 12.5 58.9 3.3 0.715 
Chaplin (east) 10.8 9.15 1.55 29.6 65.0 3.1 2.44 
Bitter 19.2 7.9 29.7 18.2 95.5 44.5 1.84 
Whiteshore 20.1 8.7 7.38 50.4 129 10.0 0.841 
Patience 20.7 8.8 2.63 55.2 17.2 105 0.126 
Chaplin (west) 21.4 8.8 5.05 59.6 132 11.2 2.76 
Muskiki 34.2 7.9 29.0 62.2 237 11.4 1.47 

"From Hammer (1978). Values given in g'l-l except salinity (%). 
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Table 17.6 Nutrient composition of three hypersaline lakes of Saskatchewan, 
Canada' 
Lake NH,+-N NO,--N o-PO,'- -P 

Little Manitou 60.0 0.31 
Patience 26.5 0.05 
Chaplin (west) 13.1 0.20 

, From Hammer (1978). Concentrations in I'M. 
b (Nitrate-N + Ammonium-N)/Phosphate-P. 

0.41 
0.35 
2.81 

Total P N:pb Fe 

2.00 15.2 0.54 
2.03 13.1 7.50 
7.00 1.9 2.85 

SiO, 

0.65 
2.0 
1.55 

formed in the sediments of some of the saline lakes, including the hypersaline 
Little Manitou Lake. 

Gypsum in Waldsea Lake, where the salinity reaches 4.2%, is found in 
different forms and textures. The physical, chemical, and biological processes 
that affect the crystal morphology have not been defined. Both prismatic and 
lenticular crystals are found, while rounded and pitted grains suggest dis
solution or reworking processes. In the playa lakes of the region, evaporite 
precipitation results in the formation of efflorescent crusts and intrasedimen
tary crystals. 

Planktonic primary productivity of several of the saline lakes of the region 
has been measured, including Little Manitou Lake (8.14% salinity, 5.2 m deep) 
(Haynes and Hammer, 1978). A photosynthetic rate of 1.19 g C'm-2'd- 1 was 
measured, a rate comparable to other hard-water, meso-eutrophic, temperate 
lakes (Table 2.2). During spring, a single recording of a rate of 0.475 g C'm-3'd- 1 

was made. During the periods of the highest productivity, 5.8-14.1 mg'm- 3 

chlorophyll a was detected along with 20.5-46.3 mg'm- 3 pheopigments in 
the euphotic zone. During periods of lower productivity, only 0.6-3.9 mg'm- 3 

chlorophyll a was found. The· phytoplankton of the lake consisted primarily 
of the diatom Chaetoceros elmorei and the green alga Rhizoclonium hierogly
phicum. 

The distribution and abundance of algae in the saline lakes of Saskatch
ewan have been documented in detail by Hammer et al. (1983). Many of 
these taxa are given in Table 2.1. The most saline lakes are dominated by 
the green alga Dunaliella salina, Rhizoclonium hieroglyphicum, and Ctenocladus 
circinnatus. A variety of diatoms are also found in these sulfate-rich lakes, 
including Nitzschia spp., Hantzschia amphioxys, and the cosmopolitan Amphora 
coffeaeformis. Various cyanobacteria (both filamentous and coccoid) are abun
dant or common, including the nitrogen-fixing species Nodularia spumigena 
(in 2:20% TDS) and Anabaena wisconsinense (17.8-42.8% TDS). No mea
surements of N2 fixation in these hypersaline lakes of Saskatchewan have 
been reported. The authors did not mention whether algal or cyanobacterial 
mats develop in those extremely saline lakes. The high concentrations of 
phosphate may enhance the development of phytoplankton and effectively 
shade the benthos. 
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17.4 Hot Lake, Washington (U.S.A.) and other small 
lakes 

Some other small, neutral pH, hypersaline lakes that have been briefly de
scribed include Lake AssaI (French Somaliland, about 40% salinity) (Brisou 
et al., 1974), Zuni Salt Lake (New Mexico, U.s.A., 20.6% salinity) (Bradbury, 
1971), and several lakes in the Soviet Union (Kurochkin, 1960). The Russian 
lakes, with salinities up to NaCl saturation, were reported to be pink. Ex
tremely halophilic bacteria were isolated from those lakes. 

Hot Lake, a MgS04 (Epsom salt) lake, was studied by Anderson (1958). 
The lake occupies a former Epsom salt pit. The basin has been subsequently 
altered and the limnological characteristics have changed. However, a brief 
description of the former status of Hot Lake demonstrates that MgS04 brines 
can be highly productive. The lake was 3.5 m deep and density-stratified 
(Table 17.7). A chemocline below 1 m depth caused solar heating of the 
monimolimnion. During July, 1955, the temperature in 0-1 m depth was 27°-
28°C and at 2.0 m depth was 50.5°C. At 3.0 m depth it was 36.rc. The 
monimolimnion was described as stagnant, dark brown, and full of H2S. A 
layer of phototrophic bacteria (probably Chlorobium) was detected at 2.0 m 
depth where the salinity was near 39.2%. Such halophilic or halotolerant 
green phototrophic bacteria have not been described elsewhere. The surface 
waters were oxygenated in the spring, but anoxic by autumn. Artemia salina 
inhabited the surface waters along with rotifers, occasional copepods, and an 
ostracod. At ~ 1 m depth, thick cyanobacterial mats were found consisting 
of Plectonema nostocorum, Oscillatoria chlorina, Anacystis thermalis, and Gom
phosphaeria aponina. Because none of these species is reported in other hy
persaline systems, the taxonomy of the mat-forming species should be re
evaluated. Anderson did note that the mat extended into the lower regions 
of the hypolimnion and suggested the cyanobacteria were capable of H2S 
metabolism. H2S metabolism in halophilic cyanobacteria was much later dem
onstrated in Oscillatoria limnetica of Solar Lake, Sinai (Cohen et al., 1975a, 
1975b). 

Table 17.7 Chemical constituents of Hot Lake, Washington, during stratification in 
August, 1955' 
Constituent Surface 3m Ratio, 3 m:surface 

Total dissolved solids, % 16.1 39.2 2.43 
pH 8.2 7.8 
Mg" 22.8 56.6 2.48 
Na' 0.89 1.56 1.75 
Ca" 0.64 0.72 1.13 
50/ 104 244 2.35 
HCO, - 3.15 3.06 0.97 
CI 1.67 1.88 1.13 

" From Anderson (1958). Constituents in g.J ' 
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Great Salt Lake 

The Great Salt Lake, Utah (U.s.A.), a remnant of glacial Lake Bonneville, is 
an extremely saline (up to 33.0% salinity) and extremely large (about 3900 
km2), terminal lake in the Great Basin of North America (Figure 18.1). Before 
the construction of a causeway across the lake, the whole lake had a salinity 
of about 20.0%. After the completion of the causeway in 1959, the South 
Arm (Figure 18.2a), which receives most of the inflow from the surrounding 
mountains, had an average salinity of about 12.0%, while the North Arm 
(Figure 18.2b) became extremely hypersaline (33.0% salinity) (Post, 1977). 
Great Salt Lake has shown dramatic changes in water level during historic 
times, depending primarily on the extent of winter snowfall in the mountains 
to the east. From relatively low water levels in the early 1970s, the lake rose 
to an historic high level in the mid-1980s. The causeway which divides the 
lake has been breached intentionally within recent years to prevent the shores 
of the South Arm from drowning due to excessive inflow. Since human ac
tivity has altered the salinity regime of the lake, and therefore biological 
activity, older (pre-1959) reports may not represent the ecology of the lake 
as it is now. 

The following discussion will center largely on the descriptive microbi
ology of the lake, since there are few published reports describing in situ 
microbial processes. The hydrologic and chemical history of the lake during 
the Holocene has also been documented in great detail (Spencer et al., 1984, 
1985a, 1985b). While data describing the organic geochemistry and in situ 
degradation in the sediments are incomplete, evidence gleaned so far from 
sediment and porewaters accumulated during the last 30,000 years offer a 
unique opportunity to evaluate and interpret biological processes and remains 
in this hypersaline basin. 

270 
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Figure 1S.1 The recent Great Salt Lake (GSL) and its dilute precursor, Lake Bonne
ville, 17,000 years B.P. Lake Bonneville is indicated by the shaded area. Adapted from 
Morrison (1966). 
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Figure 18.2 Great Salt Lake. a) A view of the South Arm. Photograph taken from 
the top of Stansbury Island, looking east. b) A salt spring and salt flats in the Northern 
Arm. Photograph taken in the late 1960's during a low-water period of the lake. 
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18.1 Chemistry and physics 

In a well-documented review, Post (1977) described the general limnology 
of the Great Salt Lake and compared it to the Dead Sea. The Great Salt Lake 
is much larger in area than the Dead Sea (3900 vs. 800 km2), shallower (10 
vs. 340 m deep), and subject to greater temperature changes (-5° to 35°C 
vs. 21°-36°C). The ion composition and pH of the two lakes differ as well 
(Table 1.1). NaCl constitutes 86% (w jw) of the salts in the Great Salt Lake 
and only 78% of the salts in the Dead Sea. Sulfate concentrations of 281 mM 
were measured in the North Arm of the Great Salt Lake while they were 
only 4 mM in the Dead Sea. The high sulfate concentration not only affects 
the dissolved concentrations of Ca2+ (7.5 mM in the North Arm, 430 mM in 
the Dead Sea), but it also causes a yearly cycle of mirabilite precipitation in 
the winter and dissolution in the spring in the North Arm. Both lakes have 
reported sulfide accumulations at depth, but neither sulfate-reduction nor the 
isolation of sulfate-reducing bacteria has been confirmed (discussed below). 

Post (1977, 1981) published nutrient analyses of the North Arm brines 
for 1973-1976. Some of these measurements are presented in Table 1.4. Or
thophosphate values ranged from 3 to about 17 ~M, and total P ranged from 
630 to 1100 ~g'l-l, except near the sediments where even higher concentra
tions were measured. Nitrate and nitrite were absent. Ammonia ranged from 
o to 60 ~M but soluble nitrogen was always present in mg'l- l quantities. 
Degens et al. (1964) reported the Great Salt Lake had 490 ~g'l-l dissolved 
amino acids, with the relative proportions of basic, neutral, and acidic amino 
acids as basic> neutral> acidic. No N2 fixation (acetylene reduction tech
nique) has been detected in the lake (Post, 1977). 

18.2 Bacteria 

An early report of bacterial populations in the Great Salt Lake gave viable 
counts (plate count technique) of 200-625 cells'ml- 1 (Daniels, 1917). Five 
different species were isolated and briefly described. Among these, three pro
duced color (yellow, orange, and violet). The later studies of Smith and ZoBell 
demonstrated unequivocally that an indigenous bacterial flora existed in the 
Great Salt Lake and that freshwater and terrestrial bacteria introduced into 
the brine could not survive. Smith and ZoBell (1937a) set up enrichment 
cultures using hypersaline lake water (33.6% total dissolved solids), and es
timated that 50% of the Great Salt Lake bacteria required >7% salt to grow 
and that 96% of the bacterial population could not grow without salt. A similar 
percentage could not grow in seawater-based medium (ZoBell et al., 1937). 
By immersing sterile glass slides in lake water, Smith and ZoBell (1937b, 
1937c) showed that bacteria would attach to the slides and microcolonies 
would develop (Figure 18.3). Even after 6 hr submergence, an appreciable 
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Figure 18.3 Rate of development of colonies of bacteria attached to sterile glass slides 
immersed in the brines of Great Salt Lake (from Smith and ZoBell, 1937b). 

number of bacteria were attached in 4°C brine. Controls showed that dead 
bacteria or bacteria from other sources inoculated in Great Salt Lake brine 
did not attach. Different sites in the lake yielded different numbers of attached 
bacteria after 24 hr submergence (40-1100 microcolonies'cm- 2), indicating a 
heterogeneity of sizes of active bacterial populations. 

Smith and ZoBell (1937b) determined that the bacteria were mostly small 
bacilli, but vibrio-like and coccoid forms were also observed. They counted 
at least nine morphological varieties of bacteria, seven of which occurred in 
microcolonies. These included ovoid rods, slender rods, spindle rods, spiro
chaetes, sheathed forms, alga-like forms, and "bizarre" forms. About one
third of the bacteria had capsules and some had structures suggestive of 
spores. Less than 10% stained Gram positive. 

ZoBell et a1. (1937) also inoculated full-strength and diluted Great Salt 
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Lake water with sewage, seawater, and soil at 25°C, and mouth washings at 
37°C, and measured viability after incubation. None of the sewage or oral 
bacteria grew in 50% or 75% lake water (14-21 % salinity). Less than 1 % of 
the soil and marine bacteria survived 50% or 75% lake water. In 10-25% 
lake water, survival rates of 4-18% of the sewage and oral bacteria, 13-30% 
of the soil bacteria, and 10-64% of the marine bacteria were recorded. Full
strength lake water killed over 90% of the sewage bacteria during a one
minute exposure, but only 60% of the soil bacteria were killed by this ex
posure. For Escherichia coli and Staphylococcus albus, 25% lake water in pep
tone medium was bactericidal. The results of Burdyl and Post (1979) are 
similar to those of ZoBell et al. (1937). 

Although relatively low bacterial plate counts (using 25% NaCl, no tem
perature given) were determined by Daniels (1917), Post (1977) found high 
numbers of bacteria by plate counts (in 22% NaCl medium at 35°C) in the 
North Arm (5.4 X 104·ml-1 in the winter, 5.5 X 106·ml-1 in the summer). 
Plate counts in the South Arm were not reported. Direct counts, which typ
ically yield larger numbers, were made in both arms of the lake. Bacterial 
counts in the North Arm between 1974 and 1976 were 4.0-10 X 1Q7·ml-1 
at all times of the year except after an algal bloom or in samples taken near 
the sediment surface. Those counts were 1.0-2.4 X 1Os·ml- l . Post noted that 
the bacteria appeared to be distributed uniformly in the North Arm, including 
the anoxic hypolimnion. These observations contrast those of Smith and ZoBell 
(1937b), who found a great heterogeneity in microcolony-forming bacteria. 
Post (1977) also noted that the bacterial counts were less in the more dilute 
South Arm «106·ml- I), but no details of their distribution were described. 

Isolated bacteria from the North Arm include strains of Halobacterium 
and Halococcus (Post, 1977). Some isolates can hydrolyze chitin, and some 
can digest the cell wall of E. coli. Some of the isolates were reported to produce 
acid from carbohydrates. It is uncertain which, if any, of these strains are the 
same as those observed in the earlier studies. Seven different halophages 
specific for halobacteria have been isolated from the lake, but their role in 
bacterial ecology has yet to be elucidated. 

The presence of 3-6 mg HzS·I-1 in the brine of the South Arm (Stephens 
and Gillespie, 1976), suggests anaerobic bacterial activity. Two obligately 
anaerobic bacteria have been isolated from the Great Salt Lake (Chapters 5 
and 6). Haloanaerobium praevalens, a eubacterium found in both arms of the 
lake, transforms methionine to methylmercaptan. This is significant in the 
Great Salt Lake ecosystem since methane is derived principally from meth
ylmercaptan and methanol in the lake, not from the more typical precursors, 
acetate and COz-Hz. Paterek and Smith (1985, 1988) also described a mod
erately halophilic methanogen, Methanohalophilus mahii, from sediments of 
the South Arm. It does not produce methane from COz-Hz, formate, or acetate, 
but rather from methanol and methylamines. No sulfate-reducing bacteria 
have been reported from Great Salt Lake sediments. 
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Direct microscopic observations of North Arm brines were reported to 
show at least two types of phototrophic bacteria: Ectothiorhodospira-types and 
amoebobacter-types (Brock, 1979). Ectothiorhodospira was isolated but no de
tails were given. Denitrifying bacteria were also isolated, although neither 
nitrate nor nitrite are detectable in the lake. 

Ward and Brock (1978) measured bacterial degradation of glutamate, 
mineral oil, and hexadecane in both arms of the Great Salt Lake and associated 
salt evaporation pans. There was an inverse relationship between salinity and 
degradation rates for these compounds. The rate limitations were apparently 
not due to low oxygen concentrations nor the availability of organic nutrients. 
Using radiolabeled substrates, the investigators found low rates of glutamic 
acid oxidation at high salinities (Figure 18.4) but no hexadecane degradation 
could be detected at these salinities. Enrichment cultures on mineral oil were 
only positive in ::520% salinity. These results confirm the popular (but rarely 
empirically demonstrated) notion that rates of biodegradation decrease with 
increasing salinity and that the degradation of pure hydrocarbons is extremely 
retarded in strong brines. 
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Figure 18.4 Glutamate and mineral oil oxidation rates in brines from salt evaporation 
ponds and Great Salt Lake. Glutamate oxidation (closed circles) was calculated from 
tabulated data and mineral oil oxidation (open circles) was estimated from graphic 
data of Ward and Brock (1978). 
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18.3 Algae, cyanobacteria, and primary productivity 

While the early report of Daniels (1917) listed a few taxa of algae, the large 
monograph by Felix and Rushforth (1979) documents the occurrences and 
general salinity tolerances of four cyanobacteria, seven chlorophytes, one 
dinoflagellate, and 17 diatoms. A total of 77 species have been documented 
from the Great Salt Lake, but only 29 species were growing in the plankton 
and periphyton at the time of their study. The most salt-tolerant species are 
listed in Table 2.1. Table 18.1 lists the highest salinities recorded by Felix and 
Rushforth for taxa capable of living in > 10% salinity. These salinities can 
be compared to maximum salinities tolerated by other taxa in Table 2.3. The 
illustrations and photomicrographs of the identified algae in the publication 
of Felix and Rushforth should serve as a useful guide for identifying algae 
from other hypersaline environments. 

Brock (1976) characterized the cyanobacterium Aphanothece halophytica 
(Coccochloris elabens) isolated from the North Arm from a mixed algal-pho
totrophic bacterial mat. The green layer of the mat contained mostly the 
palmelloid stage of Dunaliella, A. halophytica, and a filamentous cyanobac
terium (probably Phormidium). The purple layer contained several unidenti
fied phototrophic bacteria. Enrichments for A. halophytica showed that this 
organism grew most rapidly in 16-23% NaCl. In 30% NaCl, it grew very 
slowly. A. halophytica was also found in the South Arm where it formed mats. 

Table 18.1 Location and prevalence of some cyanobacteria and algae in the Great 
Salt Lake" 

Organism 

Cyanobacteria 
Coccochloris elabens 
Microcoleus lyngbyaceus 
Chlorophytes 
Dunaliella salina 
D. viridis 
Diatoms 
Biddulphia levis 
Navicula sp. 
N. graciloides 
N. tripunctata 
Entomoneis pulchra 
Amphora coffeaeformis 
A. delicatissima 
Rhopalodia musculus 
Nitzschia epithemioides 
N. palea 

., From Felix and Rushforth (1976). 

Site of collection' 

South Arm (common) 
South Arm (rare) 

North Arm (common) 
South Arm (common), North Arm (rare) 

South Arm (common) 
South Arm (common) 
South Arm (abundant) 
South Arm (abundant) 
South Arm (common) 
South Arm (the most common diatom) 
South Arm (common) 
South Arm (abundant) 
South Arm (common) 
South Arm (common) 

h South Arm maximum measured salinity was 12.9%; North Arm maximum measured salinity 
was 34.2%. 
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In the South Arm, the dominant phytoplankter is Dunaliella viridis. The 
standing crop is about 106 cells'l- I during most of the year. In April of both 
1971 and 1973, short blooms producing 2.5 X lOB cells'l- I were recorded 
(Stephens and Gillespie, 1976). Reeflike benthic bioherms (microbial mats) 
composed of cyanobacteria (Coccochloris elabens and Oscillatoria sp.) occur in 
shallow water of the South Arm. The distribution of diatoms was noted by 
Felix and Rushforth (1976) but their contribution to the algal biomass was 
not calculated. 

Stephens and Gillespie (1976) calculated primary productivity rates in 
the South Arm of the Great Salt Lake. Recognizing the limitations of the 
14C02 method due to the lack of reliable dissociation constants for the car
bonate species in the brines, corrections for the carbonate alkalinity to total 
CO2 were not attempted. The uncorrected estimates averaged 145 g C'm-2'yr-1 

for two stations in 1973. The greatest production occurred during a Dunaliella 
bloom in March and April when daily carbon fixation rates averaged 2.13 g 
C·m- 2• A small bloom in August contributed 5% of the annual primary pro
ductivity. The highest daily rate measured was 7.66 g C'm -2 in August. Factors 
that limited total primary productivity included low winter temperatures, self
shading (in the April blooms), available nitrogen, and grazing by the brine 
shrimp Artemia salina. Rates of productivity and biomass in Great Salt lake 
are compared to other hypersaline systems in Table 2.2. 

In the North Arm the plankton is devoid of most of the species found 
in the South Arm (Post, 1977). Halobacteria dominate the bacterial flora and 
Dunaliella salina is by far dominant over D. viridis. No other algal species 
have been noted in the plankton. Dunaliella-bacterial crusts have been ob
served on the shores of the North Arm (Post, 1980), with both cyanobacteria 
and phototrophic bacteria present (Brock, 1976). Cultures of Dunaliella iso
lated from 25% salt grew better in 16% (w Iv) NaCl than in higher salinities 
(Brock, 1975). 14C02 uptake of the natural population concentrated by cen
trifugation had a very low salinity optimum (3.5% salt) which could not be 
explained. Because there was no apparent correction for the changes in car
bonate alkalinity at the different salinities used in the incubations, the results 
of that experiment may reflect lower concentrations of CO2 (less dilution of 
the radiolabel) in lower salt. 

The estimated biomass contributed by brine shrimp, Dunaliella spp., and 
bacteria (viable counts and direct counts) in the North Arm plankton was (in 
g'm- 3): 0.1, 25.4, 22, and 300, respectively (Post, 1977). Depending on the 
method used to enumerate the bacteria, their biomass is either approximately 
equal to or 10-fold greater than that of the primary producers. This is rather 
unusual for an unpolluted aquatic system. The rather high contribution by 
bacteria suggests that Dunaliella and Artemia are excreting large amounts of 
reduced carbon and/or the bacteria are living at the expense of DOC and 
POC brought in from the South Arm and concentrated by evaporation. The 
flow of carbon to the bacteria in this system is poorly known. 
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18.4 Protozoa and fungi 

Protozoa were recognized in Great Salt Lake water by Vorhies (1917), who 
found two or three varieties including the most common, Amoeba lim ax. Pack 
(1919) found two ciliates in the lake, Uroleptus packii and Prorodon utahensis. 
The effects of salinity on these protozoans are described in Chapter 10. A 
microcosm of North Arm brine and sediments maintained unfed in an aquar
ium in the laboratory developed large populations of four types of protozoans: 
a wedge-shaped and a long, thin flagellate, amoebae of two different sizes, 
and a Tetramitus-like organism (Post, 1977). It is possible that some of these 
forms represent alternate morphologies of the same species. A ciliate popu
lation developed in a similar microcosm that was lighted and fed, but these 
microorganisms were not observed in the lake proper by Post (1977). Another 
heterotrophic microorganism, the fungus Cladosporium, was found on a sub
merged piece of wood in the lake (Cronin and Post, 1977). No other published 
accounts of the mycology of this environment are available. 

Although this volume is not devoted to the macroorganisms in hyper
saline environments, the grazing activities, fecal matter accumulation, and 
the contributions to productivity and nutrient cycles by brine shrimp and 
brine flies in the Great Salt Lake are considerable (Eardley, 1938; Post, 1977). 

18.5 Biogeochemistry 

The nitrogen cycle has been fairly well documented (Post, 1977), but the 
carbon and sulfur cycles are not as well known. With the exception of the 
isolation of several anaerobic bacteria, there is little published information 
on the anaerobic processes in the lake. The North Arm was anoxic below 6 
m in August, 1975, and anoxic at the bottom in February, 1976 (Post, 1977). 
Stephens and Gillespie (1976) stated that South Arm was meromictic, with 
the brine below 8 m anaerobic and slightly denser than the surface waters. 
These data indicate that the whole lake bottom is anaerobic but the types 
and rates of transformations of organic matter at the bottom are poorly known. 

In a study of the evolution of the lake, Spencer et al. (1985b) determined 
that NaCl-rich hydrothermal springs and CaC03-dominated river waters were 
the source of ions for the lake. A mass balance of Na+ and Cl- in all the 
sinks (lake brines, pore fluids, salts, sediments, and overflow losses) accounted 
for 97-98% of the total inputs calculated from river and spring influxes. A 
similar calculation of the sinks of sulfate ions accounted for only 87% of the 
inputs. The authors concluded that a combination of sulfate reduction, eva
porite precipitation, and mass transport of sulfate to pore fluids has resulted 
in sulfate depletion in the brine. No estimate was given of the importance of 
bacterial sulfate reduction. 

Analyses of sediment cores up to 6.5 m in length from the South Arm 
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of the Great Salt Lake show that five distinct periods of lake history can be 
discerned based on sedimentological criteria (Spencer et al., 1984). These 
sediments comprise over 30,000 years of Lake Bonneville history. Prior to 
32,000 yr before the present, the basin was an ephemeral saline lake. Units 
I (the youngest), II, IV, and V have brine shrimp egg capsules and pellets, 
indicating hypersaline periods. Only the top 10-20 cm of Unit III (total length 
= 160 cm) contains remains of brine shrimp. The rest of Unit III contains 
abundant ostracod valves from a period when the lake was one of fresher 
water. 

It is interesting to interpret the biological activities of the freshwater 
period with those of the more saline periods. Unit III has generally less organic 
carbon than the other layers (0-2% vs. up to 4%), some of the lowest o13e 
values (- 28 to - 30%0 vs. - 20 to - 29%0), the highest sulfur/carbon ratios 
(3.0 vs. an average of 0.1), and the greatest 0345 values (0%0 vs. -18 to - 26%0). 
In one core sample, > 70% of the sulfide was in the form of pyrite in Unit 
III while in Unit I, 50% of the sulfide was in the form of pyrite and 50% was 
organically bound. The high sulfur/carbon values and pyrite concentrations 
in Unit III may be related to an increased abundance of Fe or a more complete 
oxidation of organic matter. The high 0345 values may indicate sulfate deple
tion and the bacterial reduction of the very heavy residual sulfate. The authors 
found the 0345 fractionation of the sulfate at the modern lake bottom was 
+ 1.6%0, indicating that sulfate-reducing bacteria were probably active. 

The investigators interpreted the relatively light carbon in Unit II as being 
derived from a different source or from bacterial recycling. Methanogenesis 
and bacterial oxidation of the methane would result in light organic carbon. 
The high sulfur/carbon ratios may partially reflect the lower organic fallout 
into the sediments, and the more complete degradation of organic matter 
under less saline conditions. The interpretations of the data of Spencer et al. 
(1984) support the popular theories regarding reduced rates of degradation 
under extremely hypersaline conditions. These interpretations are supported 
by the in situ degradation studies of Ward and Brock (1978). 
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Dead Sea 

19.1 General chemistry 

The Dead Sea (see map, Figure 14.1), like the Great Salt Lake, has undergone 
recent physical and chemical changes as a result of human influence. Before 
1979, this very deep lake was characterized by two basins: a small, shallow 
(up to about 8 m deep) southern basin (Figure 19.1a), and a larger, deeper 
(340 m deep), density-stratified, meromictic northern basin (Figure 19.1b). 
Details of the Dead Sea have been presented by Neev and Emery (1967), 
Nissenbaum (1975), and Steinhorn (1985). The Jordan River supplies the 
major source of water for this terminal lake. After about 1964, the use of 
water for irrigation from the Jordan River and its watershed reduced the inflow 
so much that evaporation in the Dead Sea exceeded inflow. Between 1930 
and 1979, the water in the lake dropped 10 m and the southern basin was 
completely exposed. By 1975, the mixolimnion had increased in salinity to 
the point that cooler winter temperatures in the surface layers reduced the 
density differences between the upper and lower layers of the lake. This 
resulted in increased mixing, deepening of the mixolimnion, and eventually 
complete overturn in February, 1979 (Steinhorn et al., 1979). The changes in 
the structure of the Dead Sea before overturn were summarized by Beyth 
(1980) and Steinhorn and Assaf (1980) while those during the 1975-1979 
period were reported by Steinhorn et al. (1979) and Steinhorn (1985). Table 
19.1 lists some of the chemical constituents of the lake before, during, and 
after the 1979 overturn. The differences in the composition of the deep lake 
layers between 1975 and 1978 are most likely due to differences in analytical 
techniques or errors. 

The Dead Sea is essentially a Mg-Na-CI lake. At the time of overturn, 
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Figure 19.1 Dead Sea. a) View of the southern basin, showing the extensive salt 
deposits which have developed at the periphery of the lake. b) View of the northern 
basin. In the foreground is the effluent of a small hot spring which has its source 
nearby in the Dead Sea basin. 

the lake was saturated and even slightly supersaturated with respect to gyp
sum and halite (Katz et aI., 1981; Steinhorn, 1983). The lake lies in a deep 
depression in a northern extension of the African Rift Valley system. As of 
1978, the surface was 402 m below sea level (Steinhorn, 1985). Large, saline 
lakes are known to have occupied this rift zone since the Oligocene. The 
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Table 19.1 Composition of the major chemical components of the Dead Sea before 
and after overturn (in g'l-') 

Depth 

Before overturn Before overturn After overturn 
(1975) (1978) (1979) 

0-40 m 40-330 m Below 200 m Below 200 m 

Total dissolved solids, % 30.0 33.2 34.0 34.0 
pH 6.3 5.9 6.1 6.2 
Mg 36.2 42.4 44.2 44.1 
Na 38.5 39.7 39.5 40.5 
Ca 16.4 17.2 17.2 17.1 
K 6.5 7.6 7.6 7.8 
Cl 196.9 219.3 224.9 226.0 
Br 4.6 5.3 5.4 5.3 
SO;' 0.6 0.4 0.456 0.444 
HCOl 0.2 0.2 0.246 0.259 
References·' 1,2 1,2 3 3 

.' (1) Neev and Emery (1967); (2) Nissenbaum (1975); (3) calculated from Steinhorn (1985) based 
on density at 25°C. 

large salt deposits of the Sdom Formation that border the Dead Sea in the 
south were apparently precipitated in the Upper Tertiary from an earlier saline 
lake (Bentor, 1961). The current lake is thought to be 12,000-70,000 yr old. 
The Dead Sea is not a relict body of seawater, but is a true terminal lake 
whose salts are derived from the Jordan River and highly saline springs (Ben
tor, 1961) or from the residual brines of an earlier saline lake (Neev and 
Emery, 1967). 

Trace metal concentrations in Dead Sea brines and sediments were re
ported by Nissenbaum (1974, 1975). Schonberger et al. (1985) tested several 
methods of heavy metal determination designed to overcome interferences 
with chemical assays of the heavy brines of the Dead Sea. Their values for 
Cu and Pb were one to more than two orders of magnitude smaller than the 
concentrations published by Nissenbaum, while Cd values were zero to two 
orders of magnitude smaller than those presented by Nissenbaum (Table 
19.2). These large differences are not due to analysis before and after lake 
overturn. Analyses of other heavy metals are presumably subject to chemical 
interferences and the concentrations listed by Nissenbaum (1975) should be 

Table 19.2 Some trace metals of the Dead Sea (in ILg·I-'). 
Depth, m Cu Ph Cd 

0-10 3.43-38.01 0.02-26.4 0.03-10.28 
0-40 300 300 10 
40-330 500 120 8 

• (1) Nissenbaum (1975); (2) Schonberger et al. (1985). 
nd, not determined. 

Zn 

nd 
500 
500 

Mn Fe Reference' 

nd nd 2 
4000 15 1 
7100 10 1 
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regarded as maximum values. It is noteworthy that heavy metal concentra
tions as high as 750 ~g·l-l Zn, 750 ~g·l-l Cu, and 450 ~g·l-l Pb in excess of 
the ambient concentrations of these metals did not inhibit enrichment cultures 
of algae and bacteria from the Dead Sea (Oren, 1983d). 

19.2 Microbiology 

The study of the microbiology of the Dead Sea during the last half century 
can be roughly divided into three epochs of intensive investigations: the 
microbiological surveys by Elazari-Volcani published in the 1940's, the mi
crobiological and biogeochemical studies by Nissenbaum, Kaplan, and co
workers in the 1970's, and investigations by Oren after the overturn of th", 
lake. The following discussion is an introduction to the descriptive biology 
of the Dead Sea during the last 50 years followed by an account of in situ 
microbial activities and their biogeochemical traces. 

Many kinds of enrichments for bacteria from the Dead Sea have been 
tried with mixed success (Table 19.3). Some isolates of both eubacterial and 
archae bacterial halophiles have been further characterized. Details of these 
strains are given in Chapters 5 and 6. A detailed review of the microorganisms 
isolated from the Dead Sea was also given by Oren (1988). 

Isolation of bacteria from some positive enrichments were not pursued 
(i.e., sulfur-oxidizers). Other bacteria, particularly the sulfate-reducers, could 
not be sub-cultured after their initial enrichments (Kaplan and Friedman, 
1970). Nissenbaum (1975) reported the isolation of a Clostridium-like sulfate
reducer. Anaerobic enrichments by Oren for sulfate-reducers were negative 
but they resulted in the isolation of obligately anaerobic, fermenting bacteria, 
Sporohalobacter lortetii, S. marismortui, and Halobacteroides halobius (Oren, 
1983b; Oren et al., 1984, 1987). The positive demonstration of both sulfur
oxidizers and reducers would confirm the existence of an active sulfur cycle 
in the Dead Sea. 

Both the high salt and the peculiar composition of the Dead Sea may 
exclude major groups of bacteria, including the phototrophic bacteria and 
some members of the nitrogen cycle (e.g., Nz-fixers and nitrifiers). The absence 
of these same nitrogen bacteria was noted in the Great Salt Lake ecosystem 
as well (Post, 1977). 

The dominant or only alga of the Dead Sea is Dunaliella parva (Oren and 
Shilo, 1982) although it was called D. viridis in earlier reports (Elazari-Volcani, 
1940b; Kaplan and Friedman, 1970). Other algae have been reported, but 
they were apparently washed into the lake (Elazari-Volcani, 19401, 1943a). 

Elazari-Volcani (1943a) reported the isolation of an amoeba from Dead 
Sea mud samples. It grew optimally in 15-18% salt. It survived in saturated 
salt and grew slowly in 6% salt. It had an alternate, flagellated morphology. 
A ciliate which grew in 21 % salt was also isolated from shallow water (Elazari-
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Table 19.3 Bacterial enrichment studies in the Dead Sea 

Kind of bacteria 

Coliforms 
Urea decomposers 
Nitrogen fixers 
Nitrifiers 
Denitrifiers 

Thiosulfate oxidizers 

Cellulose decomposers 
(aerobic) 

Fibrinolytic bacteria 
Lactate utilizers (aerobic) 
Phototrophic bacteria 
Luminescent bacteria 
Lignin decomposers 
Chitin decomposers 
Petroleum oxidizers 
Glucose fermenters 
Protein or yeast extract 

decomposers: 
Aerobic 

Anaerobic 

Sulfate reducers 

Results of 
enrichments 

+ 

+ 

+ 

+ 
+ 

+ (faint) 
+ 
+ 

+ 

+ 

+ 

Identification 

"Halobacterium maris-mortui" 
(red) 

Micrococcus morrhuae (red) 
"Chromobacterium maris-mortui" 

(white but produced a soluble 
blue pigment) 

"Pseudomonas halestorgus" (grey
white to brown) 

Flavobacterium halmephilum 
(yellow) 

Sarcina sp. 

Haloferax volcanii 
Halobacterium sodemense 

Halobacteroides halohius 
Sporohalobacter marismortui 
S. lortetii 
Could not be sub-cultured 

Reference' 

1 
1 
1 
1 

1,2 

3 
1,2 
3 

1,2,3 

1 
1 
3 
3 
3 
3 
2 

1,2 

4 
7 

1,3 
8 
9 
6 

3,5 

. (1) Elazari-Volcani (1940b); (2) Elazari-Volcani (1943b); (3) Kaplan and Friedman (1970); (4) 
Mullakhanbhai and Larsen (1975); (5) Nissenbaum (1975); (6) Oren (1983b); (7) Oren (1983c); 
(8) Oren et aI., (1984); (9) Oren et al. (1987). 
-, negative results, +, successful enrichment cultures. 

Volcani, 1940b). Neither these organisms nor any other protozoans or higher 
organisms have been found in more recent investigations. 

Both the halobacteria and Dunaliella live in the Dead Sea near their upper 
salt limits (Oren, 1981; 1988). At the time of overturn, the algae were limited 
to the upper 10 m of the water column and the bacteria were mostly in the 
upper 10-25 m. A slight freshening of the surface layers of the Dead Sea 
resulted in a bloom of both algae and bacteria in the summer of 1980 (Oren, 
1981, 1983d). Up to 1.0 X 107 bacteria'ml- 1 were found during the bloom. 
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The population then decreased to 5 X 106 cells'ml- I for over one year. Before 
the overturn, 2-9 X 106 bacteria'ml- I were found near the surface (Kaplan 
and Friedman, 1970). The bloom was primarily composed of H. volcanii and 
H. sodomense with no mention of 0H. marismortui" nor halotolerant eubacteria. 

The bacterial population had measurable concentrations of bacterio
rhodopsin (Oren and Shilo, 1981). In the autumn of 1981, a low rate of light
stimulated, bacteriorhodopsin-mediated, CO2 fixation (0.023 mg C'm-3'd- l ) 

was measured near the lake surface (Oren, 1983a). Carbonate values in all 
the CO2 uptake studies by Oren were based on the calculations of Sass and 
Ben-Yaakov (1977). Controls that chemically blocked CO2 fixation by the few 
Dunaliella cells (4-6 cells'ml- I) demonstrated that light-stimulated CO2 up
take was possible by a natural population of halobacteria. While it was sug
gested that the halobacteria may contribute significantly to light-dependent 
CO2 assimilation in the Dead Sea, there is no evidence that CO2 is reduced 
during the process and therefore cannot be termed primary productivity. 

The summer 1980 bloom of bacteria in the Dead Sea accompanied a 
bloom of Dunaliella parva, with population densities of algae as high as 8.8 
X 103 cells'ml- I (Oren and Shilo, 1982). A variety of closely monitored en
vironmental data and algal activities according to depth and salinity were 
presented, including distribution of cells and CO2 assimilation, penetration 
of solar radiation, and growth rates of cultured cells. On August 7, 1980, the 
maximal rate of photoassimilation of CO2 by Dunaliella was 6.9 mg C'm-3'h-1 

(Oren, 1981). On December 14, 1980, and January I, 1981, CO2 uptake rates 
(which were expressed as a per cent of the rates at the surface) were maximal 
at the surface and negligible at 10 m depth. 

Experiments showed that dilution of Dead Sea water and the addition 
of phosphate are prerequisites for a Dunaliella bloom, while dilution, phos
phate, and a suitable carbon source (a Dunaliella bloom or glycerol) are re
quired for a bloom of halobacteria (Oren and Shilo, 1982, 1985; Oren, 1983d, 
1985). The slow growth rates reported in Dead Sea enrichment studies (Nis
senbaum, 1975) may reflect limited growth activity in the strong brine. Phos
phate is present in low or negligible quantities in the Dead Sea. Salt inter
ference prevents the accurate measurement of this nutrient. Values of 30-40 
Ilg P'l-I were reported by Oren (1981). 

Combined nitrogen is plentiful in the Dead Sea. Total nitrogen, which 
has been reported to be 2-8 mg'l-I, is predominantly ammonia and dissolved 
organic nitrogen (Neev and Emery, 1967). Dissolved organic carbon (DOC) 
in the lake before it turned over was 4-8 mg'I-I, but the constituents in the 
DOC pool were not described. 

Before the lake turned over, the brine below 50 m had a negative redox 
potential (Neev and Emergy, 1967) and contained 0.23-0.56 mg-I- I H2S (Nis
senbaum and Kaplan, 1976). Sulfate depletion with depth was found in the 
water column. Sulfate concentrations of 529 and 402 mg'I-1 were measured 
at 0 and 300 m depth, respectively (Nissenbaum and Kaplan, 1976). Gypsum 
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precipitated from the upper water column but disappeared with depth (Neev 
and Emery, 1967). Both the sulfate depletion and gypsum disappearance 
suggested bacterial sulfate reduction. 

19.3 Stable isotopes 

In a study of the stable isotopes of sulfur and carbon in the Dead 5ea, Nis
senbaum and Kaplan (1976) found evidence of intensive sulfate reduction. 
At the Ein Gedi station, 0345 values for sulfate of the water column, porewater 
(at 330 m depth), and sediments were +13.6 to +15.9%0, +20.6%0, and 
+ 12.7%0, respectively. All inflowing sources of sulfate, except one small spring, 
had positive 0345 values. Reduced sulfur in the porewaters and sediments all 
showed evidence of isotope fractionation: 0345 of both H25 and Fe5 were 
-16.3%0 and organic-bound 5 was -19.6%0. The 0345 value of H25 in the 
lake was -19.6 to -21.7%0. Although small amounts of Fe5 were detected 
in the sediments, no pyrite or elemental sulfur was found at depth in the 
lake. Because sulfate reduction has not been actually measured in the sedi
ments or water column, and positive identification of cultures of sulfate re
ducers have not been made, it is premature to interpret these isotope frac
tionations to be a result of on-going biological processes, the remains of 
biological activity in the brine of a previous saline lake in the same basin, or 
a combination of both. 

The Ol3C values of carbonate in the water column and sediments are all 
negative (-0.3 to -15.4%0). Nissenbaum and Kaplan (1976) suggested the 
dissolved COr represents a partial equilibration of the inorganic carbon 
introduced from the atmosphere and the Jordan River (Ol3C = -13%0). The 
oxidation of dissolved organic matter (ol3C = -24%0) had little influence on 
the inorganic carbonate pool except near the oxic-anoxic boundary before the 
lake turned over. Friedman (1965) suggested that bacterial oxidation of organic 
matter led to the precipitation of calcite. Nissenbaum and Kaplan (1976) re
futed this theory noting that Friedman's samples were collected near the lake 
edge and hence are probably not representative of processes in the bulk of 
the lake. In addition, the Ol3C and 0180 fractionations of carbonates in the 
lake were highly dependent upon the size of the analyzed grains. The larger 
grains had more negative isotopic fractionation values, which probably reflects 
the influence of trapped detritus processed with the carbonates during anal
ysis. They concluded that carbonate precipitation in the lake is basically a 
non-biological process. However, it may be triggered by increased concen
trations of calcium at depth (Neev and Emery, 1967) that result from gypsum 
dissolution, which in turn is presumably driven by bacterial sulfate reduction. 



References 289 

19.4 Organic geochemistry 

A variety of organic compounds have been found in Dead Sea sediments. 
Kaplan and Baedecker (1970) measured 520 ~g'kg-1 phytanic acid, 800 ~g'kg-1 
dihydrogenphytol, and 17 ~g' kg-1 phytane from the reducing sediments at 
300 m depth. They suggested that the phytane was a hydrolysis product of 
halo bacterial lipids. These and other lipids were further characterized by An
derson et al. (1977). Total sediment lipids were 24.5-39.4 mg extractable lipids 
per 100 g dry sediment, with phytanol at 2.0-2.5 mg'100 mg sediment-1 and 
phytanyl diether at 1.5-2.3 mg'100 mg sediment-1. Fatty acids constituted 
only 4.3% of the extractable neutral lipids of one sample. C16 + C18 fatty 
acids constituted 70% of the fatty acids, with saturated acids predominating. 
C 12-C15 fatty acids constituted the rest. Hydrocarbons accounted for only 1.1 % 
of the neutral lipids. 

In samples washed with water and acid to remove inorganic salts, Nis
senbaum (1972) found the total organic content of Dead Sea sediments was 
0.23-0.40% while Anderson et al. (1977) reported values of 0.38-0.87%. It 
is unknown how much organic matter was removed by washing the sediments 
before analysis, since most cells would lyse under those preparatory condi
tions. Nissenbaum et al. (1972) also found chlorophyll a but not bacterio
ruberin in the sediments. Reducing sediments had higher concentrations of 
amino acids than oxidizing sediments (747-794 ~g'g dry sediment-1 vs. 62.4-
123.2 ~g'g dry sediment 1) as well as more humic and fulvic acids. 

19.5 Conclusion 

While the Dead Sea is not a lifeless lake, it challenges the limit to microbial 
life. As has been noted in other hypersaline habitats, the presence of reducing 
conditions and sulfide could not be positively correlated with the unequivocal 
demonstration of halophilic or halotolerant, sulfate-reducing bacteria. The 
report of positive enrichments for sulfate reducers and the cultivation of Clos
tridium-like anaerobes that reduced sulfate suggest that sulfide generation 
may at least in part be the result of fermentative rather than respiratory 
metabolism. With the advent of overturn and the diminished role of algae 
and bacteria in the surface of the lake, many of the clues to past and present 
microorganisms and their processes probably reside only in the sediments. 
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20 

Hypersa1ine, Alkaline Lakes 

20.1 Introduction 

Hypersaline, alkaline (>pH 9) lakes constitute a special class of extremely 
saline lakes in closed basins. The major ions are typically Na +, Cl-, HC03-

and COr. Sulfate is proportionately low. The high concentrations of HC03-

and CO/- are largely responsible for buffering these lakes at such high pH. 
From both biological and geochemical viewpoints, hypersaline, alkaline lakes 
of the African Rift Valley are the best known. Unfortunately, much of the 
literature describing in situ biological activity in those lakes and their sedi
ments concerns the less saline lakes of the region (TaIling et aI., 1973; Ham
mer, 1981; Melack, 1981). However, the reports of the activity and isolation 
of bacteria involved in the reductive part of the sulfur cycle in the more 
extremely hypersaline, alkaline lakes of Africa may support the theory that 
these microorganisms can playa major role in the development of alkaline 
conditions in such closed basins. 

The biogeochemistry of Lake Magadi (a Rift Valley lake in Kenya) and 
the Wadi Natrun lakes (sub-sea level depressions west of the Nile Delta basin, 
Egypt) are reviewed here. Several hypersaline, alkaline lakes from the Great 
Basin of western North America have also been investigated and the main 
points regarding their productivity and biogeochemistry are discussed. Be
cause important geological deposits (e.g., the oil-bearing, Eocene Green River 
Formation of western North America) at least partially accumulated under 
conditions similar to those of modern, alkaline lakes (Eugster and Hardie, 
1975), these systems deserve to be regarded as more than mere geochemical 
curiosities. 

292 
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20.2 Lake Magadi, Kenya 

Lake Magadi (Figure 20.1) is an irregularly-shaped basin about 35 km long, 
that is situated at an elevation of 580 m (Eugster, 1970). Trona 
(NaHC03'Na2C03'2H20) deposits cover about 75 km2 of the basin and they 
are up to 40 m thick locally. The basin has been saline for at least 10,000-
20,000 years. The lake is usually flooded during March and April and it dries 
again by June or July. 

Ephemeral runoff, groundwater, and saline hot springs feed the lake, 
with the springs being the chief inflow into the lake. The composition of the 
inflows and lake brines, and the interpretation of geochemical events involved 
in the concentration, precipitation, and dissolution of brines and salts have 
been described in detail (Eugster, 1970, 1980; Jones et aI., 1977). A comparison 
of some of the constituents is presented in Table 20.1. Analyses of conserv
ative ions (Na+, Cl-, and Br-) in the springs indicate they are derived by 
evaporative concentration of the dilute rivers and groundwater. Variations in 
concentrations of some of the non-conservative ions in the springs are at
tributed to precipitation (Mg2+, Ca2+, Si02, HC03 -, and CO/-), degassing 
(C02), mixing with dilute groundwater (CO/- /HC03 - ratios), ion exchange 
(K+), and sorption with subsequent biological reduction (SO/-). In stronger 
brines, the precipitation of trona leads to HC03 - depletion and Cl- enrich
ment. Other sodium salts precipitate in strongly concentrated brines, including 
mirabilite, villiaumite (NaF), and thermonatrite (Na2C03·H20). 

The data indicate that 96-98% of the SOl- of the dilute inflow is lost 
by the time the brines are concentrated in the hot springs and in the lake. 
Jones et al. (1977) suggested that sulfate can salt-out with Si02t and both 
Eugster (1970) and Jones et al. (1977) recognized the potential role of sulfate
reducing bacteria in the black muds associated with trona. Sediment sulfide 
analyses have not been published. The activitiy of sulfate-reducing bacteria 
remains to be measured in order to evaluate their role in sulfate removal. 

Microbiology The high concentrations of phosphate in all the brines of 
Lake Magadi and the relatively high concentrations of dissolved organic car
bon (DOC) in the interstitial brines suggest that the potential for biological 
productivity is high. Jones et al. (1977) found the DOC in borehole brines 
was 79-320 mg·kg- 1• Eugster (1980) indicated on the basis of their red color 
that the biological activity of the concentrated brines was high. The red color 
could possibly be attributed to phototrophic bacteria and/or alkalophilic hal
obacteria, since both types of microorganisms have been isolated from Lake 
Magadi (Imhoff, 1988; Tindall, 1988). Imhoff et al. (1981) described a new 
purple sulfur phototrophic bacterium, Ectothiorhodospira vacuolata, a strict 
anaerobe that grows optimally at pH 6.5-10.0 in up to 10% NaCl. 

Tindall et al. (1980, 1984) isolated red-colored rods and cocci from the 
trona crusts. These bacteria belong to the genera Natronobacterium and Na-
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of Ethiopia, Kenya, and Tanzania. Adapted from Eugster and Hardie (1978). 

tronococcus (see Chapter 6). They grow optimally in medium with 4.0 M NaCl 
at pH 9. Microscopic examination of the orange-pink crusts of trona revealed 
many rod-shaped bacteria. These bacteria are strict heterotrophs and depend 
on the DOC in the brines for carbon sources. It is most likely that these 



T
ab

le
 2

00
1 

A
 c

om
pa

ri
so

n 
of

 s
om

e 
of

 t
he

 c
on

st
itu

en
ts

 o
f 

L
ak

e 
M

ag
ad

i 
in

fl
ow

s 
an

d 
br

in
es

' 

So
ur

ce
 o

f 
w

at
er

 s
am

pl
e 

T
em

pe
ra

tu
re

, 
°C

 
pH

 

D
ilu

te
 i

nf
lo

w
 

15
°-

24
° 

6.
4-

8.
2 

H
ot

 s
pr

in
gs

 
35

°-
86

° 
8.

82
-9

.8
1 

L
ak

e 
br

in
es

 
26

°-
52

° 
9.

50
-1

1.
22

 
In

te
rs

ti
ti

al
 b

ri
ne

s 
9.

65
-1

0.
85

 

, 
D

at
a 

co
m

pi
le

d 
fr

om
 E

ug
st

er
 (

19
70

) 
an

d 
Jo

ne
s 

et
 a

l. 
(1

97
7)

. 
b 

R
an

ge
 o

f 
va

lu
es

 f
ro

m
 f

ou
r 

di
ff

er
en

t 
bo

re
ho

le
s.

 
TD

S,
 t

ot
al

 d
is

so
lv

ed
 s

ol
id

s.
 

T
D

S,
 g

ok
g-

t 
C

l-
, 

go
kg

-t
 

S
O

r,
 g

ok
g-

t 

0.
06

7-
0.

38
4 

0.
00

37
-0

.0
42

 
0.

00
24

-0
.0

26
 

9.
6-

45
.4

 
1.

55
-9

.1
5 

0.
07

3-
0.

32
1 

11
.7

-3
24

 
23

.9
-1

06
 

0.
59

8-
2.

61
 

82
.7

-3
05

 
24

.4
-9

8.
7 

0.
23

6-
1.

85
 

5
0

.'
-/

C
l-

ra
ti

o,
 

m
ol

ar
 a

ve
ra

ge
 

3.
03

 
0.

09
80

 
0.

06
88

 
0.

02
92

-0
.0

67
2b

 

P
O

.'
-,

 m
go

kg
-t

 

0-
0.

3 
1.

1-
18

 
23

-9
7 

50
-1

50
 

tv
 

~
 

tv
 

t""
" 

;::
, 

;.
;- "" l ;::
".

. 
.:

-'
. 

~
 

...E
! 

;::
, 

IV
 

\0
 

V
I 



296 Chapter 20 Hypersaline, Alkaline Lakes 

alkalophilic halobacteria cause the red color of the Lake Magadi brines. Be
cause they contain diether-linked polar lipids (see Chapters 4 and 6), lipid 
analyses of the brine and salts would indicate the relative contribution of 
these bacteria to the microbial biomass in Lake Magadi. 

Tindall (1988) also noted that the top 10 cm of the crystalline trona 
deposits in Lake Magadi had a laminated microbial community of alkalophilic 
halobacteria and phototrophs in four distinct zones. The uppermost red-or
ange zone consisted of the heterotrophic alkalophilic halobacteria. This layer 
was underlain by a green zone of various cyanobacteria that were not further 
described. Below the cyanobacteria was a violet layer of Ectothiorhodospira 
which was underlain by a second green layer of presumably another pho
totrophic bacterium. Black sulfidic brine percolated below the four colored 
zones. Such a stratified community is similar to that found in microbial mats 
of other hypersaline environments except that the trona salt community has 
a colored zone of heterotrophs overlying the phototrophic microorganisms. 

No descriptions have been made of the sources of organic matter and 
the rates of primary productivity in the lake and its associated solar salterns. 
Because the most important source of brines to the lake comes from spring 
discharge, and the springs may be recharged from a hot groundwater reservoir 
(Eugster, 1970), the springs may bring in decomposition products forming in 
the sediments and include perhaps organic matter produced during earlier 
stages of the lake history. Because oxygenic phototrophs are a minor com
ponent of Lake Magadi saltern brines, it is possible that the only in situ 
primary productivity in the salterns (that is, reduction of CO2 into organic 
matter) may be due to the activity of an oxygenic phototrophic bacteria. 

The nature of the dissolved organic matter in the lake is unknown. Jones 
et a1. (1977) found that clarified interstitial brines were pale yellow to deep 
amber or coffee-colored, although it cannot be assumed that all the coloration 
was due to dissolved humic matter. Although only five data points are avail
able, it appears that interstitial brine DOC is largely conservative with brine 
concentration, with maximum values of 320 mg DOC per kg brine at 28.7% 
salinity. The subjective interpretation of high biological productivity coupled 
with the observation that DOC content is conservative with brine concentra
tion poses the problem of determining the nature of microbial decomposition 
in such hypersaline, alkaline systems. 

This question is important because bacterial decay has been invoked as 
a mechanism to recharge the brines with CO2 and cause the precipitation of 
interstital trona (Bradley and Eugster, 1969; Eugster and Hardie, 1978). Be
cause trona precipitation depletes the brine of COlt further precipitation of 
surficial trona crusts can continue only if CO2 is added from atmospheric or 
biological sources. Eugster and Hardie (1978) suggested that biological CO2 

recharge is the more rapid and effective process, even at the sediment surface. 
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20.3 The Wadi Natrun 

The Wadi Natrun is a low-lying depression of the Libyan desert in north
central Egypt. Several eutrophic, extremely hypersaline, alkaline lakes have 
been described from the area (Jannasch, 1957; Abd-el-Malek and Rizk, 1963; 
Imhoff et aI., 1979). The lakes are fed by underground seepages from the 
Nile River that pass through burdi (grass) swamps. Once the rather dilute 
swamp water (0.1-0.8% TDS) reaches the lakes, it is subjected to evaporative 
concentration. Some chemical analyses of Imhoff et a1. (1979) are presented 
in Figure 20.2. 

Abd-el-Malek and Rizk (1963) demonstrated that the activity of sulfate
reducing bacteria was responSible for the increase in pH between the swamps 
(pH 6.8-7.2) and the lakes (pH 9.2-11.5). In two of the same lakes studied 
by Imhoff et a1. (1979) (Hamra and Zugm), Abd-el-Malek and Rizk found 
the ratio of the concentrations of sulfate to bicarbonate (reported in meq, 
w jw) in porewaters feeding the lakes dramatically decreased from 23.3-45.8 
at 100 m distance from the lakes to 0.06-0.1 at 2 m distance from the lakes. 
A similar decrease was noted near Lake Om-Risha (2.8 to 0.48) but not near 
Lake Rizunia (1.24 to 0.48) where very high counts of sulfate-reducing bacteria 
were found in sediments at 100 m distance from the lake (Table 20.2). These 
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Figure 20.2 Major ion concentrations vs. TDS in six Wadi Natrun lakes (from Imhoff 
et al., 1979). 
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Table 20.2 Viable counts of sulfate-reducing bacteria in sediments near Wadi 
Natrun lakes" 

Distance from lakes 

2m 50 m 100m 

Lake Om-Risha 
Salinity, % 8.6 4.3 4.0 
Viable count: 

Porewater, per ml 5 X 10' 3 X 10' 5 X 10' 
Soil, per g 3 X 10' 1 X 10' 2 X 10' 

Lake Hamra 
Salinity, % 8.3 4.0 3.8 
Viable count: 

Porewater, per ml 3 X 10' 3 X 10' 3 X 10' 
Soil, per g 8 X 10' 5 X 103 7 X 10' 

Lake Zugm 
Salinity, % 6.3 4.7 4.6 
Viable count: 

Porewater, per ml 4 X 10' 2 X 10' 1 X 10' 
Soil, per g 2 X 10' 5 X 103 2 X 10' 

Lake Rizunia 
Salinity, % 7.2 3.1 
Viable count: 

Porewater, per ml 8 X 10' 5 X 10' 
Soil, per g 4 X 10' 4 X 10' 

Lake Rizunia 
Salinity, % 6.7 3.2 
Viable count: 

Porewater, per ml 2 X 10' 5 X 10' 
Soil, per g 7 X 10' 5 X 10' 

.. From Abd-el-Malek and Rizk (1963). Two transects of Lake Rizunia were performed. 

ratios are indicative of the activity of sulfate-reducing bacteria but the actual 
ion concentrations measured in the lake waters by Abd-el-Malek and Rizk 
are quite different from those reported by Imhoff et a1. (1979). In the earlier 
study, Cl- was not noted as the dominant anion in any lake and both SO/
and HC03 - + CO/- concentrations were extremely different in some cases 
(see Fig. 20.1). 

Viable counts of sulfate-reducing bacteria also increased with proximity 
to the lakes (Table 20.2), although no sulfate-reducing bacteria were detected 
in the lake waters. Lake muds apparently were not tested. The source of 
organic matter for the sulfate-reducing bacteria is the burdi grass in the swamps. 
Abd-el-Malek and Rizk (1963) noted that the swamps have a characteristric 
smell of sulfide and the black color of iron sulfide. The lakes may also contain 
some sulfide. Concentrations of 0-43 /.LM were measured by Imhoff et a1. 
(1979). Abd-el-Malek and Rizk (1963) measured the viable counts of sulfate
reducing bacteria in Lake Rizunia only (389 g'l-l TDS according to Imhoff 
et a1. [1979]). In soil samples taken 2 m from the lake, 4-7 X 105 bacteria'g-l 
were found while 5 X 102 to 3 X 104 bacteria'g-l were found in sediments 
at the lake shore. 
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Imhoff et al. (1979) described six Wadi Natrun lakes, including several 
of the same lakes studied by Abd-el-Malek and Rizk (1963). Physical features 
of the lakes (e.g., area, depth, temperature, and stratification) were not given 
in either report. Assuming that the lakes represent stages of evaporation of 
a common source, Na+, Cl-, and 50/- appear to be fairly conservative until 
both chloride and sulfate apparently precipitate in salinities greater than about 
375 g"l-l TDS (see Figure 20.2). Upon loss of these ions, COr content 
increases. In Lake Gabara, the most dilute lake (91.9 g"l-l TDS), the data 
indicate relative 5042- enrichment. This enrichment may be derived from 
sulfate-enriched inflows, since Imhoff et al. (1979) indicated that sulfur was 
leaving the system (the lake surface had a low redox potential and smelled 
of H2S). Sulfide content was 43 /LM in Lake Gabara, suggesting an active 
community of sulfate-reducing bacteria that could deplete the lake of sulfate. 
In addition, dark metabolism of phototrophic sulfur bacteria leads to sulfide 
formation. 

Nutrient and organic carbon concentrations in the six lakes were high. 
The ranges of concentrations measured by Imhoff et al. (1979) were: 116-
6830 /LM phosphate, 53-237 /LM nitrate, 2-461/LM ammonia, and 136-1552 
mg"l-l organic carbon. The correlation coefficients between the nutrients, 
major ions, and total dissolved solids of the six lakes demonstrate several 
interesting phenomena (Table 20.3). TDS, Na+, and Cl- strongly correlate. 
Nutrients are strongly correlated with CO/- content, with P043- and N03-

showing positive correlation, and NH4 + showing negative correlation. POr 
strongly correlates with N03 - (positive) and NH4 + (negative), although the 
correlation between nitrate and ammonia is rather weak. The high degree of 
correlation between COr and both P043- and N03 - suggests that the lack 
of divalent cations in the nutrient-rich watershed helps to maintain these ions 
in solution. 

Organic carbon shows no correlation with salinity or nutrient levels. The 
lack of correlation between these two factors sharply contrasts with the data 

Table 20.3 Correlation coefficients between dissolved substances in six Wadi 
Natrun lakes' 

PO,' NO,- NH,+ IDS Na' CO,' CI 50,0- Org C 

PO,'- +0.8l3 -0.854 +0.556 +0.542 +0.937 +0.415 -0.170 -0.398 
NO, +0.8l3 -0.457 +0.519 +0.530 +0.904 +0.403 -0.146 -0.254 
NH,+ -0.854 -0.457 -0.676 -0.647 -0.722 -0.580 -0.085 +0.135 
IDS +0.556 +0.519 -0.676 +0.998 +0.566 +0.982 +0.647 +0.448 
Na' +0.542 +0.530 -0.647 +0.998 +0.551 +0.987 +0.659 +0.441 
CO,' +0.937 +0.904 -0.722 +0.566 +0.551 +0.416 -0.202 -0.225 
CI +0.415 +0.403 -0.580 +0.982 +0.987 +0.416 +0.737 +0.525 
50/- -0.170 -0.146 -0.085 +0.647 +0.659 -0.202 +0.737 +0.734 
Org C -0.398 -0.254 +0.135 +0.448 +0.441 -0.225 +0.525 +0.734 

.; Calculated from the data of Imhoff et al. (1979). 
TDS, total dissolved solids. 
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from Lake Magadi. However, Lake Magadi is a single basin of concentration 
whereas the Wadi Natrun lakes reflect the variations in microbial geography, 
composition, and activity in individual lakes. There is a modest correlation 
between DOC and SOl- content. Sulfate also shows some correlation with 
Cl- content. Because sulfate reduction is only one of many processes affecting 
the CO/- and SOl- content in such lakes, it can be expected to find little 
correlation between the two ions. 

The microbial composition of these eutrophic lakes was studied by Imhoff 
et a1. (1979) and Imhoff (1988). Lake Gabara (9.19% salinity) had a bloom 
of cyanobacteria (including Spirulina) and an apparently very active com
munity of sulfate reducers that caused the whole water column to remain 
anaerobic. Lake Muluk (15.9% salinity) had cyanobacterial mats (Phormidium 
and Synechococcus) and halophilic phototrophic bacteria (Ectothiorhodospira 
halochloris and E. halophila). The water of Lake Hamara (23.8% salinity) was 
mostly clear and saturated with O2• The authors stated that alkalophilic hal
obacteria tinted the water light red and phototrophic bacteria were observed 
in the muds. Lake Gaar (37.4% salinity) was unique with a population of the 
chlorophycean alga Dunaliella salina. These algae were apparently responsible 
for depleting the lake of CO2 and maintaining supersaturated levels of O2• 

Lake Gaar, along with Lake Rizunia (38.9% salinity) and Lake Zugm (39.4% 
salinity), also harbored populations of alkalophilic halo bacteria, phototrophic 
bacteria, and a few cyanobacteria. Black mud and sulfide were noted in the 
most saline lakes, suggesting that sulfate reduction occurs in salinities of 
nearly 40% in alkaline environments. Bacteria isolated from the lakes include 
phototrophic bacteria (Imhoff and Triiper, 1977, 1981; Imhoff et aI., 1978; 
Imhoff, 1988), a halophilic bacillus (Weisser and Triiper, 1985), and alkalo
philic halobacteria (Soliman and Triiper, 1982; Tindall, 1985, 1988). 

20.4 Big Soda Lake 

Several hypersaline, alkaline lakes are found in the western part of the Great 
Basin of North America. This region, also known as the basin and range 
province, consists of a series of north-south trending ranges and valleys. Some 
of the valley basins are virtually dry salt lakes, while others have terminal 
lakes of various salinities and alkalinities. Four lakes are discussed here: Mono, 
Owens, Searles, and Big Soda. Other lakes of the region that have been 
investigated include Red and Green Ponds (Arizona) (Cole et aI., 1967) and 
Lake Abert (Oregon) (Jones et aI., 1969). 

No one extremely saline, alkaline lake of the region has been studied 
intensively from the microbiological point of view. The meromictic Big Soda 
Lake (Nevada, U.S.A.) has a rather dilute mixolimnion down to 34.5 m depth 
(2.6% salinity, pH 9.7) underlain by a moderately hypersaline monimolim
nion (8.8% salinity, pH 9.7) down to 65 m depth. Meromixis was initiated 
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when irrigation caused the local water table to rise (Kimmel et al., 1978). The 
microbiology and productivity of the mixolimnion have been described in 
detail (Axler et al., 1978; Priscu et al., 1982; Cloern et al., 1983a, 1983b). 
Comparative studies between the mixolimnion and the anoxic monimolim
nion were conducted by Zehr et al. (1987), Smith and Oremland (1987), and 
Iversen et al. (1987). 

Table 20.4 shows the composition of the monimolimnion. The very high 
concentration of sulfide (12 mM) and the non-conservative increase of SOl
from the concentration measured in the mixolimnion suggest biological re
duction. If the monimolimnion represents mixolimnion water concentrated 
4.15 X (based on Cl- concentrations), and the loss of Na+, K+, Mg2+, and 
Ca2+ were all due to precipitation with SOr, there would still be a deficit 
of about 50 meq'l-l sulfate in the monimolimnion. If Na+ and K+ are con
servative ions, then the loss of SO/- is even greater. 

The six-fold increase in alkalinity between the mixolimnion and moni
molimnion also suggests that the extremely alkaline condition of the lake may 
in part be due to sulfate reduction in situ. The very high concentration of 
sulfide in the monimolimnion reflects the probable lack of iron in the sedi
ments, the high pH (which retards the escape of sulfide as volatile H2S), and 
the lack of mixing due to density stratification. Smith and Oremland (1987) 
studied bacterial sulfate reduction rates in the water column. In May, the 
average rate of sulfate reduction in the monimolimnion was 3000 nmol 
SO/-'1-1'd-1 while it was only 900 nmol S042-'1-1'd-l in October. Much 
lower rates were measured in the anoxic zone of the mixolimnion (Table 
20.5). Stimulation by Fe2+ demonstrated that sulfate reduction in the moni
molimnion was iron-limited. Estimates of the amount of organic carbon min-

Table 20.4 Chemical constituents of Mono Lake and the monimolimnion of Big 
Soda Lake" 

Big Soda Lake, 
Big Soda Lake, Big Soda Lake, ratio monimolimnion 

Mono Lake monimolimnion monimolimnion / minus mixolimnion 
mg'] I mg'] I mixolimnion meq'] I 

IDS 90,000 88,000 3.38 
Nat 29,500 28,000 3.50 +870 
Ko 1500 1100 3.55 +20.2 
Mg'o 33.4 6 0.04 -11.5 
CaU 4.l 0.8 0.l6 -0.21 
C] 17.600 27,000 4.l5 +578 
HCO, 30,100' 24,000 6.00 +328 
50/ 10,300 6700 1.20 +22.9 
NH, 1.0 45 >450 ca. + 2.65 (as NH4 +) 
H,S 410 >2050 ca. + 12 (as HS) 
DOC 62 60 3.00 

,t Mono Lake data from Mason (1967) and Winkler (1977); Big Soda Lake data calculated from 
Cloem et al. (1983b). 
I, HCO, + CO,' 
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Table 20.5 Some bacterial processes in Big Soda Lake' 

Process 
Aerobic 

mixolimnion 
Anaerobic 

mixolimnion Monimolimnion 

Sulfate reduction" 
Methanogenesis" 
Methane oxidation" 
Glutamate turnover' 
Thymidine assimilation" 
Bacterial abundance 

(viable count X 10' per ml) 

0.01-0.03 
2.7-14.2 

0.16-7.60 

25-600 
0.1-1.0 
2.0-6.0 

0.01-0.03 
4.4-36.1 

0.41-10.9 

., From Zehr et al. (1987), Smith and Oremland (1987), and Iversen et al. (1987). 
"nmol-l-I.d I . 
. Percent per hour of added radiotracer assimilated. 
"pmol-l-I'h I. 

900-3000 
1.6-12 
49-85 
0-0.02 
1.0-2.1 

0.62-25.3 

eralized by sulfate reduction were much greater than the measured fluxes of 
particulate organic carbon sinking through the lake. The authors suggested 
that productivity by benthic microbial mats and macrophytes in the mixolim
nion was the most probable source of the "missing" organic carbon. 

The sediments of Big Soda Lake produced significant amounts of methane 
(Oremland et aI., 1982). Experiments demonstrated that methanogenesis was 
stimulated by methanol, trimethylamine, and methionine, but not by H2, 

acetate, or formate. Enrichment cultures with methanol produced CH4 with 
a oI3C content of -72%0 to -77%0 lighter than the added methanol. Enrich
ment cultures led to the isolation of a methanogenic coccus that grew opti
mally at pH 9.7. Smith and Oremland (1983) also reported the anaerobic 
degradation of oxalate in Big Soda Lake sediments. Nearly all the methane 
oxidation occurred in the anoxic zones of the lake, with the greatest rates 
recorded in the monimolimnion (Table 20.5). Measured rates of CH4 oxidation 
were greater than measured rates of methanogenesis (Iversen et aI., 1987). 
The accumulation of organic-rich, laminated sediments (Orernland et aI., 1982; 
Cloern et aI., 1983b) indicate that not only is anaerobic degradation incom
plete, but that there are seasonal cycles of sedimentation. The high DOC 
content of the monimolimnion (60 mg'l- I ) (Kimmel et aI., 1978) also indicates 
incomplete degradation. 

The highly productive mixolimnion is characterized by a seasonal succes
sion of blooms of diatoms, phototrophic bacteria, and chemoautotrophic bac
teria (nitrifiers and sulfur-oxidizers) with a total annual productivity estimated 
to be around 500 g C'm-2 (CIoern et aI., 1983a). The greatest accumulation 
of bacteria occurred in the chemocline (anoxic mixolimnion) although rela
tively high concentrations of bacteria were also counted in the monimolim
nion (Table 20.5). Measurements of rates of glutamate turnover and thymidine 
incorporation showed the cells in the monimolimnion were relatively inactive 
while the greatest rates were found at or just below the layer of phototrophic 
bacteria in the anoxic mixolimnion (Zehr et al., 1987). 
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20.5 Mono, Owens, and Searles Lakes 

Three other lakes situated at the eastern base of the Sierra Nevada mountains 
are in the same general area as Big Soda Lake. These three California lakes 
are of interest not only scientifically but because of the impact that human 
activity has had on their properties. 

Mono Lake This moderate size lake (about 10 km X 20 km) (Figure 20.3) 
is a terminal lake fed by two major streams and numerous springs. Since 
1941, the city of Los Angeles has diverted water that would normally run 
into the lake. During the next two decades, the lake level dropped 14 m and 
the water increased in salinity from 4.8% to 9.1 % (Melack, 1983). The pH is 
9.7-10 (Mason, 1967; Winkler, 1977). 

The lake is usually monomictic and stratified from spring to autumn. The 
hypolimnion is anoxic from June to September (Melack, 1983). After two 
seasons of heavy snowfall (1982-3), the city of Los Angeles allowed more 
water to enter the lake and a meromictic condition followed for several sea
sons until the fresher water largely mixed with the deeper water. Periodic 
meromixis may also be a natural feature of such lakes. 

The major chemical constituents of Mono Lake reported by Winkler (1977) 

Figure 20.3 Mono Lake, California. Tufa (CaC03) towers, formed from Ca2+ -rich 
springwater discharged into the lake when the lake level was higher, are now exposed 
at the southwestern end of this hypersaline, alkaline lake. 
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are largely similar to those of the monimolimnion of Big Soda Lake (Table 
20.4). There is a dynamic productivity cycle in Mono Lake (Mason, 1967; 
Winkler, 1977; Melack, 1983). The largest standing crop of phytoplankton 
occurs in the winter when Secchi disc readings are as low as 0.7 m (Melack, 
1983). Summer measurements of Secchi disc depth were 10m. At 2 m depth, 
up to 65 ,ug·l~l chlorophyll a was recorded in the winter while only 1 ,ug·l~l 
was found in the summer at that depth. At 20 m depth, relatively high con
centrations of chlorophyll a were found throughout the year (25-55 ,ug·l~l). 

The phytoplankton is dominated by several diatoms, cyanobacteria, and 
species of Nannochloris and Chlamydomonas (green algae) (Winkler, 1977). 
References to Coccomyxa (Melack, 1983) and Palmellococcus (Mason, 1967) 
may be synonymous with Nannochloris, a 3-,um cell. Identification of 10-15 
,um-Iong species of Dunaliella by Mason (1967) was not confirmed by Winkler 
(1977), who recognized the dominance of the diatom Nitzschia communis. 
Mason (1967) noted that a small Nitzschia (20-35 ,um long) dominated in the 
fall and that a larger Nitzschia (60 ,um long) dominated in the winter. Several 
other species of diatoms were recorded, including the cosmopolitan hyper
saline species Amphora coffeaeformis (Winkler, 1977). The presence of nu
merous fungal hyphae, gemmae, and arthrospores in the summer plankton 
and the growth of Chytridomycetes in diatom frustules was also reported. 

The clarity of the upper levels of the lake in the summer is attributed to 
grazing by the dense populations of brine shrimp, Artemia monica (Winkler, 
1977). The zooplankton also includes several protozoans and rotifers. Ex
tremely large populations of migratory birds remain at the lake for part of 
the year to feed on both brine shrimp and brine fly larvae (Ephydra hians). 
Their effect on nutrient cycling in the lake should not be ignored, although 
there are no published estimates of their actual role in nutrient regeneration. 

Primary productivity rates at a shallow water station (10 m depth) and 
a deep water station (22 m depth) were measured by Winkler (1977). At the 
shallow water station, rates decreased from 142 to 81.5 mg C·m~2·h~1 through 
the course of the summer. The highest value was 160 mg C·m~2·h~1. In the 
0-10 m depth range of the deep water station, photosynthetic rates generally 
increased through the course of the summer, from 29.1 to 118 mg C·m~2·h-l. 
The highest value was 142 mg C·m~2·h~1. In the lower 12 m, primary pro
ductivity decreased from 209 to 11.5 mg C·m~2·h~1 through the course of 
the summer. On one occasion, no carbon fixation at all could be detected. 
The cells in the hypolimnion were found to be active but were not receiving 
enough light for photosynthesis. Because a large proportion of the chloro
phyll-containing cells remain in the dark for much of the year, dark metab
olism and possible heterotrophy in these algae may be important for main
taining a potentially active population. In addition, the mechanisms of osmotic 
regulation and buoyancy control for the phytoplankton has not been estab
lished. 

Nitrogen limitation may prevent the phytoplankton from reaching even 
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greater densities. While very high phosphate concentrations (74.6 mg·l~l) 
were found (Winkler, 1977), NH/ was relatively scarce (1 mg·l~l) and N03 ~ 

was low (5.2-66 mg·l~l) (Winkler, 1977) or absent (Melack, pers. comm.) 
Regeneration of ammonia in the sediments and hypolimnion as well as from 
animal excretion should be considered. The very high concentrations of phos
phate found in this alkaline lake are at least in part due to the lack of Ca2+, 

Mg2+, and Fe3+ ions that typically precipitate P043 in hard water lakes. A 
similar situation was noted in the Wadi Natrun lakes (Imhoff et a1., 1979). 

Bacterial populations in the plankton were measured by Mason (1967). 
In the winter, a high density of bacteria (8.0 X 1Q7·ml ~1) accompanied the 
dense population of phytoplankton. Mason noted that the bacterial population 
decreased through the spring and summer, and increased again with the fall 
bloom of phytoplankton. In experiments in the summer measuring the bio
logical oxygen demand (BOD) of pelagic water samples from which metazoans 
were excluded, Mason found the O2 consumption was two or more times that 
of the controls when the samples were amended with organic nitrogen (casein, 
chitin, uric acid, glycine, or n-acetyl glucosamine). Sucrose, acetate, and dex
trose showed little or no stimulation of the BOD. These experiments suggest 
that nitrogen limitation is indeed an important environmental factor in Mono 
Lake. 

Methanogenesis has been found in Mono Lake sediments (R. Oremland, 
pers. comm.). Mason (1967) noted that both nitrate and sulfate reduction 
might be occurring in the hypolimnion. An analysis made in early autumn 
showed a nitrate depletion of 1.4 mg·l~l in the hypolimnion. In one mea
surement, sulfate in the hypolimnion was depleted by 0.34 g·l~l. In a July 
measurement, when O2 was detected at the bottom, the sulfate concentration 
was found to be slightly higher than in the epilimnion. Mason suggested 
sulfide oxidation was responsible for regenerating SO/~. No sulfate reduction 
was detected. 

Interstitial sulfide concentrations of 15-40 mM were detected in shallow 
Mono Lake sediments (Javor, unpubl. data). The highest concentrations were 
associated with delta sediments near the inflow of a freshwater stream al
though the porewater was as saline and alkaline as the rest of the lake. The 
ability to retain high concentrations of sulfide in the sediments, a phenomenon 
also found in Big Soda Lake, is probably related to the lack of iron and the 
high pH. 

DOC in Mono Lake (62 mg·l~l) (Mason, 1967) was similar in concen
tration to that of the equally saline hypolimnion of Big Soda Lake (Table 
20.4). Mason noted that the DOC was responsible for lowering the surface 
tension of Mono Lake water. The DOC was intimately tied to the formation 
of stable foams. 

Owens Lake Owens Lake, which lies south of Mono Lake, had a body 
of water until the inflow was diverted to the Owens Valley aqueduct in 1913 
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(Friedman et al., 1976). By 1921, the lake was nearly dry. About 1.5-3 m of 
salts had deposited during those 8 years. During the winters of 1938-9 and 
1969-70, excessive run-off from the Sierra Nevada mountains flooded the 
lake. During the latter flood, the lake was covered to 2.4 m depth. The com
positional and isotopic changes in the brines in the period following that flood 
were studied by Friedman et al. (1976). Their observations on the color changes 
in the brines (Table 20.6) indicate that green phytoplankton can survive a 
salinity of at least 13.6%. By the end of 1970, brine salinities approached 
30% and the brine color was dark yellow green. It is not known whether it 
supported an active, chlorophyll-containing phytoplanktonic population. The 
decrease in brine visibility during that period may have been due to passive 
concentration of cells with evaporation. 

During January, 1971, freshwater decreased the salinity to at least 24%, 
and the presence of a light olive-grey color was noted. Cultures of the pho
totrophic bacteria Ectothiorhodospira halochloris and E. abdelmalekii are of this 
hue (Imhoff, 1988). It can be speculated that one or both of these bacteria 
bloomed in the lake at that time. Further increases in salinities led to a brown 
color. 

Phosphate levels in Owens Lake, as in other alkaline, hypersaline lakes, 
are very high. During the phytoplankton bloom of early 1970,1-2 mM POr 
was measured. During the subsequent evaporation, P043- levels increased to 
nearly 14 mM. Friedman et al. noted that Li+ remained conservative during 
the evaporation sequence. The P043- /Li+ ratios increased during the evap
oration sequence, perhaps as a result of decomposition of the phytoplankton. 
In fact, the POr /Li+ ratio increased rather linearly with respect to TDS. For 
all the POr /Li+ and TDS values listed in Table 20.6, the correlation coef
ficient is 0.61. If the phosphate concentration during the phytoplankton bloom 
is excluded, the correlation coefficient is 0.84. If the possibly deviant value 
of P043- in the 38.8% salinity brine is also excluded, the r value of POl- / 

Table 20.6 Salinity, pH, phosphate, and color of Owens Lake, California' 

Date IDS, 0/0 pH 

26-II-70 13.6 9.6 
12-VIII-70 25.0 9.6 
XI-70 29.7 9.62 

19-1-71 24.0 9.31 
19-1-71 25.3 9.35 
13-IV-71 38.8 9.5 
7-VII-71 45.0 10.5 
20-VII-71 47.0 11.0 
1985-6' 

.. From Friedman et al. (1976). 
" Javor, personal observations. 
TDS, total dissolved solids. 

PO} , PO,'- lIDS 
mM PO,' ILi' X 10' wlw Color and visibility 

0.97 40.4 0.675 Light green, 10 em 
1.89 37.9 0.719 Light green, 5 em 
2.23 37.9 0.714 Dark yellow-green, 5 

em 
3.00 34.6 1.19 Light olive grey 
3.13 35.2 1.183 Light olive grey 
4.16 35.9 1.02 Light olive brown 
8.82 46.6 1.86 Light brown, >40 em 
13.6 46.1 2.74 Light brown 

Pink 
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liT versus TDS is 0.98 for the remaining six determinations made over an 
18-month period. Because phosphate is present in more than minute trace 
concentrations in many alkaline, extremely hypersaline systems, it might be 
a useful indicator of the degree of brine concentration in such evaporite de
posits. It remains to be determined whether the activities of microorganisms 
perturb the large concentrations of phosphate in the brines of relatively lower 
salinities. 

Searles Lake Searles Lake is a largely dry, evaporite deposit in eastern 
California. The lake is fed by the water leaving the Owens Valley and has a 
variety of minerals, although it is relatively devoid of sulfates (Smith and 
Haines, 1964). The authors noted that the brines had a high organic content. 
Gaylussite (Na2C03·CaC03·5 H20), a mineral commonly associated with mud 
layers in the lake sediments, sometimes had inclusions that were interpreted 
to be mud or red microorganisms. Bien and Schwartz (1965) observed a variety 
of preserved microorganisms in subrecent salt samples. 

Smith and Haines (1964) noted that the occasional occurrence of ele
mental sulfur in the evaporites was probably associated with bacterial sulfate 
reduction and sulfide oxidation even though there was a relative lack of 
sulfate. Another possible source of elemental sulfur could have been the 
extracellular sulfur produced by Ectothiorhodospira in the photic zone of the 
lake at an earlier stage in its history. Holser and Kaplan (1966) measured the 
34S distribution of sulfur minerals in Searles Lake. The average a34S values 
for all the salts and brines were + 14.6%0 and + 15.2%0, respectively. The high 
concentration of dissolved sulfide (107 mg·l- I) was light (034S = -24.7%0). 
The sulfate in those same interstitial brines (9100 mg·l- I) was correspondingly 
heavy (a34S = + 16.5%0). The freshwater source for the lake (Owens River) 
had relatively light SOr (034S = +8.5%0), which led to the suggestion that 
most of the biological reduction took place in Owens Lake before the brine 
entered the Searles Lake basin. 

Longinelli and Craig (1967) measured the 0180 variations in H20 and 
SOl- of Mono, Owen, and Searles lakes and compared them to mean ocean 
seawater and to hypersaline systems (Table 20.7). The differences do not 
correlate with temperature or salinity. While biological sulfate reduction could 
account for the increasingly heavier values of sulfate from the Mono-Owens
Searles Lake chain, possible atmospheric input of IBO in these high surface
to-volume dry lakes cannot be ignored. The stable isotope chemistry of fresh
water-derived hypersaline lakes should be compared with the dilute inflows. 

Microbiology of Owen and Searles Lakes Both Owens Lake and Searles 
Lake are now essentially playa systems that are exploited commercially for 
their soda salts. Shallow residual brines in Owens Lake are red in color. Tew 
(1980) noted the presence of the phototrophic bacterium Ectothiorhodospira 
in Owens Lake while Tindall (1985) and Morth and Tindall (1985) reported 
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Table 20.7 The b1HO values of H20 and SO,' in extremely hypersaline lakes' 
Source o"O-H,o Dissolved 0"0-50,' Sediment 01"0-50.'-

Oceanic water 0 +9.5 
Mono Lake, Calif. -0.46 +17.8 +7.9 
Owens Lake, Calif. +3.92 +14.4 +23.4 
Searles Lake, Calif. +4.22 +23.2 +48.7 
Great Salt Lake, Utah -3.2 +13.3 +16.4 
Dead Sea +4.72 +12.97 +0.9 
Dead Sea +4.36 +13.34 +0.54 
Red Sea hot brines + 1.21 + 7.21-7.51 

.. From Longinelli and Craig (1967). All values in %0. The 01<0 of atmospheric O2 was + 23roo. 

the isolation of red, alkalophilic, halophilic archaebacteria. Tew (1980) noted 
that Ectothiorhodospira survived prolonged entrapment both in mirabilite and 
in the residual brine, but not in anhydrous Na2S04 (thenardite). The presence 
of water, although chemically-bound, is apparently important for the en
trapped cells to remain osmotically stable. 

Nehrkorn and Schwartz (1961) tried a variety of enrichments for micro
organisms from Owens Lake and Searles Lake. They used both natural and 
artificial seawater supplemented with NaCl (pH 7.5-8), and synthetic brine 
that included borax (32% TDS, pH 10). Various carbon and nitrogen sources 
were tried at 20° and 40°C in the light and dark, and aerobically and an
aerobically. At 20°C in the light and dark, very few enrichments were positive. 
Notably, both the natural and artifical seawater media with various C and N 
sources gave positive results from enrichments of pH 9, red surface brines of 
Owens Lake. 

Aerobic enrichment cultures in seawater and artifical brine at 40°C in 
the dark gave generally positive results. Red or turbid cultures developed 
from these enrichments. The artificial alkaline brine medium was particularly 
successful, yielding positive enrichments from all the surface salts and brines 
from both lakes, but not from borehole brines. Enrichments for sulfate-re
ducing bacteria in the artificial brine yielded positive results (black color) in 
five of the ten inocula from the two lakes. The sulfate-reducing bacteria were 
vibrios and short, spiral-forming chains. Pure cultures were obtained in sea
water medium with 25% NaCl, at pH 8. This is the highest salt tolerance 
ever reported for pure cultures of sulfate-reducing bacteria. The authors did 
not establish whether they were alkalophiles. In the nearby Saline Valley dry 
lake (pH 7.8-9), NaCl-saturated mud below the halite crust was noted to be 
black, presumably from sulfate reduction (Hardie, 1968). 

Nehrkorn and Schwartz (1961) isolated four strains of aerobic bacteria 
from Owens Lake and seven strains from Searles Lake. Several of their isolates 
were extreme halophiles and at least one from Owens Lake was an alkalophile 
as well. From Searles Lake they isolated Sarcina littoraiis, a red extreme hal
ophile that forms packets of cells. It grew in 10-30% NaCl at pH 6-10. They 



20.6 Conclusion 309 

also isolated a pseudomonad (probably a halobacterium or natronobacterium) 
with similar growth requirements as S. littoralis. From both lakes they isolated 
Flavobacterium (orange to ochre in color) that grew optimally in 10-20% salt, 
but tolerated 5-30% NaCl. Its optimal pH was not given. Another strain they 
called Flavobacterium, isolated from Owens Lake, grew optimally in 10-20% 
NaCl at pH 10. It tolerated pH 8-12. Curiously, this strain grew slightly better 
with 20% Na2S04 than with 20% NaCl. Even better growth was obtained in 
media with 10 or 15% Na2S04 plus 10 or 5% NaCl, respectively. K+ could 
not substitute for Na +. This is the only _reported case of a halophilic bacterium 
with a preference for sulfate. This strain is probably the first alkalophilic, 
extremely halophilic bacterium ever reported but its uniqueness was not rec
ognized at the time. 

In the second part of the study of halophilic microorganisms, enrichments 
were made from evaporating ponds and boreholes of the extremely alkaline 
(pH 9.4-9.9), hypersaline salt works of Sosa Texcoco (Mexico) (Jaschof and 
Schwartz, 1961). Some of the taxonomic assignments given by the authors 
are probably wrong, including their descriptions of the chlorophycean algae 
Chlorella and Chlamydomonas in 22.3-23.6% salinity brines. However, they 
made a variety of observations on the effects of salinity on aerobic and an
aerobic enrichments, and the ability of certain microorganisms (i.e., thiobacilli) 
to tolerate a variety of salt concentrations. All of their isolates grew optimally 
in pH 8-9 and tolerated up to pH 12. In the most concentrated brines they 
recognized both rods and coccoid bacteria. Again, the uniqueness of these 
bacteria was not recognized until Tindall and co-workers established the sep
arate classification of alkalophilic halophiles among the archaebacteria (Tin
dall et al., 1984). 

20.6 Conclusion 

Hypersaline, alkaline lakes tend to be rich in phosphate, a factor that promotes 
organic productivity. The alkalinity itself may be caused by the degradation 
of organic matter by sulfate-reducing bacteria. Extremely high concentrations 
of sulfide can remain in porewater solution due to the high pH combined 
with the lack of iron. Although a variety of microorganisms have been isolated 
from these environments, little is known about their rates of activities in nature 
or the organic geochemistry of their natural milieux. It has been established 
that hypersaline, alkaline basins have produced the organic matter associated 
with some petroleum deposits. Because of the distinctive biochemical com
position of the variety of microorganisms that inhabit these environments 
(i.e., pigments and polar lipids), the problems of tracing the microbial chain 
of events in petroleum genesis and alteration should provide a challenge for 
biogeochemists. 
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Glossary 

Anoxygenic photosynthesis Anoxygenic photosynthesis is the light-driven 
chemical reduction of CO, by electrons derived from a compound other than 
water, and thereby molecular oxygen is not a product. Typical reductants include 
H,5 and H2• Example: 2 H,5 + CO, --. (CH,O) + H20 + 2 5°. Anoxygenic 
photosynthesis occurs in phototrophic bacteria and in some cyanobacteria. It never 
occurs in eucaryotic algae or plants. 

Archaebacteria Archaebacteria include halobacteria, methanogenic bacteria, and 
certain sulfur-dependent bacteria. Archaebacteria have certain biochemical attri
butes that are distinct from those of eubacteria, including cell wall chemistry (they 
never produce peptidoglycans) and polar lipid composition (they produce glycerol 
diether-linked isoprenoids instead of ester-linked fatty acids). The distinctive struc
ture of the 16 5 fraction of archaebacterial ribosomal RNA has been used as a 
"molecular clock" to interpret the early divergence of archaebacteria from the 
branch of eubacterial procaryotic evolution. 

Athalassic Athalassic refers to waters or salts of non-marine origin. 

Autotrophic Autotrophic organisms obtain cell carbon from an inorganic source 
(CO,). Energy for reducing CO, may be derived from light (photoautotrophy) or 
from the chemical oxidation of a reduced substance (chemoautotrophy). 

Bitterns Bitterns are highly concentrated, marine-derived brines from which 
NaCl has already precipitated. Bitterns are rich in Mg' I, Na +, K+, 50/-, and Cl . 
If these brines are subject to further concentration, they will precipitate potash 
salts. 

Chemoautotrophic Chemoautotrophic metabolism (found only among certain 
bacteria) involves the reduction of CO2 for cell carbon using energy derived from 
the chemical oxidation of a reduced substance. Chemoautotrophs often live in the 
transition zone between aerobic and anaerobic conditions where reduced sub
strates and oxygen coexist. Chemoautotrophs include sulfur-oxidizing, nitrifying, 
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iron-oxidizing, and hydrogen-oxidizing bacteria. Example: H2S + O2 + H20 + 
CO2 -+ (CH20) + H2S04 , Because inorganic energy sources are used, these or
ganisms are often called lithotrophs. 

Compatible solute Compatible solutes are synthesized or taken up by cells to 
balance their intracellular osmotic pressure against that of the environment. Com
patible solutes are deemed "compatible" because they do not perturb the internal 
functions of the cell. Most organisms accumulate organic compatible solutes when 
challenged by high salt. Halobacteria and certain halophilic eubacterial anaerobes 
accumulate inorganic salts. 

Denitrification Denitrification involves anaerobic respiratory pathways found 
among many bacteria (facultative anaerobes) and certain fungi in which nitrate 
(NO, -) or other oxidized forms of inorganic nitrogen serve as terminal electron 
acceptors during the oxidation of organic carbon. These pathways are often in
duced when molecular oxygen is not available. Example: (CH20) + 2 N03 - -+ 

CO, + H20 + 2 N02 ··• 

Diagenesis Diagenesis describes the process of physical and chemical change 
that takes place within sediments after their deposition but before weathering or 
metamorphism. 

Diapir A diapir is a dome or anticlinal fold of a rock formation in which a 
mobile, plastic core ruptures overlying rocks that are more brittle. Salt domes, 
formed by the upward "flow" of solid rock salt, are diapirs. 

DOC Dissolved organic carbon. DOC is defined as the carbon released as CO2 
upon dry or chemical oxidation of a water or brine sample after acidification and 
sparging with N2 or argon to remove inorganic CO2, 

EOC Extractable organic carbon. EOC is defined as the dissolved organic carbon 
that can be extracted from a water or brine sample by a chosen solvent. 

Epigenetic Epigenetic processes are those that alter sedimentary structures or 
mineral content of rocks after they have been deposited. 

Epilimnion The epilimnion of a stratified lake is the upper layer in which mixing 
occurs due to wind and convective currents. In a salinity-stratified lake, the epi
limnion is the most dilute layer. 

Eubacteria Eubacteria are a diverse group of procaryotes with certain molecular 
features in common, including peptidoglycan in cell walls (in most eubacteria), 
polar lipids containing fatty acid esters, and a high degree of similarity in nucleic 
acid sequences of evolutionarily conservative fractions of their ribosomal RNA. 

Eucaryotes Eucaryotes include all organisms whose cells contain unit mem
brane-bound organelles (e.g., nuclei containing histone-associated DNA in chro
mosomes, centrioles, mitochondria, and chloroplasts) and in many cases, true 
flagella. The processes of vegetative (mitosis) and sexual (meiosis) cell division 
are~ncerted chains of events involving nuclear and centriolar components and 
are markedly different from cell division processes in procaryotes (all of which 
lack these components). Eucaryotes include protozoa, true algae, fungi, higher 
plants, and animals. 

Eutrophic Eutrophic means "well nourished" and denotes high nutrient con-
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centrations in a body of water which are often accompanied by high biological 
productivity. 

Evaporite Evaporite minerals are those precipitated from solution as the result 
of the evaporation of water. 

Extreme halophile Extremely halophilic organisms grow best in 2.5-5.2 M NaCl 
(range from about 15% salt to saturation). They may be inactivated or killed by 
lower salt concentrations. 

Facultative anaerobe Facultative anaerobes are organisms that can grow under 
both aerobic and anaerobic conditions. 

Fermentation Fermentation is the degradation of organic matter that does not 
involve molecular oxygen or other inorganic electron acceptors in a respiratory 
pathway. The products of fermentation usually include CO2 in addition to reduced 
carbon compounds such as organic acids (e.g., lactate or acetate), ethanol, or 
volatile amines. Fermentation is sometimes called putrefaction when it is accom
panied by the formation of malodorous amines. 

Halobacteria Halobacteria (family Halobacteriaceae) are extreme halophiles of 
the archaebacterial kingdom. All grow by heterotrophy and some can obtain 
energy from light. 

Halotolerant Halotolerant organisms can tolerate a wide range of salt concen
trations. If they can thrive in salinities greater than 2.5 M NaCl, they may be 
considered extremely halotolerant. 

Heterotrophic Heterotrophic organisms obtain their cell carbon from organic 
substrates, not from CO,. 

Holomixis Holomixis refers to a period of mixing in a lake when the lake water 
circulates completely from top to bottom. 

Hypolimnion The hypolimnion is the lower (unmixed) layer of water in a 
stratified lake. It is usually characterized by a uniform density. In freshwater lakes 
it is characterized by uniform temperatures that are generally cooler than those 
of the upper layers. In salinity-stratified lakes, the metalimnion and hypolimnion 
may be subjected to extreme heating. 

Liman Limans are narrow bays that cut deep inland. They form in previously 
existing river valleys as a result of coastal plain submergence or the transgression 
of seawater into the valleys. They may be open to the sea, partially blocked, or 
completely cut off from the sea. The term is used to describe these coastal features 
in the Black, Azov, and Chuckchi seas. A "ria", which is essentially a synonymous 
term, describes these coastal features in other parts of the world. 

Meromictic Meromictic lakes are those that are permanently stratified and their 
waters do not circulate completely throughout the basin at any time of the year. 

Metalimnion The metalimnion of a stratified lake is juxtaposed between the 
epilimnion and the hypolimnion. In freshwater lakes it is the layer in which the 
temperature gradient (the thermocline) is the greatest. In salinity-stratified lakes, 
the metalimnion corresponds to the pycnocline and sometimes to other steep 
chemical gradients such as those defined by O2 concentration or Eh. 

Methanogen Methanogens, which are obligately anaerobic archaebacteria, are 
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the only organisms capable of producing methane as a major end-product of 
metabolism. 

Microbial mat Microbial mats which receive light energy are typically laminated 
and composed of a surface layer of cyanobacteria (often with eukaryotic algae, 
especially diatoms in hypersaline environments), an underlying layer of photo
trophic bacteria, sulfur-oxidizing bacteria at the O,/H2S interface, and bottom 
layers composed of organic matter at different stages of decomposition by fer
menting and sulfate-reducing bacteria. Microbial mats have also been called algal 
mats, stromatolites, and potential stromatolites. 

Mixolimnion The mixolimnion is the upper layer of a meromictic lake, char
acterized by low density, free circulation, and mixing by wind. 

Moderate halophile Moderate halophiles are those that grow best in media 
containing 0.5-2.5 M NaCl (range from approximately seawater salinity to 15% 
salt). 

Monimolimnion The monimolimnion of a meromictic lake is the dense, stag
nant bottom layer that never mixes. 

Monomictic Monomictic lakes are stratified lakes that completely turn over only 
once each year. 

Natronobacteria Natronobacteria are halophiles and belong to the genera Na
tronobacterium and Natronococcus. They are the alkalophilic members of the family 
Halobacteriaceae. 

Nitrate-reducing bacteria Nitrate-reducing bacteria are facultative anaerobes 
that respire using nitrate as the terminal electron acceptor instead of molecular 
oxygen (see DENITRIFICATION). 

Nitrifying bacteria Nitrifying bacteria are autotrophs that obtain energy by 
oxidizing reduced forms of inorganic nitrogen (e.g., ammonia or nitrite). 

Oligotrophic Oligotrophic conditions in an aqueous system denote low nutrient 
concentrations and characteristically low biomass. 

Osmophilic Osmophilic organisms grow at high external solute concentrations. 
Halophilic bacteria are osmophiles. Many osmophilic fungi grow in high sugar 
rather than in high salt concentrations. 

Osmoregulation Osmoregulation refers to an organism's capacity to regulate 
its internal osmotic pressure by regulating both cell water and solute concentra
tions. All procaryotes and wall-less algae such as Dunaliella are osmotic conform
ers, meaning they must maintain their internal osmotic pressure the same as that 
of their environment by selective synthesis or uptake (and conversely, breakdown 
or expulsion) of compatible solutes. 

Oxygenic photosynthesis Oxygenic photosynthesis is the process in which CO2 

is reduced in a chlorophyll-mediated, light-driven reaction, electrons are derived 
from H,O, and molecular 0, is an end-product: CO2 + H20 ----> (CH20) + O2, 

Oxygenic photosynthesis occurs in cyanobacteria, eucaryotic algae, and plants. 

Photo autotrophic Photoautotrophic organisms derive cell carbon by reducing 
CO, using energy from light. 
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Photoheterotrophic Photoheterotrophic organisms derive cell carbon from or
ganic substrates and obtain energy from light. 

Phototrophic Phototrophic organisms obtain energy from light. They may be 
further described as photoautotrophs or photoheterotrophs. 

Playa A playa is a low, flat part of a basin or other undrained area in an arid 
region. A playa lake is a shallow temporary sheet of water covering a playa during 
the wet season. 

POC Particulate organic matter. POC is separated from a water or brine sample 
by filtration on a glass-fiber filter, and the material retained on the filter is oxidized 
by wet or dry chemical techniques. POC is defined as the carbon removed as CO2 

by this technique. 

Potash Potash refers to a variety of marine-derived salts of greater solubility 
than NaCl. They include potassium and/or magnesium salts containing chloride 
(e.g., sylvite and carnallite), sulfate (e.g., langbeinite), both chloride and sulfate 
(e.g., kainite), and salts containing calcium (e.g., polyhalite). 

Procaryote Procaryotes include all bacteria (archaebacteria and eubacteria). They 
are structurally simpler than eucaryotes. They lack nuclei and other unit mem
brane-bound organelles. DNA and cell division lack the complexity of the eu
caryotic processes of mitosis and meiosis. Most procaryotes are microscopic be
cause they lack the capacity for cell differentiation and multicellularity of eucaryotes. 

Psychrophilic Psychrophilic organisms are those that can live at low temper
atures (generally less than 20° C). 

Pycnocline The pycnocline of a stratified lake is the layer in which the density 
gradient is the greatest. In salinity-stratified lakes, the pycnocline is juxtaposed 
between the dilute mixolimnion above and the more saline hypolimnion below. 

Sabkha Sabkhas are "salt flats" that include both coastal (supratidal) evaporitic 
environments as well as continental evaporitic environments associated with playa 
lakes. In sabkhas, the sediments are affected by capillary evaporation that results 
in the precipitation (and preservation) of evaporite salts. In sabkhas, hypersaline 
brines form within the sediments and occasionally on top of them. 

Saltern A saltern is a commercially-operated system for producing NaCl (and 
sometimes other minerals) by the solar evaporation of brines. Salterns are also 
called salinas or saltworks. 

Stromatolite Fossil and living stromatolites are organo-sedimentary structures 
that are usually laminated, and that were formed by the growth of microorganisms 
(often microbial mats) that trapped sediments. The sediments plus mats were 
cemented at the time of growth or diagenetically. The term "stromatolite" is 
preferably reserved for lithified structures while "microbial mat", "potential stro
matolite", or other description is preferred for similar, uncemented structures. 

Sulfate depletion Sulfate depletion refers to the relative loss of sulfate with 
respect to a conservative ion such as Cl in sediment porewaters due to the activity 
of sulfate-reducing bacteria. 

Sulfate reduction Sulfate reduction to sulfide is a respiratory process found 
among a group of obligately anaerobic eubacteria that degrade organic acids and 
certain other low molecular weight organic compounds. 
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Syngenetic Syngenetic minerals are deposited at the same time as the sur
rounding rock. 

TDS Total dissolved solids (determined gravimetrically). 

Thalassic Thalassic refers to waters or salts of marine origin. 

TOe Total organic carbon. Toe is the sum of DOe plus pac. 
Volatile fatty acid Volatile fatty acids are simple and contain 2-6 carbon atoms 
(acetic, propionic, butyric, valeric, and hexanoic acids). 

Water activity Water activity (a.,) of a solution at a given temperature is de
scribed by the quotient of the vapor pressure of the solution divided by the vapor 
pressure of pure water at the same temperature. This quotient also describes the 
relative humidity of the solution. 



Index 

Acetate: 
carbon source, 63, 106, 110, 113, 114, 129, 

130, 150,246-247, 275, 302, 305 
DOC, 56 
effects on minerals, 48 
production, 54, 85, 86, 166, 201 

Achromatium 82, 212 
Achromatium volutans, 27 
Achromobacter parvulus 250 
Achromobacter venenosum, 88 
Acinetobacter, 82, 84 
Actinomycetes, 87 
Actinopolyspora halophila, 59, 82, 87, 89 
Alcaligenes, 82, 83 
Alcohols: 

carbon sources, 113, 114 
cell lipids, 102, 128 
effects on minerals, 50 
production, 54, 85, 216-217, 226 
sediments, 57 

Algae, 32, 60, 61, 147-164,210 
Algal mats, see Microbial mats 
Alkaline lakes, 11, 114, 126, 130, 136, 292-

309 
Alkalinity: 

effect on brine chemistry, 14-17, 47-48 
hypersaline environments, 43-44, 243-245, 

252, 266, 301 
14CO, uptake, 16-17, 208, 211, 231, 247, 

278, 287 
sulfate reduction, 63, 65-66, 292, 296, 297-

298,301 
Alkalophilic halobacteria, 112-114 

distribution, 9, 293-294, 296, 300, 308 
lipids, 59, 102, 113-114, 296 
physiology and biochemistry, 31, 104, 112-

113 

taxonomy, 110, 113, 293-294 
Alkanes, 49, 50, 57, 60-61 
Alteromonas, 82, 83 
Aluminum, 241-242 
Amines, 50, 55 
Amino acids, 149 

carbon sources, 55, 78, 79, 84, 85, 104, 
106,107 

effects on minerals, 43 
hypersaline environments, 58, 201-202, 

217, 273, 289 
nitrogen source, 130, 164, 305 
osmoregulation, 92, 93, 130, 140, 168, 170 
proteins, 103, 113, 128, 130, 140 

Ammonia: 
alkaline lakes, 19, 21, 299, 301, 305 
Antarctic lakes, 21, 239, 244, 245, 253-254 
evaporite minerals, 19, 22 
marine brines, 15, 19-21, 177, 196, 214, 

225, 238 
nitrogen source, 130, 139, 149, 164, 170, 

179 
production, 54, 66, 107 
temperate, non-marine lakes, 19-20, 266, 

273,287 
Amoeba limax, 278 
Amoeba mira, 159 
Amoebae, 28, 161, 252, 278-279, 285-286 
Amphiprora paludosa, 27 
Amphora, 27, 224 
Amphora coffeaeformis, 27, 28, 153, 209, 263, 

267, 277, 304 
Amylase, 84, 86, 106 
Anabaena wisconsinense, 138, 267 
Anacystis, 136 
Anaerobic: 

degradation, 3, 54, 56, 178, 186,302 

319 



320 Index 

growth, 82, 84, 87, 106, 110, 125, 127, 129, 
170 

Anhydrite, 10, 22, 34, 54, 67-68 
Anoxygenic photosynthesis: 

cyanobacteria, 3, 134, 141, 142, 208, 213, 
230 

phototrophic bacteria, 3, 125, 131, 296 
Antarctic lakes, 6, 7, 11, 68, 136, 236-257 
Antibiotic: 

production, 86, 108, 166 
sensitivity, 87, 102-103, 113, 138, 139 

Aphanocapsa, 136, 137-138, 223 
Aphanocapsa littoralis, 27, 204 
Aphanocapsa marina, 135 
Aphanothece, 136, 137, 213, 223 
Aphanothece delicatissima, 28, 277 
Aphanothece halophytica: 

biochemistry, 139-142,200-202 
distribution, 27, 28, 66, 126, 135, 136, 197, 

209, 225, 277 
mucilage, 49, 137, 138, 139, 143, 195 
physiology, 31, 138-139, 141, 195, 213, 

277 
Aphanothece stagnina, 135 
Arabitol, 168, 170, 171 
Aragonite, 10 

organic matter, 43-45, 193, 227-228 
precipitation, 8, 48 
stable isotopes, 218, 229 
sulfate reduction, 47, 65 

Archaebacteria, 58, 59,60,78,80, 101-116 
lipids, 102, 217 

Artemia monica, 28, 304 
Artemia salina: 

distribution, 27, 28, 30, 195, 209, 226, 229, 
268 

ecology, 29, 32, 136, 166-167, 168, 278 
Arthrobacter, 82 
Aspartate, 43, 168 
Aspergillus, 168, 169 
Aspergillus repens, 165, 169 
Aspergillus wentii, 165, 166 
Asteromonas gracilis, 151, 153 
ATP, 103, 171, 179, 180, 182, 210, 2l1, 251 
Atlantis II Deep, 183-187 

Bacillus, 28, 79, 80, 82, 87-88, 300 
Bacteriochlorophylls, 30, 125, 126, 128, 131, 

224-225, 230 
Bacteriorhodopsin, 59, 61, 103, 104, 106, 108, 

11~ 111, 11~ 11~ 225, 287 
Bacterioruberin, 60, 91, 102, 103, 108, 113, 

289 
Bardawil Lagoon, 141, 153, 154,206, 225 
Batophora oerstedii, 27 
Baumi',12 
Beggiatoa, 27, 82, 131, 223 
Betaine, 88, 89, 91-92, 93, 104, 128, 130, 

140-141 
Bicarbonate: 

biological activity, 46, 63, 66, 149,227 

hypersaline brines, 11, 15-16, 268, 284, 
293, 298, 301 

Biddulphia levis, 28, 277 
Big Soda Lake, 6, 21, 28, 30, 131, 300-302 
Bitterns, 3, 14, 29, 33, 55, 70, 189, 197 
Blue-green algae, see Cyanobacteria 
Bonaire, 191, 215 
Borate, l1, 15-16 
Brevibacterium, 82 
Brine shrimp, see Artemia 
Bromide, 12, 19, 194,284,293 
Butyrate, 85, 113 

Cadmium, 215, 284 
Calcite, 8, 10, 42 

organic matter, 43, 65, 228 
sediments, 66, 241, 267 
stable isotopes, 218, 229 
sulfate reduction, 65-66, 67 

Calcium: 
eucaryotes, 33, 150, 167 
general chemistry, 11, 15, 47-48, 49, 215, 

218 
marine brines, 7, 177, 189, 192, 193,227-

228 
non-marine brines, 7, 237, 248, 262, 268, 

273, 284, 293, 301, 205 
procaryotes, 86, 89, 107 

Calcium carbonate, 42-45, 71, 191, 19-193 
Calothrix, 138, 230, 231 
Carbohydrates: 

brines and evaporites, 50, 55, 57, 194, 200-
201 

carbon source, 63, 78, 84, 85, 104, 106-
107, 110, 112, 164, 166, 170, 275, 305 

intracellular, 103, 129, 140-141, 152, 153, 
167 

sediments, 55, 201-202, 216-217, 251 
Carbon cycle, 3, 8, 53-63, 69, 78 
Carbon dioxide, 50 

dissolved in brines, 16, 17, 182, 185, 186, 
218, 193, 196 

methanogens, 54, 275 
production, 8, 85, 199 

Carbon dioxide fixation: 
dark, 29, 31, 210, 211, 247 
light, 29, 54, 149, 199,208,210,252,287 
stable isotope fractionation, 2, 62, 218 

Carbon isotope fractionation: 
inorganic, 62-63, 180-181, 186,218,226, 

227-229, 232, 237, 288 
methane, 63, 177, 180-181, 182, 186, 302 
organic, 2, 62-63, 181, 218, 226, 280, 288 

Carbonate: 
ion, l1, 13, 15-16, 19,293,297,298,299-

300 
organic matter, 43-48 
sediments, 8, 42-48, 49, 54, 61-62, 70, 71, 

178, 189, 207, 215, 223, 227- 229, 230 
stable isotopes, 62-63, 69, 71, 218, 226-

229, 232, 288 
sulfate reduction, 65-66 



Cardiolipin, 90, 91, 129 
Carnallite, 10, 19,50 
{j-Carotene, 91, 103, 108, 147, 148, 151-152, 

153, 266 
Carotenoids: 

eucaryotes, 147, 148, 149-150, 151-152 
procaryotes, 91, 102, 103, 108 
sediments, 58, 60, 153, 266, 289 

Celestite, 10, 48-49, 193, 223 
Chaetoceros, 28 
Chaetoceros elmorei, 28, 267 
Chaplin Lake, 266 
Chemoautotrophic bacteria, 28, 30, 31, 211, 

256,302 
Chladosporium, 28, 168, 279 
Chlamydomonas, 27, 28, 246, 304 
Chloride: 

general chemistry, 11, 12, 13, 19 
eucaryotes, 161, 167 
evaporites, 10, 189 
marine brines, 7, 176, 177, 183, 227-228 
non-marine brines, 7, 245, 252-253, 266, 

268, 284, 293, 295, 297-300, 301 
procaryotes, 80-81, 93, 107 

Chlorobiaceae, 27, 125 
Chlorobium, 126, 268 
Chloroflexiaceae, 27, 125 
Chlorof/exus, 66, 126 
Chlorophyll a, 125, 134 

degradation, 60, 61, 226, 289 
Dunaliella, 150, 151-152 
microbial mats, 135, 224-225 
plankton, 30, 131, 209, 210, 239, 254, 267, 

304 
Choline, 88, 89 
Chromatiaceae, 125, 129 
Chromatium, 27-29, 129, 131, 239 
Chromatium violescens, 27,31, 131, 209 
Chromium, 215, 223 
Chromobacterium, 84 
Chromobacterium marismortui, 82, 84, 286 
Chroococcus, 135 
Chroococcus minor, 135 
Chrysosporium fastidium, 168 
Chyronomids, 32, 229 
Chytridomycetes, 28, 165, 304 
Ciliates, 27, 28, 159-161, 198, 210, 214, 252, 

263, 279, 285-286 
Citrate, 43, 48, 106 
Cladophora, 27 
Cobalt, 18, 179, 184, 241-242, 248, 250 
Coccochoris e/abens, 136, 137, 140, 141, 195, 

277 
Coelosphaerium, 136 
Copepods, 27, 32, 214, 225, 268 
Copper, 18, 178, 184, 215, 223, 241-242, 

248, 284-285 
Corynebacterium, 82, 88 
Cryptomonas, 27 
Ctenocladus circinnatus, 28, 32, 267 
Cyanobacteria, 134-143 

Index 321 

general distribution 3, 61, 131, 143, 153, 
197, 210, 246, 255, 256, 267, 296 

halophily and halotolerance, 31, 135, 136-
137, 138-141, 142, 224 

microbial mats, 125, 134-136, 143, 2U-
213, 223-224, 247 

physiology and biochemistry, 59, 138-142, 
143 

species distribution, 27-29, 134-137, 197, 
209, 223-224, 247, 267, 268, 276-277, 
300, 304 

Cyclopropanoic fatty acid, 59, 61, 90-91, 128 
Cyclotella cryptica, 153 
Cyclotella menghiniana, 153 
Cylindrotheca fusiformis, 153 
Cysteine, 64, 85 

Dactylococcopsis, 28, 136, 138 
Dactylococcopsis salina, 27, 31, 135, 136, 141, 

209 
Dead Sea, 6, 206, 282-289 

chemistry, 3, 7, 15, 16, 20, 70, 273, 282-
285 

Dunaliella, 28, 147-148, 152, 285-287 
eubacteria, 28, 59, 83, 84, 85, 88, 90, 285-

287 
halobacteria, 28, 104, 105, 107, 110, 285, 

286-287 
organic geochemistry, 58, 60, 102, 289 
productivity, 30, 149, 286-287 
protozoa, 28, 160, 285-286 
stable isotopes, 63, 288, 308 

Debaryomyces hansenii, 163, 164, 167, 168, 
169,170-172 

Debaryomyces kloeckeri, 164, 169 
Debaryomyces subglobosus, 164, 169 
Deep Lake, 6, 21, 27, 30, 251-252 
Deep sea basins, 176-187 

biota, 179-180, 181-182, 184-185, 186 
hydrocarbons, 185-186 
inorganic chemistry, 177-179, 181, 183-

184 
Deleya halophila, 82, 84 
Dendryphiella salina, 168, 246 
Denitrification: 

enrichments and isolates, 84, 86, 104, 112, 
184-185, 275-276, 286 

general physiology, 31, 79, 81, 105, 106, 
110 

hypersaline environments, 27-28, 179, 240, 
245-246, 264-265, 305 

Desulfovibrio, 27, 82, 83, 185, 210 
Desulfovibrio salexigens, 82 
Deuterium, 194, 232 
Diapir, see Salt domes 
Diatoms: 

distribution, 27-28, 30,153,197-198,209-
210, 212, 225, 247, 252, 263, 267 

ecology, 153, 165, 225, 255 
physiology and biochemistry, 32, 153-154 

Discovery Deep, 184, 185 
Dissolved organic carbon: 



322 Index 

composition, 8, 48, 49, 55, 200-202 
evaporite minerals, 1-2, 11, 42-50, 54, 65, 

193,94, 195 
hypersaline brines, 101, 177, 180-181, 184, 

192, 248-249, 253, 287, 299- 300, 301, 
302, 305 

porewaters, 55, 202, 216, 293, 296 
Dolomite, 10, 45-58, 62-63, 65, 71, 218, 228, 

229, 262 
Don Juan Pond, 3, 7, 29, 33, 69, 249-251, 

256 
Dunaliella, 147-154 

ecology, 3, 17,29,33,48, 152-153, 225, 
255,287 

lipids, 4, 59, 61, 151-152, 153, 266 
marine environments, 27, 30, 131, 197-

198, 225 
non-marine environments, 28, 30, 152, 

251, 252, 254, 262, 263, 265-266, 267, 
277, 285-287, 300, 304 

osmoregulation, 48, 88, 150-151, 154 
physiology, 32, 148-150, 278, 287 

Dunaliella bardawil, 58, 59, 152 
Dunaliella minuta, 147 
Dunaliella parva, 28, 30, 59, 147, 151, 152, 

263, 285-287 
Dunaliella salina, 27, 29, 30, 58, 59, 147-

152,153, 265, 267, 277-278, 300 
Dunaliella tertiolecta, 58,59, 147, 149, 150, 

152 
Dunaliella viridis, 27, 28, 30, 147-150, 152, 

277-278, 285 

East Flower Garden Bank, 6, 176, 177, 180, 
181-183 

Ectoine, 59, 61, 92, 128 
Ectothiorhodaceae, 125 
Ectothiorhodospira, 27, 29, 59, 92, 113, 126, 

128-129, 275, 296, 307-308 
Ectothiorhodospira abdelmalekii, 126, 127, 128, 

129, 306 
Ectothiorhodospira halochloris, 31, 126, 127, 

128, 129, 300, 306 
Ectothiorhodospira halophila, 31, 126, 127, 

128, 300 
Ectothiorhodospira mobilis, 126, 127, 128, 129 
Ectothiorhodospira shaposhnikovii, 126, 127, 

128 
Ectothiorhodospira vacuolata, 28, 31, 126, 127, 

128, 129, 293 
Elk Point evaporites, 18 
Enteromorpha prolifera, 28 
Entomoneis pulchra, 28, 277 
Entophysalis, 134, 136, 231 
Entophysalis granulosa, 135 
Ephydra, 27, 28, 32, 304 
Ergosterol, 58, 152,217 
Erythritol, 168 
Ethane, 177, 182, 185-186 
Ethanol, 63, 85, 170 
Ethylene, 212 

Eubacteria, 77-94, 101-103, 108, 114, 125-
131, 134-143, 164-166 

halophilic and halotolerant, 77-94, 101, 
125, 126, 127, 129-130, 131, 136, 137, 
138-142, 176 

lipids, 102, 129, 141-142, 226 
Eucaryotes, 2, 3, 27, 31, 33, 59, 88, 147-154, 

159-161, 163-172,210,214,263 
Euglena, 28 
Evaporites, 1,2, 4, 5, 8, 11, 176, 183 

basins, 1, 2, 5-6, 9, 54, 71 
precipitation sequence, 2, 8, 10-11, 48, 

190, 192-194 
primary, 8, 10, 34, 46, 47, 55 
secondary, 1, 8, 10, 11, 34, 46, 47, 55, 223, 

230, 263 
Exophiala wenekii, 165, 166 
Exportadora de Sal, 10, 17,55,57,58, 193, 

195,196, 198, 199 

Fabrea salina, 160, 161, 198 
Fatty acids: 

evaporite minerals, 43, 48, 50 
membranes, 59, 90, 91, 102, 129, 130, 141, 

152, 153, 171 
microbial mats, 57, 216-217, 226 
production and consumption, 63, 85 
sediments, 55-56, 243, 249, 251, 252, 254-

255, 289 
Fermentation, 3, 27-28,47, 68, 79, 240-241, 

255 
eubacteria, 27-28, 81-82, 84, 85, 86-87, 

142, 285-286 
halobacteria, 105, 106, 110 
hypersaline environments, 179, 210, 214, 

263 
products, 54-55, 64, 65, 85. 86-87, 142, 

201, 213 
substrates, 84, 85, 86, 105, 142, 168, 179, 

210, 213, 263, 286 
sulfate reduction, 201, 213-214 
yeasts, 163, 168, 170 

Fish, 29, 229 
Flagellates, 28, 29, 210, 214, 246, 263, 279 
Flavobacterium, 79, 82, 84, 309 
Flavobacterium halmephilum, 82, 84, 286 
Fluid inclusions, 8,34, 49, 189, 194 
Fluoride, 11 
Formate, 85, 113, 275 
Fossils, 8, 34, 56 
Fragilaria crotonensis, 28 
Fungi, 163-172 

distribution, 28,34, 168-169,241, 246, 
251, 256, 263, 279, 304 

osmotolerance,3, 14,33,167-168, 170 
physiology and biochemistry, 58, 105, 152, 

163-167, 170-172,210 

Gas solubility, 13, 17, 110 
Gas vacuoles, 103, 110-111, 128, 139 
Gastropods, 32, 225 
Gavish Sabkha, 6, 206, 222-227 



biota, 27, 31, 32, 110-111, 125, 137, 153, 
223-226 

organic geochemistry, 57, 62, 226 
productivity, 30, 224-225 
stable isotopes, 62, 226-227 

Gloeocapsa, 138 
Gloeocapsa confluens, 135 
Gloeocapsa polydermica, 135 
Gloeothece, 137, 224 
Glucose: 

carbon source, 84, 85, 86-87, 105, 113, 
142, 150, 167-168, 263-264, 286 

osmoregulation, 141 
sediments, 216-217, 226 

Glutamate, 43, 55, 89, 113, 130, 168, 276, 
302 

Glutamate betaine, 140 
Glycerol, 48 

carbon source, 85, 106, 108, 150, 287 
osmoregulation, 89,93, 140, 149, 151, 152, 

153, 154, 168 
Glycerol phytanyl diether, 58, 60, 102 
Glycine, 58, 89, 130, 139, 149, 150, 305 
Glycine betaine, see Betaine 
Gomphosphaeria aponina, 135 
Great Salt Lake, 6, 270-280 

biota, 28, 85, 114, 136, 138, 149, 152, 153, 
160-161, 168, 273-279 

geochemistry, 280, 308 
limnology, 7, 20, 272-273 
productivity, 30, 278 

Green algae, 27, 28, 32, 147-154, 246, 252, 
256, 267, 276-278, 304 

Green bacteria, 126, 209, 223, 224, 268 
Green River Formation, 55, 61, 65, 292 
Gulf of Mexico, 6, 176-183, 187, 199, 229-

230 
Gypsum, 10 

brine chemistry, 7, 8, 12, 17, 19,22,70-71, 
147, 192 

crystal morphology, 48, 223, 267 
deposits, 65, 67-68, 193, 213, 207-208, 

223, 227-228, 230, 261-263, 267, 283, 
287-288 

organic matter, 3,34, 48-49, 54, 60, 61-62, 
81, 134, 213, 241 

stable isotopes, 68-70, 194-195, 218-219, 
227, 231-232 

sulfur depOSits, 1, 67-68, 262-263, 307 

Halite, 10 
associated brines, 7, 17, 195 
associated minerals, 18,48,67,193,194 
deposits, 1, 8, 9, 33-34, 61 
organic matter, 33-34, 49, 50, 54, 195 
recent deposition, 192,223,230,249,261-

262, 283 
Haloanaerobiaceae, 85 
Haloanaerobium praevalens, 80, 82, 85, 92-93, 

275 
Haloarcula, 106, 108, 110, 111 
"Haloarcula californiae", 104 
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Haloarcula hispanica, 104, 111 
"Haloarcula sinaiiensis", 104 
Haloarcula vallismortis, 104, 106 
Halobacteria, 33, 101-114 

alkalophiles, 112-114 
carbon dioxide fixation, 106, 107, 108, 287 
distribution, 27-28, 78, 80, 104, 130, 197, 

224, 225, 255, 262, 263, 278 
ecology, 3-4, 30, 34, 101-102, 107-108, 

109-110 
lipids, 59, 60, 61, 102, 103, 113-114, 289 
osmoregulation, 93, 103-104 
physiology, 14,31, 102, 105-109, 110-112, 

165, 166 
pigments, 17-18,102,103,108-109 

Halobacteriaceae, 110 
Halobacterium, 108, 110, 111-112, 275 
Halobacterium cutirubrum, 106, 108 
Halobacterium denitrijicans, 104, 106 
Halobacterium halobium, 106, 108, 109 
"Halobacterium marismortui", 104, 106, 110, 

286, 287 
Halobacterium saccharovorum, 104, 106 
Halobacterium salinarium, 103, 104, 106 
Halobacterium sodomense, 104, 106, 107, 286, 

287 
Halobacteroides halobius, 80, 82, 85, 92-93 
Halocins, 108, 166 
Halococcus, 104, 108, 110, 111-112, 275 
Halococcus morrhuae, 104, 105, 112 
Haloferax, 110 
Haloferax gibbonsii, 104, 106 
Haloferax mediterranii, 104, 106, 107, 108 
Haloferax vo/canii, 104, 106, 107, 286, 287 
Halomonas elongata, 82, 84, 92, 93 
Halomonas halodurans, 82, 85 
Halomonas subglaciescola, 80, 82, 85 
Halorhodopsin, 103, 113 
Hantzschia amphioxys, 28, 267 
Hopanoids, 61, 216-217, 226 
Hot Lake, 126, 268 
Humic substances, 43, 55, 217, 289 
Hydrocarbons: 

brines and sediments, 48, 49, 53-54, 57-
62, 153, 180, 182, 185-186, 216- 217, 
226, 243, 249, 251, 252, 254, 289 

cell lipids, 57-61 
oxidation, 55-56, 79, 164, 170,276, 286 

Hydrogen: 
consumed, 54, 63, 114, 141, 263, 264, 275, 

302 
hypersaline sediments, 49, 55 
produced, 79, 85, 142,263 

Hydrometry, 12 
j3-Hydroxybutyrate, 106, 166 
Hyphomicrobium, 27 

Insects, 27, 32, 214, 225 
Ion complexes, 15-16,33 
Ionic strength, 13, 15, 33 
Iron: 

biological oxidation, 213 
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brines, 178, 184, 185, 194,241-242,248, 
249 

sediments, 71, 178-179, 214, 215, 223, 249, 
262, 280, 301, 305 

Isoprenoids, 59, 60, 61, 91, 102, 108, 216-
217, 226 

Israel Salt Company, 66, 67, 200 

Kebrit Deep, 185 

Lactate: 
carbon source, 106, 263, 286 
effect on minerals, 48 
production, 63, 85, 86, 166 

Lactobacillus casei, 88 
Laguna Guerrero Negro, 44, 224-225, 230-

232 
Laguna Madre, 6, 199 
Laguna Ojo de Liebre, 6, 227, 230-231 
Lake Bogoria, 137 
Lake Bonney, 6, 243-249 

biota and productivity, 68, 246-248, 256 
chemistry and geochemistry, 7, 243-246, 

248-249, 252 
Lake Eyre, 6, 20, 28, 55, 67, 261-265 
Lake Gabara, 297-300 
Lake Hamara, see Lake Hamra 
Lake Hamra, 137, 297-300 
Lake Hunazoko, 6, 252-255 
Lake Magadi, 6, 21, 29, 65, 112, 114, 293-

296, 299 
Lake Muluk, 297-300 
Lake Mushiki, 7, 266 
Lake Om-Risha, 297-300 
Lake Rizunia, 297-300 
Lake Suribati, 6, 7, 21, 27,30, 252-255 
Lake Vanda, 6, 7, 57, 168, 237-243, 251, 252 
Lake Zugm, 297-300 
Lamprocystis, 209 
Lead, 18, 184, 194, 215, 223, 284-285 
Lipids (see also Hydrocarbons, Fatty acids) 

eucaryotes, 57-58, 59, 152, 171 
hypersaline sediments, 48, 56-62, 153, 

216-217, 251, 289 
procaryotes, 58-60, 90-91, 101, 113-114, 

115, 129,141-142 
Limans, 27, 81 
Little Manitou Lake, 7, 20, 28, 30, 266, 267 
Lyngbya, 28, 135, 138, 230, 231, 263 
Lyngbya birgei, 28 

Magnesium: 
eucaryotes, 33, 150, 167, 171 
evaporite minerals, 42, 43, 47-48, 71, 189, 

218 
general chemistry, 15, 33, 215 
marine brines, 7, 12, 55, 177, 192, 237, 245 
non-marine brines, 7, 11, 248, 262, 268, 

284, 293, 301, 305 
procaryotes, 33, 80-81, 86, 89-90, 107, 

112, 113, 197 
Manganese, 178, 179, 184, 241, 248, 250, 284 

Mannitol, 168 
Marinococcus halophilus, 86, 91, 115 
Mats, see Microbial mats 
Mediterranean Sea, 187, 194 
Melosira granulata, 28 
Menaquinones, 59, 60, 91, 114 
Metals, 1, 18-19,49,63,66, 184,215,241, 

248, 250, 284-285 
Methane: 

hypersaline environments, 49, 50, 114, 177, 
180, 182, 185-186, 201, 241, 255, 275, 
302 

stable isotopes, 63, 177, 180, 182, 302 
Methanogenesis, 3, 54, 78, 280 

hypersaline environments, 180, 182, 186, 
201, 264-265,302, 305 

Methanogenic bacteria: 
distribution, 27-28, 114, 186, 214, 263, 275 
halophilic strains, 79, 80, 114-115, 302 
lipids, 59, 60, 61, 101, 102, 115 
physiology and biochemistry, 55, 63, 101-

103,275 
Methanohalophilus mahii, 80, 115, 275 
Methanohalophilus zhilinae, 80, 115 
Methanol, 114, 275 
Methanosarcina, 115, 214 
Methionine, 64, 85, 275 
Methylamines, 63, 114, 214, 275, 302 
Metschnikowia bicuspidata, 164, 166-167, 168 
Mexico, 6, 71, 126 
Microbial mats: 

distribution, 195,208,230,231,239,265 
evaporites, 34, 43-45, 47, 61, 65-66, 81 
microorganisms, 114, 125, 126 ~31, 135-

136, 138, 142, 147, 210, 211-214, 223-
224, 255, 268, 277 

organic geochemistry, 57, 62, 68, 215, 218, 
224-225, 231 

productivity, 3, 30, 199, 211, 231, 251 
Micrococcus, 59, 86, 88, 89, 92 
Micrococcus halobius, 82, 92 
Micrococcus morrhuae, 85, 286 
Micrococcus varians, 82, 85, 90, 92 
Microcoleus, 31, 134-135, 136, 142, 209, 212, 

213, 224, 231 
Microcoleus chthonoplastes, 135, 136, 138, 141 
Microcoleus lyngbyaceus, 28, 277 
Microcystis aeruginosa, 28 
Mirabilite, 3, 10, 11, 129, 251, 252, 267, 273, 

308 
Molybdenum, 248 
Mono Lake, 6, 21, 58, 59, 303-305, 308 

biota, 28, 153, 165, 168, 303-304 
productivity, 30, 304-305 

Nannochloris, 28, 30, 304 
Native sulfur, see Sulfur 
Natronobacteria, 60 
Natronobacterium, 113, 293-294 
Natronobacterium gregoryi, 59, 113, 114 
Natronobacterium magadii, 113 
Natronobacterium pharaonis, 113, 114 



Natronococcus, 293-294 
Natronococcus occultus, 113, 114 
Navicula, 27, 28, 153, 225, 277 
Navicula cincta, 28 
Nematodes, 27, 32, 225 
Nickel, 178, 179, 184, 241-242, 248 
Nitrate: 

alkaline lakes, 19,21, 299, 305 
Antarctic lakes, 21, 238-239, 244, 245-246, 

251, 254 
marine brines, 21, 177, 179, 196, 225 
nitrogen source, 130, 139, 149, 152, 167, 

265 
non-marine, temperate lakes, 20, 266, 273 

Nitrate reduction, see Denitrification 
Nitrifying bacteria, 27, 32, 78, 79, 239, 240, 

243, 285, 286, 302 
Nitrogen: 

gas, 49, 245 
nutrients, 22, 58, 130, 154, 166, 198, 245, 

252, 287, 305 
Nitrogen cycle, 3, 78, 279, 285 
Nitrogen fixation, 3, 78-79, 93, 130, 138, 143, 

212, 255 
Nitzschia, 27, 28, 30, 32, 58, 59, 153, 224, 

225, 267, 304 
Nitzschia communis, 28, 304 
Nitzschia epithemiodes, 28, 277 
Nitzschia lembiformis, 154, 225 
Nitzschia palea, 28, 277 
Nitzschia thermalis, 27, 209 
Nocardia, 82 
Nodularia spumigena, 28, 31, 138, 267 
Nostocales, 138 
Nuclease, 86, 87 
Nutrients, see Ammonia, Nitrate, Phosphate 

Orca Basin, 6, 176-181, 182 
Oscillatoria, 134, 136, 138, 141, 250, 277 
Oscillatoria arenaria, 27, 31 
Oscil/atoria limnetica, 27, 31, 135, 136, 141, 

142-143, 209, 213, 268 
Oscil/atoria nigri-viridis, 135 
Oscil/atoria salina, 27, 135, 136, 141, 143, 

209, 213 
Oscil/atoria tenuis, 135 
Oscillatoriaceae, 138 
Osmolality, 14, 92, 167 
Osmoregulation: 

algae, 88, 148, 150-151, 153, 154 
bacteria, 88, 103-104, 128, 130, 140-141 
protozoa, 159, 161 
yeasts and fungi, 167-168, 170 

Osmotic stress, 2, 152-153 
Ostracods, 27, 32, 225, 268, 280 
Owens Lake, 6, 113, 129, 305-309 
Oxygen, 2, 8, 101 

effects on microorganisms, 82, 125, 108, 
147 

hypersaline environments, 192, 198-199, 
207, 212, 224, 237-238, 243, 245, 252, 
254, 279, 300 
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photosynthesis, 134, 142, 147, 231, 251, 
296 

solubility, 17, 33, 105, 110 
stable isotopes, 186, 194-195, 218, 226-

227, 229, 232, 237, 240, 288, 307, 308 

Paleozoic, 8, 46, 55, 61, 70, 71 
Paracoccus halodenitrificans, 82, 86, 93 
Paradox Basin, 54, 71 
Parartemia, 29, 263 
Parartemia zietziana, 28, 32, 266 
Particulate organic matter, 8, 178, 181, 195, 

216, 241 
Patience Lake, 266 
Pediococcus halophilus, 80, 82, 86-87 
Pedobacterium, 225 
Pelodictyon, 126 
Penicillium, 164, 166, 168-169 
Penicillium chrysogenum, 168 
Penicillium notatum, 164, 166 
Penicillium purpurogenum, 166 
Permian, 8, 9, 34, 50 
Persian Gulf, 6, 54, 193, 222-223, 232 
Petroleum, 1,3, 22, 53, 176, 180, 182, 186 
pH: 

brine chemistry, 13, 14-15, 19, 105 
hypersaline environments, 185, 207, 212, 

237, 249, 252, 263, 265, 266, 268, 284, 
295, 297, 303 

pH optima and tolerances, 31-32 
eucaryotes, 149, 165, 170 
procaryotes, 80, 112, 115, 127, 128, 129, 

130, 139 
Phages, 109-110, 198, 275 
Phanerozoic, 2, 69, 70 
Phormidium, 135, 136, 138, 141, 142,212, 

213, 224, 239, 277, 300 
Phosphate: 

alkaline lakes, 19, 20, 293, 295, 299, 305, 
506-307 

Antarctic lakes, 20, 239, 244, 245, 251, 254 
effects on microorganisms, 137, 143, 149, 

152 
marine brines, 19,20,177, 181, 196,215, 

225 
non-marine, temperate lakes, 20, 265, 266, 

273, 287 
polyphosphate, 49 

PhosphatidyJcholine, 128 
Phosphatidylethanolamine, 90, 91, 128 
Phosphatidylglycerol, 90, 91, 114, 128 
Phosphatidylglycerophosphate, 90, 114 
Photoinhibition, 139, 150 
Phototrophic bacteria, 125-131, 134 

ecology, 3, 113, 130-131, 225, 226, 285 
marine brines, 27, 66, 197, 209, 210, 265 
non-marine brines, 28-29, 254, 256, 268, 

275, 277-278, 286, 293, 296, 300, 302 
physiology and biochemistry, 59, 60, 92, 

103, 126-130 
productivity, 30, 31, 208 

Phycobilins, 134, 140 
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Phytane, 57, 60, 61, 289 
Phytanic acid, 60, 289 
Phytol, 60, 128, 216-217, 226, 289 
Pink Lake, 20, 28, 30, 153, 265-2 
Planococcus, 80, 82, 86, 89, 91 
Planococcus halophil us, 59, 82, 86 
Plectonema, 138 
Pleurocapsa, 134-135,223-224 
Pleurocapsa fuliginosa, 135 
Polyamines, 89, 92, 104 
Polyols, 128, 130, 140, 141, 167, 168 
Polypaecilium pisce, 165, 166 
Polysaccharides, see Carbohydrates 
Polysulfide, 68, 214, 219 
Polyunsaturated fatty acids, 59, 61, 129, 141-

142, 152, 153, 171 
Porewater: 

general chemistry, 11, 12, 15, 47, 63 
inorganic chemistry, 65-66, 67, 195, 215, 

227-228, 240, 262, 279, 288 
organic chemistry, 56, 180, 200-202, 216, 

217, 293, 296, 298, 299-300 
Porphyrosiphon, 136 
Potash, 1, 7, 8, 15, 19,22, 33, 49, 50, 189 
Potassium: 

brines, 7, 11, 177, 284, 293, 301 
eubacteria, 80-81, 92-93, 130, 140-141 
eucaryotes, 153, 161, 166, 167-168, 170, 

171 
evaporite minerals, 10, 71, 189 
halobacteria, 80-81, 92-93, 103, 309 

Precambrian, 1, 8, 46, 68, 70 
Pregnanes, 61, 62 
Primary production, 2, 16-17, 30, 31, 54, 81 

algae, 265, 267, 277, 287 
cyanobacteria, 210, 224-225, 231, 277 
marine environments, 17,30, 198-199, 

209, 211-213, 224, 229-230 
non-marine environments, 30, 240, 247, 

251, 278, 287, 302, 304 
phototrophic bacteria, 130-131, 210 

Pristane, 57, 60, 61 
Proline, 89, 153 
Propane, 177, 182, 185-186 
Propionate, 85, 106 
Prorodon utahensis, 28, 160, 278 
Prosthecochloris, 27, 31, 126, 131, 209 
Protease, 84, 87, 106 
Protozoa, 27, 28, 32, 159-161, 198, 214, 256, 

263, 278-279, 285-286, 304 
Pseudomonas, 79, 82, 83-84, 93, 185 
Pseudomonas halestorgus, 82, 83-84, 286 
Pseudomonas halodenitrijicans, 92 
Pseudomonas halosaccharolytica, 59, 82, 83, 89, 

90, 91, 92 
Purple bacteria, 125, 131, 209, 224 
Purple non-sulfur bacteria, 127, 129-130 
Purple sulfur bacteria, 126-129, 131, 223 
Putrid Sea, 6, 229 
Pyrite, 63, 65, 67, 69, 178, 214, 249-250, 

280, 288 

Pyruvate, 43, 48, 85, 86, 106, 110, 113, 130, 
263 

Ras Mohammad pool, 6, 134, 206, 227-229 
Red Sea hot brines, 6, 68, 176, 177, 183-187, 

308 
Refractometry, 12 
Rhizochlonium hieroglyphicum, 28, 267 
Rhodobacter, 127, 130 
Rhodobacter adriatic us, 127, 130 
Rhodobacter suljidophilus, 127, 130 
Rhodopseudomonas suljidophilus, 130 
Rhodospirillaceae, 125 
Rhodospirillum, 127 
Rhodospirillum mediosalinum, 127, 130 
Rhodospirillum salexigens, 31, 127, 129-130 
Rhodospirillum salinarum, 31, 127, 130 
Rhopalodia musculus, 28, 277 
Rotifers, 27, 28, 32, 268, 304 

Sabkhas, 5, 62, 67, 71, 130, 135, 192, 193, 
215, 223, 230 

Saccharomyces, 165 
Saccharomyces cerevisiae, 164, 168, 171 
Saccharomyces rouxii, 164, 166, 167, 168, 172 
Salinity measurements, 11-14 
Salinity optima and tolerances, 33-34 

algae, 32, 147, 149, 154, 278 
archaebacteria, 31, 264, 308-309 
cyanobacteria, 31, 135, 136, 138, 142,231, 

277 
eubacteria, 31-32, 127, 130, 185, 210, 264, 

308-309 
invertebrates, 29, 32 
yeasts and fungi, 164, 165, 166-167, 170 

Salin-de-Giraud, 194, 196 
Salt domes, 67, 182-183 
Salterns, 189-202 

archaebacteria, 3, 17, 27, 101, 104, 105, 
109-110, 114, 197-198 

brine chemistry, 192-194, 197 
cyanobacteria, 27, 49, 136, 138, 139, 142, 

197-198 
eubacteria, 27, 78-81, 83, 84, 86, 88, 130, 

197, 199 
eucaryotes, 27, 152, 153, 197-198 
microbial mats, 126, 131, 142, 143, 195, 

198, 199-202 
nutrients, 21, 215, 195-197 
organic geochemistry, 55-58, 200-202 
plankton, 130, 131, 143, 149, 152, 198-199 
productivity, 30,64-65,190-191, 197-199, 

229-230 
salt production, 189-190, 195, 197 
sediments, 64-66, 199-202 
stable isotopes, 62, 68, 194-195 

San Diego, 190, 196 
San Francisco, 56, 64, 160, 196 
Sarcina, 286, 308 
Sarcina gigantea, 88 
Sarcodina, 29, 160, 198 
Saskatchewan lakes, 6, 7, 11, 138, 266-267 



Schizothrix, 136, 138 
Schizothrix arenaria, 135, 225 
Schizothrix calcicola, 135 
Schizothrix nasri, 135 
Secondary minerals, see Evaporites 
Searles Lake, 6, 67, 307-309 
Seasonal effects: 

biota, 226, 302 
productivity, 190-191, 195,202,231,248, 

275,304-305 
stable isotopes, 194 

Sensory rhodopsin 103, 113 
Shark Bay, 6, 224, 231 
Silicoflagellates, 27 
Sodium: 

eucaryotes, 151, 161, 167, 168, 170, 171 
general chemistry, 15, 189 
marine brines, 7, 176, 177, 183 
non-marine brines, 7, 245, 266, 268, 284, 

293, 297, 299, 301 
procaryotes, 92-93, 107, 140, 197 

Solar Lake, 205-219 
cyanobacteria, 27, 134-136, 137, 138-139, 

141, 142-143,209-213 
eubacteria, 27, 81-82, 126, 209-214 
eucaryotes, 27, 152, 153, 154, 160, 209-

210, 214, 225, 226 
limnology, 21, 27, 205-208 
microbial mats, 208, 210, 211-214 
minerals, 192, 207, 208, 214-215, 223, 228 
organic geochemistry, 55, 57, 114, 200-

202, 215-218, 226 
productivity, 17, 30, 64, 131, 208-214, 215, 

224-225, 231 
stable isotopes, 62, 68, 218-219, 226-227, 

229 
Solar salterns, see Salterns 
Specific conductivity, 12-13, 137 
Specific heat, 13, 17 
Spencer Gulf, 6, 64, 224, 225, 230, 231 
Spirulina, 28, 136, 137, 138, 209, 300 
Spirulina labyrinthiformis, 135, 209 
Spirulina platensis, 137, 142 
Spirulina subsalsa, 135 
Sporohalobacter lortetii, 80, 82, 85, 285, 286 
Sporohalobacter marismortui, 80, 82, 85, 285, 

286 
SpoTOsarcina halophila, 82, 88 
Squalenes, 60, 91, 102, 108, 216-217, 226 
Stable isotopes, see Carbon, Deuterium, 

Oxygen, Sulfur 
Staphylococcus, 82, 88 
Staphylococcus epidermidis, 82, 87, 91 
Stephanoptera gracilis, 153 
Steranes, 61 
Sterols, 57, 58, 152, 171,216-217,226,243 
Stichococcus, 137 
Stromatolites, 3, 46-47, 114, 143 
Strontium, 19, 48-49, 191, 193 
Succinate, 106 
Sugars, see Carbohydrates 
Sulfate: 
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alkaline brines, 293, 295, 297, 298, 299-
300, 301 

depletion, 46, 48, 178, 185, 213, 232, 240, 
248, 279, 287-288, 301 

effects on microorganisms, 65, 80-81, 107 
marine brines, 7, 177, 178, 185, 227-228 
minerals, 2, 10, 13, 22, 46, 68-69, 129, 189 
non-marine brines, 7, 11, 249, 251, 262, 

266, 268, 273, 284, 287 
stable isotopes ("S), 68-70, 186-187, 194-

195,218-219,227,232,237,240,250, 
288,307 

stable isotopes ("0), 194-195,232,240, 
307, 308 

Sulfate problem, 70-71 
Sulfate-reducing bacteria: 

enrichments and isolates, 102, 178, 184, 
185, 210, 213-214, 285, 286, 308 

general microbiology,!, 15, 54-55, 63-64, 
70-71, 114, 115, 263 

salinity effects, 32, 79, 82-83, 93, 185, 308 
stable isotope fractionation, 2, 63, 68-69, 

178,187, 195,218-219,227,280 
Sulfate reduction: 

alkaline sediments, 11, 61, 65, 293, 297-
298, 301, 305, 307 

Antarctic lakes, 240, 247-248, 254, 255, 
256 

general distribution, 27-30 
rate measurements, 64-65, 199, 201, 210, 

213-214, 231, 301-302 
salinity effects, 3, 64-65, 201, 264-265 

Sulfide, 2, 15 
electron donor, 67-68, 126, 129, 130, 131, 

141, 142, 143, 213 
fermentation product, 54, 55, 68, 85, 87, 

112, 210, 299 
lake water, 207, 238, 254, 255, 268, 275, 

287, 298, 299, 301 
reactions with metals, 19, 66, 215 
sediments, 49, 199, 212, 213, 224, 273, 

298, 305 
stable isotopes, 68-69, 179, 187, 195, 240, 

280, 288, 307 
sulfate reduction product, 63, 65-66, 70-

71, 250, 263, 273 
Sulfur, 1, 67-68, 181, 182, 213 

electron donor, 127, 130, 213 
production by phototrophs, 126, 129, 142, 

307 
Sulfur cycle, 3, 8, 63-71, 78, 181, 213-214, 

218-219,248,263,285 
Sulfur-oxidizing bacteria, 1, 27, 28, 30, 31, 

32, 67, 179, 181, 182, 199, 210-211, 213, 
239, 255, 285, 302 

Surirella striatula, 28 
Sylvite, 19, 50 
Synechococcus, 28, 136, 137, 141, 212, 213, 

223,300 
Synechocystis, 138, 141, 223, 239 

Temperature optima and tolerances: 
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archaebacteria, 31, 115, 165 
eubacteria, 31-32, 87, 127, 142, 164-165, 

185, 210, 256 
eucaryotes, 32, 149, 154, 164, 166, 170, 

256 
Temperatures: 

Antarctic lakes, 237-238, 243-245, 249, 
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