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A B S T R A C T 

The Sterol Molecule: 

Its Analysis and Utility as a Chemotaxonomic 

Marker and a Fine Geochemical Probe into Earth's Past 

Anthony Paim Toste 

Geochemical and bacteriological investigations, using 

~1ono Lake, California, as a geochemical model, reveal that the stet~ol 

molecule is ideally suited as: 1) a chemotaxonomic marker for classi

fying bacteria; ar.d 2) a fine geochemical probe into Earth's past, 

capable of unraveling its biological history and the. mechanism of 

organic diagenesis in sediments. 

Analysis of the sterol content of a stratigraphic 

sequence of Recent sediments, spanning 0 - 200,000 years BP, indicates 

that: 1) dramatic fluctuations in the lake's biota have occurred, 

both with respect to biological productivity and the types of organisms 

present; and 2) extensive non-dispersive sterol diagenesis, specifically 

stanol genesis, has occurred in Mono Lake's sedimentary record. 

On the basis of the stratigraphic studies, it appears 

that c27 -stanol genesis has been much more vigorous than both c28- and 

c29-stanol genesis, with the latter being the least vigorous. Most of 
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the s~din~nts• stanols exist as 5a-stanols, sugg~sting that there has 

been a general preference for 5a-stanol genesis. There is some 

evidence, however, for 56-stanol genesis as well. 

Laboratory simulations of short-term organic diagenesis 

in Mono Lake•s contemporary muds, designed to supplement the 

stratigraphic studies, not only substantiate the previous findings 

but also reveal that a number of features are intrinsic to sterol dia

genesis, regardless of the mud•s environment. Both dispersive and non

dispersive (i.e., destructive and non-destructive) diagenesis occur, 

with dispersive diagenesis actually accounting for most of the mud•s 

sterol diagenesis. Most important, stanol genesis constitutes the 

only major mode of non-dispersive diagenesis, with both 5a- and 5B

reduction occurring. Sterol diagenesis is, nevertheless, quite 

dependent on the mud•s oxygen content. Both dispersive and non

dispersive diagenesis, particularly stanol genesis, occur more 

vigorously in an aerobic environment. Moreover, there is a marked 

preference for Sa-reduction of stenols in an aerobic environment, 

whereas 56-reduction predominates under anoxic conditions. 

Both the stratigraphic and diagenesis studies reveal that 

most of the contemporary sediments• stanol genesis occurs soon after 

the incorporation of source stenols into the lake•s surface muds. 

Relative to stanol genesis in the past, the older sediments• stanol 

content correlates almost exactly with a paleotemperature profile of 

the area, indicating that stanol genesis has been closely dependent on 

the lake•s temperatw~e, at least over the past 200,000 years. This 

strongly suggests that most of the older sediments• stanol genesis 

also occurred while they were still surface muds exposed to the lake•s 

2 



0 0 0 q 6 ·; 'i 
.,,, 

·:~ 2 . t u J ~ ~ .. 
',' ~~ ·' 

watrirs. There is, however, evidence for increased reduction with 

sediment age, suggesting that stanol genesis continues through sediment 

maturation as well. 

Quite a variety of bacteria, encompassing nearly all 

metabolic types, thrive in Mono Lake's surface muds. These unique 

microorganisms, christened Monobacteria, play an important dual role in 

sterol diagenesis. They not only contribute a variety of source 

stenols to the muds' sterol pools but also mediate dispersive and non

dispersive sterol diagenesis, both aerobically and anaerobically. 

Moreover, bacterial diagenesis easily accounts for all of the muds' 

short-term sterol diagenesis. Significantly, aerobically growing 

Monobacteria not only mediate sterol diagenesis much more vigorously 

but also display a marked preference for 5a-stanol genesis, whereas 

anaerobically growing bacteria prefer 58-reduction. 

The above findings, combined with those of several other 

geochemical investigations, suggest a mechanism for non-dispersive 

sterol diagenesis. What emerges is a complex model composed of 

three distinct pathways whose driving force consists of a complementary 

mediation of biological and geological forces. All three routes entail 

the conversion of source stenols to sterenes, prior to their conversion 

to steranes, the end-products of non-dispersive sterol diagenesis. 

Only their initial steps differ. One route begins with long-term 

sterene genesis via geothermal processing. The other ~wo both begin 

with stanol genesis, but one entails rapid, stereospecific bacterial 

reduction, whereas the other involves long-tern1, non-specific geological 

reduction via heat/pressure 11 Catalysis 11
• 

Prof. Melvin Calvin 
Chairperson. Thesis Committee 
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The sterol molecule's unique chemical and biochemical 

properties have long been exploited by.researchers from a variety of 

disciplines. Organic chemists, for example, have made use of its struc

t~ral complexity to study the stereochemical interactions of various atoms 

and functional groups. Taxonomists have utilized its phylogenetic 

distribution among living organisms to classjfy eucaryotes. Biochemi~ts 

and biologists have exploited its hormonal properties in studying and 

regulating v~rious biological processes. The list is almost endless. 

For all of this research, however, the sterol molecule's remarkable. 

properties have yet to be fully exploited in certain fields, notably 

geochemistry and procaryotic taxonomy. As its title suggests, this 

thesis constitutes yet another "exploitation" of the sterol molecule's 

unique pr~perties, aimed chiefly at filling this void. Most of the 

thesis research was geochemically oriented, dedicated to exploring the 

utility of the sterol molecule as a fin~ geochemical probe into Earth's 

past. In the process, however, bacteriological studies were also con

ducted, providing an excellent opportunity for exploring the utility of 

the sterol molecule as a chemotaxonomic marker for classifying procaryotes. 

A third, and final, goal entails the examinat~on of the 

mechanism of sterol diagenesis in sediments, i.e., the structural 

transformations sterols undergo on incorporation into Earth's sedimentary 

record. It is acknowledged that bio-organic molecules in general undergo 

dia~encsis in sed-iments, but little is known about the diagenetic fate 

of most molecules much less the mechanism of their diagenesis. The 

process of organic diagenesis commands considerable interest, however, 
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in thdt its elucidation is crucial to an understanding of phenomena 

like. oil formation and the origin and development of life on Earth. 

Aside from possibly providing important information on the above phenomena, 

this exploration also serves the more inunediate functi.on of unifying 

the thesis, in that both the geochemical and bacteriological investigations 

impinge on it. 

The above explorations necessitated many geochemical and 

bacteriological 'studies, which in turn required some mastery of organic 

geochemistry, bacteriology, and analytical chemistry, not to mention a 

foundation in biochemistry. The added effort was more than justified, 

however, in that these fields complement each other quite nicely, 

enabling a single researcher to probe in many directfbns .. The reader, 

however·, must cope with different methodo 1 ogi es, termi no 1 ogi es, and 

concepts. To facilitate this task, Part I of the thesis contains 

background discussions of pertinent subjects, whose understanding is 

indispensible to the subsequent discussions of the research, viz. Parts 

II through IV. 

Chapter I of the background material provides an assessment 

of the sterol molecule•s potential utility as a geochemical and chemo

taxonomic probe. A number. of its properties are considered, all of 

which suggest that the sterol molecule is potentiallY the best geochemical 

and chemotaxonomic probe avai]able. Chapter II cont.ains general discussions 

of the analytical techniques used in the sterol analxses, in that these 

techniques played a fundamental role in both the geochemical and 

bacteriological research. 

The third, and final, chapter of background material deals 

with Mono Lake, a most unusual and celebrated body ~f water.and the source 
' 
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of a remarkable stratigraphic sequence of sediments which was used in 
·' 

the gedchemical studies. The area's suitability:as a geochemical model 

is assessed in tenns of its biological and geological properties, 

all of which indicate that it is ideally suited. A number of the 

lake's unique limnological properties are also outlined, in that they 

have a strong bearing on the bacteriological studies. r~ost important, 

however, the stratigraphic sequence is thoroughly described, setting 

the stage for the Mono Lake sedimentary studies. 

Part II of the thesis deals with the geochemical studies. 

Chapter I represents an examination of the sterbl content of an 

extensive number of sedi·ments from the strati'graphic sequence, aimed at 

establishing the utility of the sterol molecule as a geochemical probe. 

The second and third chapters of the sedimentary studies represent 

attempts to simulate sterol diagenesis in the laboratory, in the hope 

of elucidating its mechanism. Chapter II deals with a number of 

experiments in which a contemporary Mono Lake mud was incubated under 

different conditions in order to monitor the effect(s) of a mud's 

environment on sterol d,iagenesis. Two of the incubations simulated the 

mud's natural environment, permitting examination of natural sterol 

diagenesis in Mono Lake's surface muds. The two diagenesis studies 

outlined in Chapter III were also designed to study the mud's natural 

sterol diagenesis, albeit more directly. The mud itself was incubated 
. 14 . . 

under the same conditions but C-cholesterol was added to the system 

as a specific diagenetic probe. 

Part III represents an investigation of Mono Lake's 

bacteriology. It deals only with the bacterial population of the lake's 

contemporary muds, however, in that the bacteriological studies were 
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carried·out largely in conjunction with the geochemical studies. It 

remains, nevertheless, a fairly comprehensive investigation. Chapter 

I represents an attempt to measure the microbial acti~ity of a contemporary 

mud via general metabolic and growth experiments. Chapter II deals with 

the time-consuming isolation and characterization of the mud•s diverse 

and unusual bacterial population. Chapter III constitutes an examination 

of the bacteria•s sterol content. As suggested previously, the purpose 

of this investigation is two-fold: 1) an assessment of the utility 

of the sterol molecule as a chemotaxonomic marker in procaryotic 

taxonomy; and 2) an assessment of the bacteria•s role as sterol contri

butors to Mono Lake•s sediment record. The fourth, and final, chapter 

represents an examination of the bacteria•s role as diagenetic agents 

in sterol diagenesis, again using 14c-cholesterol as .a specific diagenetic 

probe. 

Part IV represents an attempt to reconstruct the mechanism 

of non-dispersive_, or non-destructive, sterol diagenesis in Earth•s 

sedimentary record. It constitutes an appropriate conclusion to the 

thesis in that it correlates the findings of the geochemical and 

bacteriological investigations. The proposed mechanism, however, is 

based not only on the studies described in this thesis but also on 

the work of other investigators. What finally emerges is a complicated 

model composed of several pathways whose driving force consists of a 

complementary interaction of biological and geological forces. 

5 
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Even a casual perusal of the thesis title suggests that the 

logical place to begin discussion is with the sterol molecule i:tself. 

Though this treatise is nbt directly concerned with the nature of 

the molecule, i.e., its chemical structure, distribution among living 

organisms, or biosynthesis, a general discussion of these topics is 

necessary for a proper appreciation of its utility as a chemical and 

chemotaxonomic probe. 

Biological Occurrence and Distribution: 

Steroids comprise a large group of compounds of considerable 

biochemical importance. They are distributed throughout the spectrum 

of living organisms, from the simple, procaryotic bacteria to the 

highly complex eucaryote~ man. Among the important naturally occurring 

steroids are the bile acids, the adrenocortical hormones, the male 

and female sex hormones, and various other steroids that exhibit intense 

biological activity, such as cardiac and toad toxins. Exhaustive 

discussions of these molecules fill the~iterature. 1 - 7 The importance 

of the sexua 1 and ad rena 1 cortex hormones, and the interest in them, 

is so great, for example, that many investigators often forget the non

hormonal functions of such steroids as cholesterol, not to mention . 

other non-steroidal hormones. The catch-word 11 the pi 11 11 needs no 

further explanation. 

While most steroids, particularly those mentioned above, 

occur in only trace amounts in cells, one class of steroids, the 
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sterols~ is extremely abundant. Cholesterol, for example, is a 

main constituent of animal tissues. In a man weighing 180 lbs., 

for example, the amount of cholesterol is approximatel-y 240 grams. 8 

Sterols, like the steroids in general, are quite widely 

distributed, and may be cl.assified according to their origin as 

zoosterols, phytosterols, mycosterols. marine sterols, bacterial 

sterols, etc. A particular sterol may of course occur in more than 

one of these groups but characteristic distributions can be recognized. 

Such distributions can in turn serve as important diagnostic probes, 

as will be discussed later. Geochemists, for example, may use them to 

assess the relative contribution of plant or animal material to 

geolo~ical deposits, e.g., sediments. 

Of the zoosterols, cholesterol is by far the major 

constituent. It is abundant in the plasma, or cell, membranes of 

many animal cells and is present, albeit in much smaller amounts, in 

the membranes of the mitochondria and endoplasmic reticulum. 9 

Lanosterol, the characteristic component of the fatty coating of wool, 

is also.abundant and serves as an important intermediate in steroid 

biosynthesis as will be discussed subsequently. 

Quite a variety of phytosterols are found in the plant 

kingdom. 10 Historically, s-sitosterol is the characteristic phytosterol. 

Higher plants also contain a number of other species such as 

stigmasterol, brassicasterol, and campesterol. Cholesterol, long 

thought to be absent in plants, has also been found in a variety of 

plants, albeit in small quantities. 11 Eucaryotic algae also contain 

a variety of sterols. with fucosterol as a characteristic component. 12 

Fungi and yeasts contain still other types of sterols, the mycosterols. 
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Among these is ergosterol, which is converted to.vitamin Don irradiation 

by sunlight. 13 ' The functions of all these sterols are still being 

studied, but evidence indicates that their role in the cell is both 

hormonal and structura1. 14 

Recent studies indicate that the distribution of st.erols 

extends into the procaryotic realm. Blue-green algae and bacteria, 

long thoughtto lack sterols, appear to contain several types, but 

only :in trace amounts. Several species of blue-green algae, both 

unicellular and filamentous, contain cholesterol and certain analogues 

' of it. 15 •16 Quite a number of bacteria also contain cholesterol and 

other minor sterols. 17 • 18 ~ 19 The biochemical and functional details 

of their presence in procaryotes, however, sti 11 remains to be 

elucidated. 

All of the sterols mentioned above are unsaturated, 

containing one or more double bonds, and may therefore be termed stenols. 

Till recently only a few stanols, or saturated sterols, were known to 

occur naturally. Cholestanol was found in animal cells in very small 

amounts. 2° Coprostanol, another analogue of cholesterol, was found 

in human feces as a result of microbial reduction by E.coli. 21 

Stanols were generally encountered as synthetic reduction products of 

stenols. Recently, however, these saturated analogues have been 

d . 22 b . h . 23 d . . . reporte 1n Sphagnum moss, r1ne s r1mp, an certa1n mar1ne lnver-

tebrates.24 

Structure: 

Structut·ally, sterols are quite complex. They all contain 

a perhydrocyclopentanophenanthrene nucleus: 
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i.e. three six-membe~rings (A, Band C) and one five-memberd ring 

(D). The carbon atoms are numberd as shown. The characteristic 

hydroxyl group is located at c3 of the nucleus~ Methyl groups occur 

at c10 and c13 in all sterols. Additional methyl groups occur in 

certain species, e.g., lanosterol, which contains additional groups 

at c4 and c14 . 

The primary source of structural diversity among the various 

sterols is an isoprenoid-like carbon sidechain at c17" Although its 

presence is universal, its·size varies, permitting classification 

of the various sterols into three families: (1) the c27-family, with 

an eight-carbon chain, contains cholesterol and related stanols; 

(2) the c28-fami1y, with a nine-carbon chain, contains such species as 

campesterol, brassicasterol, and ergosterol, as well as their stanol 

analogues; and (3} the c29-family, with a ten-carbon chain, contains 

species such as stigmasterol, (3-sitosterol and a related stanol. The 

numbering of the entire sterol skeleton, including the side chain, may 

be illustrated using the c29-sterane stigmastane: 

26 
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A secondary source of diversity arises when unsaturation · 

is present in the fuied-ring nucleus and/or the side chain. The 

most frequent site of unsaturation in the nucleus is at CS-c6• 

Occasionally double bonds occur at other sites in the nucleus as well. 

Unsaturation in the isoprenoid side chain is also common, particularly 

in the phytosterols. One or more double bonds may be present. All of 

these structural features are illustrated in Figure 1, which contains a 

number of the sterols mentioned previously. 

Stereochemistry: 

As one might expect, •the stereochemistry of the sterols 

is also quite complex. Theoretically, every ring junction of the 

nucleus may be either cis or trans, resulting in six asymmetric centers 

(C5, c8, C9, c10, c13 , and c14 ), and therefore 64 possible 

stereoisomers. With the introduction of the side chain at c17 , 

a seventh asym~etric center is generated yielding 128 theoretical 

isomers. Introduction of the hydroxyl at c3 increases the possible 
\ 

number to 2S6 and so on. Because of steric limitations, however, 

most of these stereoisomers do not exist naturally. 

In all of the naturally occurring sterols, the junction 

between cyclohexyl rings B and C is trans and they are both locked in 

the chair conformation. 25 The junction between rings C and Dis also 

trans. Interestingly, the same applies to the bile acids and most 

other steroids except the cardiac glycosides and toad poisons, in 

which the junction is cis. The junction between rings A and B can 

be either trans, yielding the Sa- or 11 allo .. series of compounds, 

or cis, giving the Sa- or .. normal .. series of compounds. Most of the 
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biologically active steroids~ including the stanols, have a 

trans junction between rings A and B and belong to the more stable Sa

series. Notable exceptions are coprostanol and the bile acid family. 26 

As the following diagram illustrates, the Sa-configuration makes the 

four nuclear rings completely planer. 

Sa-configuration 
(trans decalin) 

56-configuration 
(cis decalin) 

The insertion of a double bond in one of the six-membered 

rings causes the ring to assume the slightly less stable half-chair 

conformation. This is the case for the stenols, which generally 

possess a double bond in ring B at c5-c6. 

Stenol Nucleus 

IS 



Once the configuration of the four rings is established, 

the orientation of the nuclear substituents may be assigned. Of the 

various substituents, the conformation of the hydroxyl group at c3 
is of paramount interest. In all of the naturally occurring sterols, 

and most steroids as well, it is s-oriented, placing it in the 

thermodynamically favorable equitorial position. 27 Only the bile acids 

possess a 3a-OH. Synthetic 3a-sterols, or epi-sterols, are available, 

however. 28 

Unless otherwise stated, the hydrogen atoms or substituents 

attached at the ring junctions are oriented 8S, 9a, lOB, l3s, and 14a. 29 

Thus the sterols• characteristic methyl groups at c10 and c13 are angular, 

projecting above the plane of the ring nucleus. The carbon sidechain 

attached to c17 is assumed to be s-oriented. 

Within the sidechain geometric isomerism may also occur. 

16 

All the sterols contain a c20-methyl group which is generally s-oriented. 30 

Stereoisomerism at c24 arises in the higher sterols because of the 

introduction of methyl or ethyl groups. Using the more modern 

notation, campesterol, stigmasterol, and s-sitosterol are 24R. 31 

Brassicasterol and ergosterol, on the other hand, are 24S. The 

associated stanols have the same configuration as the parent stenols, 

e.g., campestanol is 24R whereas ergostanol is 24S. Finally, the 

presence of unsaturation in the stenols• sidechains introduces 
22 further diversity. When double bonds are present, e.g.,~ , the 

orientation is trans. Brassicasterol, for example, may be drawn as: 



0 0 ' 0 4 6 0 J 0 I v ~~ ~ 

· HO 

Brassicasterol 

Nomenclature: 

Sterol nomenclature has received considerable attention. 

Historica1ly, the various sterols were given trivial names as they 

were isolated and characterized, usually based on their provenance. 

This resulted in a profusion of names and a rather unsystematic 

nomenclature, which, unfortunately, still persists to some extent 

in the current literature. As the chemical structures and configurations 

of the ~ompounds have become clarified, a more rational system of 

nomenclature, based on a limited number of parent or fundamental com

pounds, has been formulated in IUPAC rules. 33 

The parent compound used in naming the sterols is the 

related sterane cholestane. Regardless of their substitution, the 

various stenols and stanols all share the cholestane skeleton. For 

example, the c27-sterols illustrated in Figure 1 are all directly 

related to cholestane, the c28-family share a 24-methylcholestane 

nucleus, and the c29~family are all related to 24-ethylcholestane. 
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Cholestane 

Sites of unsaturation in the stenols are specified by the 

prefix "-en" and the number of the carbon atoms concerned. The 

positions of the various substituents attached to the cholestane 

nucleus are specified by the number of the carbon atoms concerned, 

and their configurations by the symbols a or e. Bonds projecting above 

the general plane of the nucleus, on the same side as the angular 

methyl groups at c10 and c13 , are designated s, and those lying below 

the plane of the nucleus are designated a. 

Two conventions exist for specifying the orientation of the 

alkyl substituents on the sidechain. Both make use of Newman 

projections. In the older system of Fieser and Fieser, groups 

projecting to the right are designated a, whereas groups to the left are 

labelled e. 34 The sequence-rule procedure is now the preferred w~y of 
~ . ,,'' : 

describing these configurations: groups to the righi ~~e designated 

"R" (Lat., rectus, right) while those to the left are 11 S" (Lat., 

sinister, left). 35 Campestanol, for example, becomes 24R-methyl-5cx

cholestan-3s-ol. The systematic names for the various sterols of 

Figure 1 are as follows: 
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l. cholesterol cholest-5-en-38-ol 

2. cholestanol 5a-cholestan-3s-ol 

3. coprostanol 5s-cholestan-3s-ol 

4. campesterol 24R-methyl-cholest-5-en-38-ol 

5. brass i cas tero 1 245-methyl-cholest-5,22-dien-38-ol 
' 6. ergosterol 24S-methyl-cholest-5,7,22-trien-3s-ol 

7. campestanol 24R-methyl-5a-cholestan-38-ol 

8. ergostanol 24S-methyl-5a-cho1estan-38-ol 

9. f)-sitosterol 24R-ethyl-cholest-5~en-3s-ol 

10. stigmasterol 24R-ethyl-cholest-5,22-dien-3s-ol 

11. stigmastanol 24R-ethyl-5a-cholestan-3s-ol 

Biosynthesis: 

Like their structure and stereochemistry, the biosynthesis of 

sterols is an extremely complex process. A detailed survey of the 

scheme as it currently exists is certainly beyond the scope of this 

discussion. Many texts and a number of comp1·ehensive reviews already 

exist. 36-40 The principal aim, rathet·, will be to point out a few 

of the highlights, as well as the nature of the research conducted. 

In the process an appreciation for the close biosynthetic relatedness 

of the various structurally distinct sterols should ensue. 

Historically, most of the studies have dealt with the biosynthesis 

of cholesterol in rat liver cells, particularly in the microsomal 

fraction. 41 More t·ecently studies have been carried out using brain 

cells of rats. 42 In a number of classic radio-labelling studies, 

Bloch first demonstrated that 14c-acetate, actually acetyl-CoA, is 
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incorporated into cholestero1. 43 In fact, all of the carbon atoms of 

cholesterol were found to derive from acetate. 

The next major breakthrough c~me with the demonstration that 

the open-chain, isoprenoid hydrocarbon squalene, a dihydrotriterpene, i~ 

a key 'intermediate in the pathway. 14c-acetate was heavily incorporated 

into squalene, whereas 14c-squalene was incorporated into cholestero1. 44 

In light of subsequent studies,45 •46 ,47 the incorporation of acetate into 

squalene may be vi sua 1 i zed as follows: ( 1) conversion of acetate 

(acetyl CoA) into mevalonic acid (as mevalonate pyrophosphate); 

(2) conversion of mevalonate into isopentenyl pyrophosphate, which 

is probab1y the immediate.precursor of the isoprene unit in all living 

systems; (3) the head-to-tail condensation of three isopentenyl 

pyrophosphate molecules yielding farnesyl pyrophosphate; and (4) 

the tail-to-tail union of two of these farnesyl residues to give the 

symmetrical structure of squalene. The preliminary steps in sterol 
'-

biosynthesis may thus be visualized as a series of isoprene conden

sations. 

The next major step involves the oxidative cyclization of 

squalene, which actually exists as squalene epoxide. 48a,b,c Based on an 

early postulation by Woodward and Block, the process may be visualized as 

a stereochemically-controlled, concerted sequence of electron shifts 

· 1 · b · · · t d · t 49a ,b 1nvo v1ng car on1um 1on 1n erme 1a es. In animals the product is 

the c30-sterol lanosterol. In plants the product is generally 

cycloartenol , 50 a cyclopropyl analogue of lanosterol, although 

B-amyrin, 51 a related triterpane, is sometimes formed. 

Subsequent degradation of these triperenes yields the various 

sterols, as well as the other steroids. For example, several 

d~~~Vlylati~r.s, a double bond shift and hydrogenation yield chole~tero1. 52 
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Alkylation at c24 (either methyl or ethyl ~roups) and subsequent 

dehydrogenation yields the c28- and c 29~ sterols. 53 A number of 

.studies have elucidated the mechanistic details of these processes. 54 

A Chemotaxonomic Tool: 

Before assessing the utility of sterols as chemotaxonomic probes, 

it might be useful to trace the development of chemotaxonomy. 

Historically, attempts at biological classifcation, or taxonomy, have 

been based almost exclusively on morphological, rather than chemical, 

ch~racteristics. Even a casual examination of the biological lite

rature reveals that this approach has been remarkably successful, 

particularly in eucaryotic taxonomy. It has even been useful in the 

classification of procat·yotes, but only up to a point. Among related 

classes of procaryotes, both blue-green and bacteria, morphological 

differences, if they exist, may be too subtle to detect. 55 

Comparative biochemistry has been quite useful in resolving the 

subtle differences. 56 Similarities and disparities in metabolism, for 

example, have greatly aided the taxonomist. Even the use of biochemical 

markers, however, has not completely resolved the problems of procaryotic 

taxonomy. Often thousands of morphological and biochemical properties 

must be amassed before clear-cut distinctions appear. Even the use of 

computers to systematize the data, i.e., numerical taxonomy. does not 

always help. Taxonomical designations become statistical and, 

therefore, sometimes arbitrary. 

In an effort to resolve the ambiguities, taxonomists have turned 

to chemotaxonomy. It represents an extremely useful tool for the 

further characterization of organisms previously identified on 
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morphological and biochemical grounds. It entails the use of molecules 

as chemical probes. Not every biochemical compound, however, may be 

utilized as a taxonomical marker. Many, e.g., carbohydrates and amino 

acids, are too evenly distributed among organisms to be of any par

ticular taxonomic value individually. Others, e.g., hydrocarbons and 

fatty acids, though common, exhibit fine structural variation and may 

be used. Carbon number distributions of n-alkanes, branched alkanes, 

and ~~fatty acids, which differ with respect to unsaturation, have 

been· used with some success in classifying higher plants and microor

ganis~s.57 C.N. Kenyon, for example, observed differences in the 
. ' 58 fatty acid composition of a number of related blue-green algae. 

Secondary metabolites can be extremely valuable in taxonomic 

studies, and might be used to distinguish organisms at the family, 

genus, or species level. Isoprenoids, porphyrins, tetracyclines, 

steroids and flavonoids are generally considered as particularly useful 

tool.s for chemical phylogeny. 59 Of these the steroids, particularly the 

sterols, are excellent candidates. As shown previously, they exhibit 

considerable structural variation. Most importantly they appear 

throughout the spectrum of living organisms, and their distribution 

shows a phylogenetic pattern. 

A Fine, Chemical Probe into Earth's Past: 

Before discussing the sterol molecule's utility as a chemical 

marker of past biological activity, it might be useful to trace the 

evolution of the term "biological marker." The term owes its existence 

to the organic geochemist's and paleobiologist's inquiries into the 

origin of life on earth, as well as their search for extraterrestrial 
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life. ' Two general approaches have been taken in these studies. The 

first, looking from the past to the present, has involved primitive

earth simulation experiments, and is exemplified by Stanley Miller•s 

classic demonstration of prebiotic synthesis. 60 The second, looking 

from the present to the past, has entailed geochemical and paleo

biological examination of earth•s fossil record in an effort to 

elucidate the origin and development of biological activity. It is 

thi~ latter approach which bears directly on this discussion. 

Both the paleobiological and geochemical inquiries into earth•s 
•''' 

past have utilized 11 fossils 11 as markers of biological activity. Using 

electron microscopy, the paleobiologist examines the fossil record 

for morphological fossils of previously extant organisms such as 

bacteria and blue-green algae. 61 The geochemist, on the other hand, 

examines the record for 11 chemical fossils, .. i.e., molecules which 

indicate the presence of previous biological activity. 62 

Though their methodologies are dissimilar, the paleobiological and 

·geochemical· approaches should be viewed as complementary. The former is 

i.deally suited for· the examination of the earth•s ancient past, or 

Precambrian Era, in that morphological fossils are frozen in the 

fossil record, whereas molecules may diffuse through the 

sediments comprising the record, thereby invalidating age correlations. 

Moreover, molecules are subject to diagenesis, i.e., geological and/or 

biological processing, on incorporation into sediments. After billions 

of years a molecule of interest may be completely absent or too degraded 

to be of diagnostic use. Nevertheless, chemical fossils can be quite 

useful in filling in gaps where morphological fossils are missing. When 

one leaves the Precambrian Era, however, and proceeds through the 
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Cambrian Era to the Recent Period of geological history, where 

morphological fossils disappear, the story changes. The use of chemical 

fos'sils becomes necessary. Moreover, in Recent sediments, where 

molecules are only partially altered or degraded, detailed, mechanistic 

studi~s of their diagenesis become possible. 

Quite a number of organic molecules found in geological 

samples have been utilized as chemical fossils, or geochemical probes: 

n-alkanes,63 2- and 3-methyl alkanes,64 isoprenoid alkanes such as 

pristane, 65 steroids,66 triterpenoids, 67 carotenoids, 68 fatty acids, 69 

amino acids/0 porphyrins, 71 carbohydrates, 72 etc. It is now widely 

accepted that most of these geologically isolated compounds are 

biological in origin. Th~se remnants are fossils of natural products 

in the sense that the original compounds were synthesized by living 

systems and subsequently incorporated into sediments by the nonnal 

sedimentary processes. The term "biological marker" was coined to 

indicate that the structure of a compound isolated from a geological 

sourc.e is identical, or at least closely related, to a compound of 

known biochemical origin. 73 To be of value, such markers should possess 

a number of features: (1) they should exhibit reasonable stability to 

degradation over long periods of geological time; (2) they should 

possess a high degree of ~tructural specificity in their skeletons 

which can be understood in terms of known biosynthetic sequences; 

and, (3) their synthesis bynon-biological, or abiogenic, means should 

be of' negligible probability. 

Many of the biological markers mentioned previously, 

notably the alkanes and fatty acids, have been used primarily 

because of their chemical stability. They all share a major weakness, 
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however, in that they have all been synthesized abiotically, e.g.,. 

primordial abiogenesis or the Fischer-Tropsch process. 74 ,75 Notable 

exceptions are the steroids, particularly the sterols. Like other 

markers, they possess a highly stable carbon skeleton, as indicated by 

the presence of sterane/6 in Eocene and Precambrian shales and stanols 77 

in an Eocene sha 1 e ( 60 mi 11 ion yrs. ) . Un 1 ike the other rna rkers, 

however, the sterols possess a tremendously complex skeleton, making 

abiosynthesis extremely unlikely. An examination of Woodward's total 

synthesis of cholesterol, for example, readily substantiates this point. 78 

Aside from the possibility of abiogenic origin, another 

weakness of most geochemical markers is their even distribution 

throughout the spectrum of living organisms, making them only crude 

indicators of life. For a marker to be completely effective, it should 

possess chemotaxonomic capabilities. As discussed previously, the 

sterols exhibit a phylogenetic distribution, making them potentially 

useful as fine chemical probes into earth•s past. For example, the 

relative contributions of plant or animal material to a sediment may be 

easily assessed. Even finer distinctions, e.g., between various 

species of algae, are also possible. 79 
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INTRODUCTION 

This chapter deals with the analytical techniques used in 

the sterol analyses for the sedimentary and bacteriological studies. The 

topics discussed include: chromatography, gas-liquid chromatography 

(GLC), mass spectrometry (MS), the role of derivatization in ,GLC and MS, 

and gas chr·omatography-mass spectrometry (C-GC-~15), as well as a brief 

discussion of computerized GC-MS, or C-GC-MS. The discussions provide 

not only practical information about the various techniques but also de

lineate the principles involved. Learning these principles constituted 

an integral part of the literature reserach of this thesis project. Too 

often so-called experts in these areas possess only a working knowledge 

of the techniques involved, lacking even a basic theoretical understanding 

of their principles. Strictly speaking, however, this. chapter could have 

been deleted from the thesis without greatly impairing it. It is in

cluded basically to aid the reader in two ways: 1) to facilitate hiS 

understanding of the analytical schema used in the sterol analyses of 

the geochemical and bacteriological studies; and 2) to acquaint him 

with analytical techniques which are applicable not only to the 

analysis of sterols but also to virtually every known bio-organic 

molecule, particularly complex mixtures of biological' origin. 
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CHROMATOGRAPHY 

Introduction: 

The word "chromatography" permeates the chemical and bio

chemic~l literature. It appears in many contexts, leading to confusion 

and generally obscuring the basic meaning of the word. Although 

historical or etymological definitions are sometimes offered, an 

operational definition is probably best. Basically, chromatography is 

a method of analysis in which the flow of a solvent or gas promotes the 

separation of substances by differential migration from a narrow initial 

zone in a porous sorptive medium. It contains two major subdivisions: 

gas chromatography and solution chromatography. Gas chromatography, in 

turn, includes several subdivisions such as gas-liquid chromatography. 

Column chromatography, paper chromatography, and thin-layer chromato

graphy are subdivisions of solution chromatography. These subdivisions 

may be further divided with respect to the sorption phenomena upon which 

the separations are based. Examples are solution-solid adsorption, so

lution-liquid adsorption, solution-ion exchange sorption, and solution

solution distribution or partition. When these techniques are incorpo

rated in thin layers or fibrous media such as paper, even more diversity 

arises, in that these variations may be employed with linear, radial, 

segmental, and two-way flow of the eluting medium. Given this 

incredible array of methods, there is little wonder that confusion 

arises. Still, all of these modifications fall within the limits of the 

definition given above. 
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For all of this diversity, chromatography stems from the 

early adsorption studies of plant pigments descri-bed by Tswett. 1 He 

developed a novel two-step adsorption and washing procedure, permitting 

not only resolution of a multicomponent mixture into its constituents 

but also resolution of the components, without chemical·change or 

alteration. In addition to implementing the novel washing procedure, 

Tswett also recognized its importance and developed the nomenclature 

that is generally used today. The tube filled with the adsorbent was 

termed the chromatographic column. The eluting liquid was the 

chromatographic solvent or developer. The series of zones or bands in 

the column was the·chromatogram~ and the elution of the.mixture to 

generate the chromatogram was termed the formation or development. of the 

chromatogram. The resolution of mixtures with such columns was 

chromatographic adsorption analysis, commonly .abbreviated to chromato

graphic analysis or chromatography. 2 

~1echani sm: Theoretical studies have provided much information about 

the mechanism of chromatographic separation. Basically it originates 

in the differential migration of components. A zone usually appears to 

travel smoothly at some fraction of the mobile phase velocity. At the 

molecular level, however, migration occurs in a confused way, each 

molecule progressing in a stop and go sequence independent of any other 

molecule. 3 Whenever a molecule attaches itself to the sorbent, its 

migration is temporarily halted while the band as a whole passes over. 

One molecule may pass another that is immobilized, only to be overtaken 

by the same molecule later. Thus, a molecule may· be envisioned as 

repeatedly going through a sorption~desorption cycle.· As a consequence, 

there is a statistical spreading of the molecules in the band, i.e., 
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the band broadens. This type of behavior accompanies migration in all 

norma 1 forms of chromatography. 

Adsorption: The process of adsorption occupies a central role in the 

separation process ~f chromatography, particularly in liquid column 

chromatography and thin-layer chromatography. Although adsorption 

chromatography is the oldest and one of the most popular of the various 

chromatographic techniques, it has remained one of the least understood. 

For all of this, adsorption is merely another example of the phenomenon 

of phase formation. Just as the intermolecular forces between two 

water molecules can lead to the formation of a liquid or solid phase, 

for example, the intermolecular forces between the surface atoms of a 

solid (the adsorbent) and an external molecule of the eluting sample 

can lead to adsorption. The intermolecular forces which are believed 

to be chiefly responsible for adsorption in chromatographic systems are: 

(1) electrostatic forces between polar surfaces and any adsorbed molecules 

or between nonpolar surfaces and polar adsorbed molecules: (2) Van der 

Waals forces oetween all surfaces and adsorbed molecules; {3) charge 

transfer forces between strong electron donors and acceptors; and (4) 

hydrogen bonds. 

These forces are for the most part much weaker than the 

forces existing between covalently or ionically bonded atoms. Ad

sorption may involve either the former weak physical forces or the 

latter strong chemical forces. This gives rise to two respective types 

of adsorption: physical adsorption and chemisorption. The most 

characteristic feature of physical adsorption is rapid reversability, 

which is in turn essential to good cnromatographic separation. 
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The adsorbent itself plays a crucial role in defining the 

adsorption properties of a column or thin layer. A number of factors 

are important, of which the more important are: the adsorbent surface 

area, the chemical composition of the surface (i.e., the types and 

concentrations of exposed atoms or groups}, and the geometric arrange

ment of surface atoms or functional groups. Consequently, different 

types of adsorbents exhibit significantly different selectivities for 

different $ample components, as noted by numerous workers. 4 Adsorbents 

may be classified according to (1) relative strength; (2) polarity; and 

(3) acidity. Polar adsorbents, e.g., metal oxides, exhibit preferential 

adsorption of polar compounds such as acids, whereas non polar adsorbents, 

e.g., charcoal, show no preference for the adsorption of polar species. 

Certain adsorbents are considered 11 acidic•i, e.g~, sfl ica and Florisil, 

while others are regarded as basic, e.g., alumina. 

Rather than discuss a number of these adsorbents, only 

silica, which appears in the analytical schemi of this treatise, will be 

considered in more detail. Even for general discussion purposes, it is 

an excellent candidate, in that it is probably the most widely used 

adsorbent in both column and thin-layer chromatography. It can be 

applied to the separation of nearly all classes of nonionic organic com

pounds. Its use in adsorption chromatography has been discussed in 

great detail. 5 In addition, much fundamental work has been reported 

on the detailed surface structures of different silicas and the 

mechanism of adsorption of simple molecules on the silica surface. 6 

The terms silica, silica gel, and silicic acid all refer to 

the same adsorbent, particulate silicon hydroxide. The adsorptive 

properties of these various solids depend almost exclusively on the 
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hydroxyl groups attached to surface silicon atoms. These hydroxyls 

interact with polar or unsaturated molecules by hyd,~ogen bonding. Three 

types of surface hydroxyl s can be defined: 11 bound II (I) , reactive (I I) and 

11 free 11 (III) . 

. /H', /H 
o' ',o/ 

I I 
Si Si 

I II III IV 

The relative strength of these groups as adsorption sites is in the 

order I < III < II. The relative surface area and concentrations of the 

different surface hydroxyl types can vary substantially between silicas, 

leading to corresponding variations in the chromatographic properties 

of activated and deactivated silica samples. 7 Surface siloxane groups 

(IV) are formed from surface hydroxyls on heating silicas above 200°C. 

Siloxane groups, being nonspecific in their adsorptive properties, 

adsorb polar, nonpolar, saturated, and unsaturated molecules to the 

same extent. 8 Consequently, silicas heated above 200°C become progres

sively less active. 

Silicas that have not been heated above 150°C, or which 

have been exposed to water vapor after activation, have varying amounts 

of physically adsorbed water. This water, which effectively blocks 

the underlying surface, renders the adsorbent less active. Heating 
I 

silicas to l50°C removes this water, without loss of surface hydroxyls, 

and yields an adsorbent of maximum activity. 9 The optimal surface 
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hydration of silica has been discussed by several workers, with con

tradictory recommendations being offered.lOa,b. 

Silica is commonly regarded as an acidic adsorbent, and 

its surface hydroxyls do indeed exhibit weak acidity. However, the 

apparent consequence of this acidity, e.g., chemisorption of base and 

acid-catalyzed reaction with the sample, which have been previously 

reported are exaggerated, and probably stem from the presence of 

acidic ·impurities. Carefully purified silicas show 1 ittle tendency 

toward acid-catalyzed sample reactions, and would not be expected 

to chemisorb most bases. This is an important consideration when 

reactive species such as trimethylsilyl ethers, which are quite 

susceptible to acidic cleavage, are being eluted. 

Developments: As suggested previously, since Tswett•s work chroma

tography has developed in many different ways. It has been carried out 

on samples ranging from microscale amounts to large industrial 

quantities.lla,b It has been utilized in various geometries; with one-

way or linear flow of solvents in columns, strips, sheets, or thin 

layers of the sorbent; with two-way or transverse flow using two 

different solvents successively on sheets or thin layers of the sorbent; 

and with radial flow from a central zone or point in a sheet or layer of 

the sorbent. 12 It has been utilized with many kinds of liquids as the 

eluting medium (solution chromatography). 13 It has been modified 

through the use of many different sorptive materials such as surface

active 1 i qui ds 14 or so 1 ids (adsorption chromatography), 15 ion-exchange 

zeolites and cationic and anionic resins (ion-exchange chromatography) 16 , 

fixed polar liquids (liquid-liquid or partition chromatography), paper 

alone {paper adsorption chromatography), paper plus fixed liquids 

(paper partition chromatography) 17 , and polymeric gels (gel filtration 
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: 18 
and gel permeation chromatography). 

Variations of the sorptive phase have been accompanied by 

considerable variation of the solvents, which range from nonpolar 

hydrocarbons to polar acids, bases, and aqueous solutions. 19 With all 

of these modifications of sorbents and solvents, 'chromatography now 

encompasses the examination of nearly all soluble substances, ranging 

from the smallest molecules and ions to large colloids and biological 

.. 1 20 part1cu ates. 

Finally, chromatography has been substantially refined by 

the use of inert gases to carry mixtures of gases or vapors through 

sorption columns (gas chromatography). In these modifications, the 

sorbents are usually surface-active solids (gas-solid chromatography) 

or fixed, nonvolatile liquids (gas partition or gas-liquid chromatogra

phy). As will be discussed later, gas chromatography is extremely 

useful for the analysis of gaseous and volatile compounds. 21 

In summary, the importance of chromatography lies primarily 

in its use as an analytical tool. It serves as a means of resolving 

mixtures, as well as isolating and partially describing the separated 

components. It also permits the separation and partial characterization 

of unreported species whose presence is unknown or unsuspected. As an 

exploratory method, chromatography is indispensable in all sciences 

dealing with chemical substances and their reactions. It is among the 

most selective and widely applicable of the separation techniques yet 

devised. 

Given the tremendous diversity of chromatography, even a 

superficia1 treatment of the various chromatographic techniques is 

beyond the scope of this thesis. Instead, general discussions of 

38 



certain methods employed in this work, i.e., column chromatography, 

thin-layer chromatography, and gas-liquid chromatography, will be 

undertaken. As will be demonstrated, individually they constitute 

powet~ful analytical tools; in conjunction, however, their utility 

is tremendously enhanced, .offering the researcher almost limitless 

analytical capabilities. 

Column Chromatography: 

Column chromatography is ideally suited for the initial 

separation of mixtures, particularly mixtures of biological molecules 

such as steroids. The separation may assume an extensive variety of 

forms. However, a number of modifications, such as column development 

followed by extrusion of the sorbent, are antiquated. Instead, 

elution column chromatography is generally used. As a matter of fact, 

elution and liquid column chromatography are now essentially synonymous. 

The process itself is quite simple. After the samp1e has been 

introduced, or charged, into the column, a solvent that is less strongly 

adsorbed than the sample is passed through the column. The various 

sample components, which elute through the column at different rates, 

eventually emerge from the end of the column. 

Elution may, in turn, be carried out in two major ways: 

stepwise and gradient elution. Of the two, the former appears in the. 

analytical schema of this thesis. In step;.~ise elution, solvents of 

gradually increasing strength, e.g., polarity, are used for the succes

sive elution of the most weakly sorbed components, followed by more 

strongly held constituents, and culminating with the most strongly held 

species. This type of elution is generally useful for almost all 
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separations involving samples containing components with a wide range 

of migration rates. It is particularly well-suited for routine 

separations where the exact volumes of solvents required between eluant 

changes can be predicted in advance. The stepwise elution of unknown 

mixtures requires closer attention to the separation process, in order 

to determine when eluant changes are necessary. Controlled elution of 

a column with standard compounds can, however, eliminate this obstacle, 

making stepwise elution suitable for separation of unknown mixtures. 

The above limitation prompted the development of gradient 

elution. In addition, frequent changes in eluant can be tedious. In 

gradient elution, the elution strength of the solvent entering the 

column is increased continuously rather than stepwise. It is generally 

carried out with two solvents, a weak and strong eluant. These are 

mixed in a so-called gradient device in such a manner that the solvent 

initially leaving the device is almost pure weak eluant. During 

separation, the solvent becomes progressively richer in the stronger 

eluant, until at the end of the column elution the solvent is almost 

pure strong eluant. With the aid of modern gradient devices, 

separations become quite facile. Such devices can be quite expensive, 

however. Unless gradient elution is absolutely essential or a gradient 
I 

device is easily available, therefore, stepwise elution provides an 

excellent alternative. 

In column chromatography, a number of factors exist which 

affect column efficiency and, consequently, the efficiency of separa-

tion~ Column dimensions must be considered. The total volume of a 

column is dictated by the amount of sample to be separated, whether 

an analytical or preparative separation is desired, and the nature of 
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. 22 
the sample. For typical preparative separat·ions, sample/column 

packing ratios genet·ally range from l :20 to l :1000 in adsorption 

chromatography. For analytical separations, on the other hand, these 

ratios may have to be increased by a factor of 10 to 50. For a given 

volume of total column packing, the column efficiency continually 

improves as the length/width ratio of the column is increased. 

However, convenience must also be considered, since long columns are 

somewhat more difficult to fill and manipulate. 

The particle size of the sorbent is also important, in 

that a decrease in its size markedly improves separation in column 

chromatography. As particle size is decreased, however, flow rates 

also rapidly decrease and substantial pressures may be required to 

accomplish separation in a reasonable time. Typical particle sizes 

used for both adsorption and partition are in the 100- to 200-mesh 

range. 

Selection of the eluting solvents and the solvent flow 

rate is also crucial to proper separation. The relative elution 

strength of a solvent is the single most important criterion in 

selecting it. Solvents of low viscosity are useful in high-efficiency 

separations, i.e., with long columns and fine particles, in order to 

speed up separation, since flow rate is inversely proportional to 

viscosity. Solvents of low viscosity also give higher column 

efficiencies per se in most separations. On the other hand, 

preparative separation of less soluble samples may require a solvent 

of high solvency. Finally, solvents of low solubility are good 

solvents for nonpolar species, and vice versa. 23 
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The rate of solvent flow through a given column is generally 

determined by incidental factors, e.g., separation time available, 

maximum possible column pressure, etc., rather than by what is 

"optimum." As in the case of gas chromatographic separations, 

liquid column separations exhibit an optimum flow rate. 24 In liquid 

column chromatography, however, separations are generally carried out 

at flow rates that are higher than optimum, so that separations may 

generally be improved by decreasing the flow rate. 25 Limited data 

sugge·st that optimum flow rates lie in the range of 5 - 50 ml/min for 

a 100-cm column, for example. 26 

The detection of separated bands, either on the column 

packing or in the column eluant, has always been a major problem in 

liquid column chromatography. Unlike gas chromatography, detection 

devices which are sensitive, universally applicable, and simple have 

yet to be developed for use in liquid column chromatography. Sample 

detection may be divided into three categories: 1) detection of bands 

on the column by spectrophotomeric means (visible absorption, IR, or 

UV) or use of dye reagents such as Rhodamine 6G; 2) detection of the 

sample components in the eluant fractions with techniques such as 

analytical thin-layer, paper, or gas chromatography; 3) continuous 

detection of the·eluant by use of automatic detectors such as UV 

spectrophotometers. The latter detectors are currently of greatest 

interest. 

Historically, liquid' column chromatography has evolved 

mainly as a separation techni~ue, with little thought given to its 

analytical utility. Until quite recently, new developments have been 

only sporadic and largely overshadowed by the tremendous interest and 
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progress in gas chromatography. While gas chromatography is obviously 

quite simple and convenient, as will be discussed shortly, instrumental 

developments in liquid chromatography are rapidly catching up. There 

is still a substantial cost differential favoring gas chromatographic 

instrumentation, and no really satisfactory, general-purpose detector 

for liquid column chromatography has yet emerged. However even this 

gap i~ slowly beginning to disappear. Fast and efficient separations, 

long considered the sole property of gas chromatography, are rapidly 

becoming identifying features of liquid column chromatography, 

signalling its rebirth as an independent analytical technique. 

Thin-layer Chromatography: 

Thin-layer chromatography (TLC) is now considered an 

indispensable analytical tool by many researchers, especially those 

engaged in lipid research.- The technique is easy to learn and its 

application is relatively inexpensive. It is also fast, convenient, and 

versatile. Although TLC has been applied predominantly as an adsorption 

technique, it has also proven useful for separations based on ion 

exchange, partition, and other types of chromatography. In addition, TLC 

is applicable on an analytical scale and as a micro-preparative tool as 

well, especially when used as an adsorption method. As will be discussed 

later, both applications were used in the analytical schema of this 

thesis. 

As to the coating of the thin layer, all types of sorbents 

formerly used in chromatographic columns are applicable to the pre

paration of thin layers by simply coating them on sheets of glass, 

plastic, or stainless steel. However, they must be of much smaller 
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particle size; commercial preparations generally have a grain size of 

1-25~. Some of these materials are free of additives, others contain 

a binder, such as gypsum, or an indicator, such as flourescent mineral, 

or both. Of the many types used, silica gel is used more often than 

any other coati·ng material. 

One of the advantages of TLC is that the composition of the 

developing solvent and that of the stationary phase, i.e., the thin 

l~yer; can be adjusted to suit the needs of the desired separation. 

Thus, layers composed of mixtures of two sorbents and layers containing 

buffers, complexing agents, or other reagents, are being used with 

great success. Also, plates coated with adjacent layers of different 

composition and plates coated with gradient layers permit highly effi-

. t f t• t• 27 c1en rae 1ona 1ons. 

Adsorbents and other coating materials are usually applied 

to the plate as aqueous slurries by spreading, pouring, dipping, or 

spraying. The spreading procedure, which yields the most uniform 

and·best reproducible layers is generally carried out with a commercial 

applicator. Rectangular glass plates, measuring 5 x 20 em and 20 x 20 

em, are used most often; they can b~ obtained commercially. In many 

applications sheets of stainless steel or plastic are equally efficient. 

However, plastic sheets cannot be used with certain solvents, when 

visualization of bands by charring is-utilized, or when contamination 

by plasticizers is undesirable. Although some thin layers, e.g., 

dextran, are ready for use immediately after coating, most others, 

require removal of the water by air drying, use of a drying oven, or 

both. 

44 



Once the plate preparation is complete, the ·sample is ready 

for spotting. It is generally applied as a dilute solution by means 

of a micropipette or syring~. As many as twenty spots can be spotted 

along one edge of a 20 em plate. In adsorption TLC, the amount of 

sample per spot can be as high as 0.5 mg; whereas 0.05 mg is the 

upper limit in other types of TLC, e.g., partition TLC. 

The choice of the developing solvent is crucial to proper 

fractionation and is determined .by the principle of chromatography 

being utilized. In adsorption chromatography on silica gel or other 

activated layers, single solvents such as water, ethanol, phenol, 

benzene or petroleum ether may be used. Most ·frequently, however, 

solvent mixtures, rather than individual solvent~are applied. Use 

of simple mixtures generally resu'lts in better reproducibility. Solvent 

systems employed in paper chromatography can also be used in TLC on 

layers of cellulose. ~he separations achieved on cellulose layers are 

always better than those observed on paper. 28 

Although two-dimensional TLC is sometimes used, the spotted 

TLC plate is most often developed in one direction by the ascending 

technique to a height of 10 - 18 em and generally at room temperature. 

Sealed jars lined with filter paper are used as the developing tank to 

assure saturation of the a.tmosphere with solvent vapors. This affects 

faster ·separation, a straight solvent front and the formation of rounder 

spots. .Substances that are not resolved at ambient temperatures may be 

separated by development at higher or lower temperatures. Separations 

can a 1 so be improved by cant i nuous so 1 vent deve 1 opment. Repeated 

chromatography in the same direction, either with the same solvent 

(multiple development) 29 or two different solvents (stepwise 
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development) 30 , yields better separations than single-pass development. 

Interestingly, gradient elution may also be applied to TLc. 31 All of 

these variations involve one-dimensional development, and may be 

extended to preparative TLC separations. 

Development of the spotted plate yields the TLC chromatogram, 

which is then ready for visualization and documentation. Although many 

substances, e.g., pigments, appear as visible spots on the chromatogram, 

quite ·a number of compounds require special detection methods. Most of 

the indicators employed in paper chromatography, e.g., UV irradiation,. 

dyes, etc., are also applicable to TLC. In addition, corrosive spray 

reagents such as cupric sulfate-sulfuric acid can be used to char most 

nonvolatile organic species on organic layers, with the aid of an oven. 

Use of two or more visualization methods on one chromatogram virtually 
\ 

assures detection of all the components. Use of nondestructive 

indicators such as Rhodamine 6G or limited UV irradiation are generally 

advantageous in that they permit recovery of fractions. This is 

indispensable in preparative TLC, where bands, rather than spots, must 

be scraped from the plate and the sample recovered for subsequent 

analysis. Finally, autoradiography offers a novel means of detection 

of radioactively labelled compounds. 32 

In the past, some workers utilized analytical TLC as a 

final means of identification, often with disastrous results. Erroneous 

conclusions sometimes had to be retracted. Consequently, it must be 

emphasized that thin-layer chromatography, as any other separation 

method, is fully exploited only when it is employed in combination with 

other analytical techniques utilizing complementary principles of 
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separation. Adsorption TLC, for example, is ideally suited, in 

conjunction with gas-liquid chromatography, for the analysis of 

steroids and other lipids. 
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GAS .. LIQUID CHROMATOGRAPHY 

Many of the most powerful analytical tools presently 

available to biochemists and chemists have been born out of need and 

frustration. Stated in other terms, the elegance of newly developed 

analytical methods appears to be proportional to the needs of the 

field. Investigations of complex biochemical mixtures, e.g. sterols, 

inched along until techniques such as liquid-liquid partition chroma

tography and paper chromatography were developed and app1ied to them. 

Not the least of these tools is gas~liquid chromatography, which 

nearly realizes the chemist•s dream of a magic tube into which a complex 

sample is introduced and from which emerges a completed analysis. 

It is estimated that over 19,000 references on gas 

chromatography (GC) currently fill the literature. 1 Given the 

proliferation of GC studies, an exhaustive discussion is far beyond the 

scope of this treatise. Instead, a discussion of basic gas-liquid 

chromatography (GLC) will be attempted. 11 Basic, 11 in this context, 

means suitable for a wide range of separations and analyses where GLC 

is applicable. It will entail a brief review of its historical 

development, the principles involved, and the basic apparatus re

quirements as well as a discussion of the interpretation of GLC data. 

History: 

A number of reports of techniques similar to GC appeared 

in the 1930 1s, but ~he first publications recognizing it as a 

separate technique were those of Claesson et ~.,who used insensitive 
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thermal conductivity detectors and columns of chemical adsor-bents.
2 

Its development was greatly accelerated by the introduction of gas

liquia chromatography (GLC) by James and Martin in 1952, following 

a suggestion of Martin and Synge3 in a study for which they· later 

received the Nobel Prize. 4•5 Since then, the subject has grown at an 

almost exponential rate. After James and Martin's work, a few workers 

expanded the subject, until a few years later there were several dozen 

publications on GLC, which contained most of the basic principles. 

Subsequently, most of the present-day instrumentation was developed. 

In the last decade most of the attention has been devoted to instrumental 

refinements and application of the technique to a rapidly increasing 

range of analytical problems. 

principles of GLC: 

Gas chromatography, another type of partition chromatography, 

may be defined as a process by which a mixture is separated into its 

constituents by a moving gas phase over an adsorbent. It is similar to 

liquid-liquid partition column chromatography except that the mobile 

liquid phase is replaced by a moving gas phase. GC is divided into two 

major classes: gas-solid chromatography (GSC) where the adsorbent 

is a solid, and gas-liquid chromatography (GLC) where the adsorbent 

is a nonvolatile liquid coated on an inert solid support. The mobile 

phase or carrier gas is an inert gas which is made to flow at a 

constant rate through a packed column, a smal~ diameter tube containing 

the adsorbent. What is said for GLC with respect to detectors, apparatus, 

gas sampling, etc., is generally applicable to GSC, which is historically 

older. GSC is employed primarily for gas or relatively non-polar 
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solutes of high volatility, whereas GLC is more.broadly applicable, 

not only to a wider range of solutes but also to both packed and 

capillary columns. Only GLC will be considered in this discussion. 

Quantitatively speaking, the behavior of'the sample as 

it passes through the GLC column is quite complex. Qualitatively, 

however, the process is simple, as is the basic GLC apparatus. When 

a sample containing a mixture of components is injected into the moving 

gas stream, e.g., helium, the vaporized components move through the 

column at rates dependent on their respective volatilities and 

interaction with the nonvolatile liquid phase. The various molecules 

tend to dissolve and revaporize as they pass down the column, and the 

molecules of the sample having greater solubility on the liquid phase 

are retarded. With a liquid phase of suitable properties and a column 

of sufficie~t length, the partition process between the gas and 

liquid phase results in a situation in which each component of the 

sample emerges in time from the end of the column as a binary mixture 

with the carrier gas. 

A detector signals the emergence of the component from the 

column. With a suitable differential detector at the exit of the 

column, the signal obtained is proportional to the instantaneous 

concentration of the dilute component, or solute, in the binary gas 

mixture. The result on the chart of an electronic recorder is a 

typical chromatogram with a series of peaks for the various components. 

Such a chromatogram is the source of both qualitative and quantitative 

information about a sample mixture. The number of peaks in the recorder 

tracing indicates the minimum number of species, since co-elution of 

components is possible. Retention values offer a means of qualitative 
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identification of the unknown components, either by calibration with 

standard compounds or comparison with relative values from the literature. 

Finally, quantitative data giving the amount or proportion of each 

component are possible through peak area measurements and calibration 

of the detector. 

GLC Apparatus: 

Simplified apparatus requirements coupled with analytical 

versatility is a major characteristic of GLC. Eventhe most refined 

instrument, or gas chromatograph, contains the basic components 

optimized in design to realize greater efficiency, sensitivity, 

and convenience. The hardware for any GLC separation consists of four 

basic components: (a) a carrier gas supply and flow control, (b) a sample 

port and a means of introducing the sample, (c) the column, and (d) 

the detector. An electronic recorder moniters the detector's response 

to various sample components. These components are integrated as 

shown in Figure 2. 

The heart of the gas chromatograph, and GLC separations as well, 

is the column. The actual separation of sample components is effected 

here. Analytical columns, for example, are ordinarily prepared with 

2 to 6 mm I.D. glass tubing or l/8 to 3/8 inch O.D. metal tubing (e.g., 

stainless steel) of varying length. This small tube is packed with an 

inert support, such as firebrick or Celite (diatomaceous earth) 

coated with up to 40% by weight of a nonvolatile liquid. The· 

support for the liquid phase may also be the wall of the tube, in 

which case tubes of very small diameter, 0.01 to 0.03 inches, are 

used. 

J 
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F I G U R E 2 

Schematic Diagram of a Gas Chromatographic System 
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T A B L E 1 

GLC Ligui d Phases 

Liquid Phase 
Recommende8 
Max. Tern~. C Pol arit~ 

Squalane 100 N 

Apiezon H 275 N 

OV-1 (methyl silicone) 350 N 
(like J X R) 

OV-17 (methyl phenyl 300 I 
s i1 i cone) 

OV-210 (trifluoropropyl 275 I 
methyl silicone) 
( 1 ike QF-1) 

Carbowax 20M 250 p 

FFAP 275 S,P 

N: non-polar; I: intermediate; P: polar; 

S: specific. 
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Celite and firebrick, as small particles of uniform s.ize 

called Gas-Chromosorb, are the preferred solid supports for packed 

columns. These diatomaceous materials absorb a large proportion of 

liquid without appearing wet and are relatively inert to most solutes. 

Commercial preparations of these porous supports in narrow mesh-

range fractions are available. 

In GLC, selection of the best liquid phase for a particular 

separation problem is fundamental. Normally, the liquid phase should be 

a good solvent that is nonvolatiile, thermally stable and chemically 

inert toward the solutes of interest at the column temperature. Most 

common liquid phases have adequate thermal stability, although polymeric 

liquids, such as silicones, often consist of a range of isomers 

differing in their volatility and stability. It is common practice to 

condition columns prepared with such materials until a stable base 

line on the chromatogram is obtained. Several representative liquid 

phases, along with some of their properties, are listed in Table 1. Like 

other distribution pr6cesses, the efficiency of the column is 

measured in terms of the height equivalent, HETP, or the total number, 

N, of theoretical equilibrium plates, where N = L/HETP. 6 By adjusting 

column parameters to maximize GLC efficiency, HETP can be made quite 

small, 0.05 to 0.1 em, and N can be increased by increasing column 

length, L. The number of theoretical plates exhibited by a column for 

a specific liquid phase, temperature and solute can be calculated in 

several ways, all of which arc a measure of the degree the peak spreads 

relative to its residence time in the column. A convenient method for 

determining N makes use of the following equation: 
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N = 16 (~) 2 
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where rd = the retention distance, i.e., the distance from the beginning 

of the solvent peak on the chromatogram to the peak maximum; and w = the 

width of the base of the peak in the same units as rd. N calculated in 

this fashion is significant only for highly symmetrical peaks, since 

this definition is derived from probability theory. Generally, however, 

.column efficiency varies with different solutes on the same column. 

Cortsequently, the solute as well as the column conditions should be 

specified in stating efficiency. 

The amount of sample injected into a gas chromatograph is not 

arbitrary. Typical sample sizes for 5mm I.D. packed columns are l to 10 

~l of liquid or larger for solids introduced as dilute solutions, and 1 

to 10 ml of gas. The amount should be adjusted to the amount of liquid 

phase in the column. Where resolution is not a problem, much larger 

samples can be tolerated, while for difficult separations, very small 

samples result in improved peak symmetry and resolution. A finite maximum 

sample volume exists for which column efficiency is greatest and 
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which is proportional to retention time. Consequently, in a multicomponent 

mixture, the sample size will affect the separation of early components 

to a greater degree than late components. Practically, the smallest 

sample size will be deteYlnined by the method of injection, limit of 

detection imposed by the detector, and the proportions of constituents in 

the particular sample. This last consideration can be quite important 

when studying samples of biological or biochemical origin. 
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In GLC commonly used carrier gases are hydrogen, helium, and 

nitrogen. The carrier gas should possess the following characteristics: 

lack of interaction with the sample or solvent, ability to minimize 

gaseous diffusion, readily available in a pure state, inexpensive, and 

suitable for detector use. Helium is particularly useful for a 

wide range of GLC applications. Column efficiency is also closely 

dependent on the proper linear gas velocity or flow rate. A common 

value for 1/8 inch 0.0. columns is 20 ml/minute; for 1/4 inch 0.0. 

columns 75 ml/minute. The optimum flow rate can be easily determined 

experimentally by making a simple Van Oeemter plot of HETP ~ 1 inear 

gas velocity. The most efficient flow rate is at .the minimum HETP or 

maximum number of plates, N. 

The chromatographic detector may be defined as a device 

which indicates and measures the amount of separated components in the 

carrier gas. Although integrating detectors are available, differen-

tiating detectors are more commonly used because of their convenience and 

accuracy~ A differentiating detector gives a response proportional to the 

cpncentration of mass flow rate of the eluted component. Although 

several types are available, only the flame ionization detector will be 

discussed. It is generally used in the analysis of most compounds, 

particularly sterols. 

Ionization detectors in general operate on the principle that 

the electrical conductivity of a gas is directly proportional to the 

concentration of charged particles within the gas. Effluent gas from 

the column flows through the electrode gap past an ionizing source 

which ionizes some of the molecules in the gas stream. In the 

flame ionization detector (FIO), a hydrogen and air-, or oxygen, 

59 



flame is the ionizing source. The effluent gas from the column is 

mixed with the hydrogen and burned in air or oxygen, generating ions and 

electrons. The passage of these charged particles through the electrode 

gap causes an increase in.current which is registered as a peak on the 

recorder. Although the FID destroys the sample, its stability and 

sensitivity makes it extremely useful. It possesses a sensitivity of 

9 x lo-13 gm/sec for alkanes. 7 

Temperature control o.f the sample port, column, and detector 

is an important consideration in any GC instrument. The minimum 
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detector temperature should be that of the column to prevent inadvertent 

condensation of solute and the resulting change in concentration. Since 

retention is a function of temperature, the column temperature should be 

controlled to a degree proportional to the reproducibility desired in 

retention volume or time. Depending on the nature of the components being 

studied, the column temperature may be kept constant (isothermal) or slowly 

increased at a definite rate (temperature programming). Finally, the 

sample port temperature should be adjustable to permit rapid vaporization 
\ of solutes whose volatility is within the range of the chromatograph. 

Interpretation of GLC Data: 

GLC analysis does not end with the generation of a chromatogram. 

Some way of expressing the results must be devised, i.e., cataloging 

the peaks, both qualitatively and quantitatively. With regard to 

qualitative analysis, James and Martin noted this and mentioned that 

the retention time (or more correctly, the retention volume) of a pure 

species on a particular GLC column is a characteristic value which may 

be used for identification purposes. 8 They also described the basic 
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r~lationships between retention time and volume and the analytical 

conditions such as flow rate and temperature. 

Since then, numerous researchci'S and committees have 

pondered ways of expressing and collecting GLC retention data in prder 

to systematize published results. Although a multitude of approaches 

has been developed, the many suggestions can be divided into two basic 

groups: (1 )calculatipn of the specific retention volumes; (2) expression 

of the retention relative to some standards. 

Specific retention volume was introduced by Littlewood in 

order to make retention data independent of the operating temperature, 

the amount of liquid ~hase in the column, the carrier gas flow rate, and 

the pressure drop th.rough the column. 9 Use of this parameter is 

undoubtedly the most theoretically correct approach in that is is 

an exact value. However, in practice it is unwieldy and is not generally 

used, basically for three reasons: (1) its calculation requires knowledge 

of values such as the amount of liquid phase which are not generally 
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known precisely and which may even vary with us~; (2) it has no descriptive 

value; (3) because it is always extrapolated to 0°C, there is no 

way of describing the temperature dependency of the retention. 

Consequently, the methods most widely used utilize relative 

retention data, where the retention behavior of various substances 

is compared to that of a standard. In order to determine relative 

retentions, both the sample components and the reference compound must 

be analyzed under identical conditions -- in most cases, the reference 

is actually added to the sample via mixing or co-injection. Thus, the 

relative retention of the unknown component can be calculated directly 

from a single chromatogram. 



Although use of relative retention values is presently the 

most accepted method of expressing GLC data, it possesses a basic 

limitation. It is virtually impossible to utilize a single standard' 

universally. As a result, published data cannot always be used directly. 

In an effort to overcome t.hi s problem, Evans and Smith introduced 

theoretical nonane .values: the retention is first determined relative 

to the nearest n-hydrocarbon, before being consecutively transferred to 

a system in which n-nonane is the standard. 10 Although this system 

yields a single standard, the accuracy of the determination decreases 

with increasing chromatographic distance between the n-hydrocarbon 

standard and n-nonane. 

In order to overcome these difficulties, Kovats proposed the 

use of a retention index system. 11 Whereas the previous expression is 

either presented _a~ an absolute value or compared to one standard, the 

retention index relates the retention behavior of the unknown to a 

uniform scale determined by a series of closely related standards. In 

this respect, it is analogous to the centrigrade temperature scale, 

where arbitrary numbers are assigned to the temperatures of two specific 

phase transitions of water, and the intermediary temperatures are 

characterized by interpolation or extrapolation using an arbitrary 

scale, i.e., 100 equal divisions. 

Although only n-hydrocarbons of even carbon number were 

utilized initially, both even and odd n-hydrocarbons are currently used 

as the fixed standards. The Kovats retention index (I) may then be 

calculated as follows: 
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log VN(unknown) - log VN(n-Cz) 
I = 200 · + lOOZ 

log VN(n-Cz + 1) -log VN{n-C) 
z 

where VN = the net retention volume, n-Cz = n-hydrocarbon with Z 

carbon atoms, and n-Cz.+ 1 = n-hydrocarbon with Z + 1 carbon atoms. 

Also, by definition: 

VN(n-Cz) < VN(unknown) < VN(n-Cz + 1). 
. . 

Since the n-hydro~arbon mixture and the unknown sample are generally 

analyzed under identical conditions or even mixed prior to analysis, 

the unwieldy retention volumes in the equation may be substituted by 

the adjusted retention times or distances on the chromatogram. A 

logarithmic scale is utilized in the calculation of I in order to make 

use of the fact that the logarithms of the retention values (i.e., 

volume, distance or time) of n-hydrocarbons increase linearly with the 

chain length. This results in a linear scale, making use of the system 

much more convenient. 

Although Kovats retention indices are sometimes determined 

mathematically, certain empirical or graphical methods.are less tedious 

and are generally used. The retention distances of the various standards 

in the n-hydrocarbon mixture are first measured. Their logarithms 

(ordinate) are then plotted as a function of carbon number XlOO {abcissa), 

yielding a straight line. The logarithms of the retention distances 

measured from the chromatogram of an unknown mixture are then trans

ferred to this line and assigned retention indices from the abcissa. 
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Use of semil oga rithm graph paper makes the procedure even more 

straightforward, eliminating computation of logarithms. 

Considerable flexibility exists as to theJselection of the 

n-hydrocarbon mixture. The only real criterion is that the various 

components chromatograph i,n the same region, i.e., time or distance, 

as the unknown species. In this way, the values obtained for the 

indites are descriptive, a major advantage of the system. ·For example, 

the value of I = 3295 for an unknown peak reveals that it elutes after 

n.:.c32 but slightly before n-c33 . 

The indices are not absolute values, however. They will 

vary riot only with operating conditions, as mentioned previously, but 

also with different liquid phases and types of columns. However, 

within these restrictions the values are nearly constant. In practice, 

deviations of less than five units are encountered. Greater differences 

indicate the presence of another compound or fluctuations in the analytical 

conditions. Thus, use of Kovats retention indices not only offers an 

excellent means of presenting descriptive GLC data but also provides an 

index of instrument performance. 

Quantitative analysis is an application of major importance 

in GLC. Many papers have appeared dealing with quantitation, the 

factors which affect the accuracy and speed of a determination, and 
/ 

l . f h . t . . h d "l bl l 2 'l 3 '14 'l 5 eva uat1ons o t e var1ous quan 1tat1ve met o s ava1 a e. 

Quantitative measurements using differential-type detectors, e.g., FlO, 

depend upon the determination of the recorded peak area or peak 

height and the relationship of these quantities to the amount or 

concentration of solute in the sample. 

There are a number of ways of relating peak shape to sample 

concentration. Measurement of peak height, by far the easiest method, 
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is usually recommended when small peaks must be measured or when the 

band width is narrow, as is the case for early peaks. Generally, 

however, the method is less reliable in that the peak height is 

quit~ dependent on operating conditions. 

Measurement of peak areas is more rigorous in that they 

are less dependent on operating conditions. A number of techniques 

may be used for computing peak areas: planimetry, calculation of the 

peak height x peak width at half-height, triangulation, cutting and 

weighing of paper, use of a disc integrator, and use of an electronic 

digital integrator. 

According to a study by Varian Aerograph, the relative 

merits of the various peak-area techniques in increasing precision are 

planimetry, triangulation, height x width at half-height, cutting and 

weighing, disc integration, and electronic digital integration. 16 

Cutting and weighing is the slowest method, with planimetry, triangulation, 

and height x width at half-height also being time consuming. Disc 

integration is fast, whereas digital integration is very fast. In terms 

of precision, it appears that height x width (1/2 height) and cutting 

and weighing are better than planimetry or triangulation. Of the non

manual methods, disc integration is more precise than the manual methods, 

and digital integration is considerably more precise than any other 
. ' 

method. The results of Varian's study may be summarized in the following 

table, where the time to work up a GLC trace and the precision 

(expressed as per cent relative standard deviation) were measured. 

6~ 
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Plani- Triangu- H x W Cut & 
meter 1 at ion (l/2 Hl Weigh Disc Digital 

Time/trace 
(minutes 45-60 45-60 50-60 100-200 15-30 5-10 

Precision 
(% o rel) 4.06 4..06 2.58 l. 74 1.29 0.44 
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MASS SPECTROMETRY (MS) 

Introduction: 

A combination of the analytical techniques already outlined 

not only afford an excellent means of separating complex mixtures but 

also enables preliminary identification of the various components. 

Complete identification of an unknown species on the basis of the 

physical properties elucidated in this way is, however, seldom feasible. 

Some non-chromatographic method, e.g., mass spectrometry, must generally 

be applied in conjunction to provide detailed structural information, 

thereby strengthening the certainty of each structural assignment. When 

quantity is not a problem, a number of analytical tools may be utilized. 

When the amount of available sample is limited, however, as is often 

the case, few techniques are as useful as mass spectrometry (MS). As the 

following table illustrates, MS applied in one of several forms, exceeds 

most other analytical methods in sensitivity. Quantities as small as a 

pi~ogram (lo-12 gms) can be detected. 

Method Oetection(gms) 

Infrared Spectroscopy {IR) 10-7 

Ultraviolet Spectroscopy {UV) 10-7 

NMR (time-averaged) 10-7 

Gas Chromatography (GC) 

MS (batch inlet) 

MS (direct probe) 

GC-MS 

10-6-10 .. 2 

10-6 

1 o-12 

10-ll 

Identification(gms) 
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Despite its tremendou,s sensitivity, the prospect of 

incorporating MS as a routine analytical step in structure detern1inations 

probably still intimidates many researchers. The instrument used in 

the analysis, or mass spectrometer, is not only quite expensive but 

also extremely sophisticated, generally requiring the undivided 

attention of a highly-trained technician. For a.ll of its complexity, 

howev~r, a mas$ spectrometer is ~asically an instrument which generates 

a beam of ions from a substance being analyzed, distributes these ions 

into a spectrum according to their mass-to-charge ratios, and records 
,._ ,· . - ,. 

the relative abundance of each type of ion present. Almost all mass 

spectrometers measure only positive ions, but studies of anions can 

also be carried out by a mass spectrometer and are occasionally performed, 

particularly in recent years .1 Mass spectrometers can therefore be •Jsed 

for the measurement of ionic mass-to-charge ratio, for the determination 

of ionic abundance, and for the study of the. ioniza,tion process.. Over 

the past forty years, the su~ject of positive ion analysis and its 

applicati~ns have grown continuously~ new app]ications have precipitated 

new instrument designs, which in t!Jr.n have extended the range of 

applications. With the aid of modern electronics and computer tech

nology, this expansion of scope and instr!Jmentation is currently booming. 

Initially, mass spectroscopy. developed alan~ two main 

lines:, one was concerned primarily with the relat~v~ abundances of ion 

species, the other with their accurate mass determination. The in-. . ' . 

struments used for these techniques became known as mass spectrometers and 

spectrographs, respectively. In mass spectrometry (MS), the ion 

currents are detected electrically and the signal is generally 

amplified electronically before being recorded. In mass spectrographs, 
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on the other hand, the ion beam is generally detected and recorded 

photographically. Though the distinctions are real, both methods are 

often confused. Quite often the terminology is interchanged and 

otherwise misused. The general field, which includes both approaches, 

can be referred to as mass spectroscopy. 

Even a general discussion of mass spectroscopy is far 

beyond the scope of this treatise. Rather, a brief treatment of 

organic mass spectrometry i.e., MS as practiced by organic chemists and 

biochemists, will be attempted. Here the emphasis is on application of 

MS as a potent analytical tool for the study of organic compounds and 

complex mixtures of biological origin. Detailed considerations of 

mass spectroscopy and the physical principles of mass spectrometry can 

be obtained elsewhere. 2•3 

Although many approaches are available, a convenient way of 

framing a discussion of MS is to focus on the mass spectrometer. In 

the process of describing the instrument, the general principles of 

MS should also unfold. As suggested previously, the modern commercial 

mass spectrometer is designed to perform three basic functions: {1) 

vaporization of compounds of widely varying volatility; {2) production 

of ions from the neutral molecules in the vapor phase; and {3) 

separation and the recording of these ions, generally cations, according 

to their mass-to-charge ratios (m/e). Figure 3 contains an -illustration 

of the aalyzer assembly of a typical low resolution mass spectrometer, 

DuPont 21-4928. 
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F I G U R E 3 

Schematic Diagram of a Mass Spectrometer Analyzer 

Assembly: from a Dupont 21-4928 Double-focusing 

Low Resolution Mass Spectrometer. 

courtesy of E.I. DuPont 
De Nemours & Co. (Inc.) 
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The Ionization Process: 

The production of ions is a characteristic feature of MS, and 

is really where the process begins. As a result of instrumentation 

advances, a number of different modes of ion generation are currently . 
used: electron impact or bombardment, chemical ionization, and field 

ioniiation, to name a few. Each of these techniques differs with 

respect to the source of ionization in the instrument and possesses 

certain advantages and disadvantages. Their use is generall~ dictated 

by the types of molecules being studied and the sort of information 

desired. For the purposes of this thesis, attention will be focused on 

electron bombardment, though the other techniques are important and are 

rapidly gaining widespread popularity. 

By far the most common technique currently used for gene

rating ions in the mass spectrometer is electron bombardment. The 

( Of 10-4 - 10~6 vaporized sample of neutral molecules at a pressure 

torr) is allowed to enter the ion source, where it is bombarded with a 

beam of electrons accelerated from a hot filament. The energy of the 

electron beam can be varied from 0 - lOOeV. Since the ionization 

potentials of most organic molecules fall in the range 7 - 13eV, 

one can supply energy in excess of the ionization potential. The 

ionization potential corresponds to the energy required to remove an 

electron from the highest molecular orbital, and the reaction may be 

represented as follows: 

- + -M + e ~ M" + 2e 

+ 
The M" symbol indicates that the molecular ion is both a cation and a 

radical (since organic molecules are almost'always even-electron 
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species). The alternative process of electron ca:pture to give an anion 
; ' 

radical is less probable by a factor of approximately 10-2. 

Negative~ion MS has not been extensively developed as a method of 

structure elucidation of organic compounds, nor are energetic and 

kinetic studies of anions as ~ell developed. 

Since the energy transmitted by the electron beam usually 

exceeds the ionization potential of the neutral species, excess energy 
+ 

remains in the molecular ion (M') which may be utilized to break one or 

more chemical bonds. Depending on their energy content, molecular 

ions may persist or dissociate into fragment ions. In general, a 

molecular ion may dissociate in two ways: l)by elimination of a radical: 

or 2) by loss of a molecule: 

+ + 
M' + c· + D 

In either case, the particles B' and D are thereafter ignored by the 

mass spectrometer since they do not possess a positive charge. They 

are not repelled by the positively charged repeller plates, and thus do 

not enter the ion beam (see Figure 3). In the former case the fragment 

ion is an even-electron species, while in the latter the fragment is an 

odd-electron ion radical. Depending on their internal energies, the 
+ + fragment ions A and c· may of course undergo further fragmentation. 
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be di~placed from the center line as they leave the electric field. At 
-

this point they can either. be eliminated with a slit or brought into focus 

with a properly shaped magnetic field. In addit1on to the separation 

effect, a focusing effect also exists for ions having a given energy but 

leaving the ion source with a small angular divergence. 

The geometry of the electric sector-magnetic sector 

combination in commericial double-focusing analyzers is generally chosen 

to correct as many focusing defects as are practical in simple analyzers. 

Correction of second order effects of the angle of divergence and 

velocity deviation are also considered, resulting in analyzers with 

excellent resolution for their physical size. 

On ent~ring the magnetic field of the magnetic sector, an 

ion is moved in a circular path whose radius is given by: . 
2 h r = (2mE/eB ) 2 

where r = path radius in em 

m = ion mass in grams 

E = accelerating potential in abvolts 

e = ion charge in abcoulombs 

B = magnetic field flux density in gauss. 

The entrance and exit angles of the magnetic field generally have a se-

condary effect of focusing the ion beam in the axis normal to the plane 

of Figure 3. Examination of the equation reveals that the path radius of 

an ion varies as the square root of its mass (all other parameters being 

constant). Thus, helium ions of atomic mass four have twice the radius 

of hydrogen ions with an atomic mass of one. However, ions of mass 100 

have a path radius only 1.005 times that of ions of mass 99. Since the 

larger ions have very similar radii, their separation becomes difficult. 
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In most instruments, as in the 21-4928 spectrometer, the 

magnetic field is varied so that ions of different mass and charge may 

be registered on the face of the ion collector (electron multiplier) 

at different times. Generally the magnet design is such that B varies 

linearly with current flow through the magnetic coils over most of 

the magnet's op~rating range. 

Inspection of the equation also reveals that an ion must be 

specified in terms of both its mass and electric charge. 'Use of the 

actual units, grams and abcoulombs, however, is impractical, so 

dimensionless values are used. The accepted convention in most 

literature is to define m/e as mass number. For example, a benzene 

molecule with a molecular weight of 78 would have an ion mass of 78 

amu. The loss of one electron would give an ion of mass number 78, 

the loss of two electrons would give an ion of mass number 39, etc. 

Generally, the term "mass number" or "m/e" is used to designate the 

position of a peak in the spectrum, whereas the term "ion mass" is used 

to inditate the mass of the charged particle producing the peak. 

Interpretation of MS data: 

Now that the ions have been spatially displaced by the 

magnetic sector, they are suitable for recording. This separation is 

represented by a displacement in time through the simple technique of 

varying the magnetic field such t~at ions of diffurent m/e appear at the 

fixed collector at different times. Thus, the same ordinate of a strip 

chart recording really represents spatial distances between ions. The 

position of a peak on this recording is designated by its mass number, 

which promptly eliminates any further need for considering the spatial 
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separation of ions. As in the GLC chromatogram, the height of the peak 

i~ also proportional to the number of ions striking the collector, i.e., 

ion intensity. 

Unfortunately, the raw data taken from the strip chart 

recording generally requires further refinement. The most common 

technique is to present the mass spectrum in tabular form with ion 

intensities and mass numb~rs listed as numerical values, particularly with 

molecules which fragment extensively. For a pure substance, ·the ion 

intensities, or abundances, are normalized relative to the most 

abundant ion. This normalized spectrum, or fragmentation pattern, is 

extremely useful in that it will vary only slightly with variations 

in ope;rating conditons. Thus, it can serve to establish the identity of 

an unknown species. For purposes of display these relative ion abundances 

are then assembled into a line diagram, or normalized mass spectrum. 

The mass spectrum normally consists of ions having a different 

number of charges, i.e., missing and/or gained electrons. This will, 

of course, depend on the nature of the species undergoing fragmentation; 

but for many organic molecules, e.g. sterols, this simply involves 

singly-charged ions, greatly facilitating interpretation of the 

fragmentation pattern. Also, the manner in which a molecule fragments 

can often be predicted from its structure. For example, certain types 

of functional groups lend themselves to particular modes of cleavage. 

This type of reasoning can, in turn, often be used to assign structures 

to unknown ions. However, care must be exercised in that recombination 

of ions may occur, giving rise to nonpredictable ions. Thus, despite 

the tremendous analytical advantages offered by MS, experience and skill 

on the part of the mass spectroscopist are indispensible. 
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Applications of MS: 

On a practical level, applications of MS to an incredible 

variety of research problems fill the literature. For example, every 

molecule of biological interest has been studied. Work on lipids in 

general by Ryhage and Stenhagen5' 6 on steroids by Brooks and Ojerassi/'8 

on carbohydrates by De Jongh, 9 on nucleosides by Biemann, 10 on fatty 

acids by Eglinton, 11 on hydrocarbons by Knights,12 on amino acids by 

Saito,13 and on drug metabolites by Arnold14 are only a .few examples. 
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DERIVATIZATION IN GLC AND MS: 

THE TRIMETHYLSILYL ETHER 

Many GLC and MS studies of organic molecules and complex 

biological mixtures have been carried out on the parent molecules, 

partitularly in earlier studies~ Even today species such as hydrocarbons 

are studied in the free or underivatized form. The majority of 

molecules, however, are studied as derivatives. A cursory examination 

of the literature not nnly substantiates this but also reveals that 

an extensive variety of derivatives, in some cases quite exotic, are 

·employed. 

Use of such derivatives can increase the informational 

content of the GLC chromatogram dramatically. Preparation of suitable 

derivatives generally increases the separation of the components in a 

mixture. In addition, derivatization of highly polar compounds such 

as fatty acids, carbohydrates, and amino acids is absolutely essential 

to reduce their polarity, thereby improving peak shape and permitting 

chromatographic resolution. Most useful derivatives also increase 

volatility, making GLC analysis more facile. Finally, derivatives 

which lower a molecule•s polarity, as do most of the ones currently 

utilized, are extremely useful for quantitative purposes in that they 

minimize adverse adsorption effects, thereby eliminating sample loss. 

The use of derivatives can also facilitate MS analysis 

tremendously. Derivatization of a molecule invariably results in a 

significant perturbation of its natural fragmentation pattern. This 

generally constitutes a definite intprovement, however, in that the 
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mass spectra of many parent molecules are relatively uninformative. 

A good derivative generally decreases of the extent of a molecule•s 

fragmentation, resulting in higher molecular-weight fragments of improved 

diagnostic value for structure determinations. As a matter of 

fact~ derivative formation is often required to produce a molecular 

ion, a crucial factor in molecular weight and structure identifications. 

Derivatization generally improves the regularity of a molecule•s 

fragmentation pattern as well. Consequently, sli~ht variations in the 

operating conditions of the mass spectrometer need not cause major, 

qualitative changes in a molecule•s mass spectrum. Furthermore, 

~extraneous" fragmentations due to minor structural details within a 

molecule, e.g. functional groups or unsaturation, are often minimized, 

or completely eliminated. Thus, groups of related compounds generally 

exhibit characteristic fragmentation patterns despite minor structural 

differences, thereby greatly simplifying the mass spectroscopist's 

work .. 

As mentioned previously, quite a number of derivatizing 

agents have been utilized to study various molecules. The choice of a 

suitable derivative is by no means trivial or random, and can often be 

crucial to proper identification of a particular species. Compatibility 

of the parent molecule and derivatizing reagent is determined on the 

basis of the molecule•s functional groups. Stated in slightly different 

terms, only certain functional groups may be derivatized by a particular 

~gent. The following table lists a number of groups and several 

companion derivative-types presently used. 
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Functional Group Derivative 

Carboxyl methyl ester, butyl ester 

Amino acetate, trifluoroacetate 

Carbonyl 

Hydroxyl 

N-N dimethylhydrazone, 0-methyl oxime 

acetate, propionate, trifluoroacetate, 

trimethylsilyl ether, methyl ether 

~An exhaustive discussion of these derivatives alone could 

fill several volumes. Discussion of one should prove adequate in that 

the criteria for selecting any one derivative and the general principles 

involved apply to all. Since TMS-sterol ethers were utilized in the 

studies described in this thesis, silylation is an excellent candidate. 

Trimethylsilylation: 

The term 11 Silyl 11 refers to the trimethylsilyl group, -Si{CH3}3• 

The radical is derived from trimethylsilane and abbreviated TMS: 

CH3 I 
H c-si-

3 I . 
CH3 

Trimethylsilyl Group (TMS) 

11 Silylation, 11 then, is the introduction of the silyl group into a 

molecule, usually in substitution for labile hydrogen. The reagents 

used for this purpose are derivatives of trimethylsilane, {CH3}3SiH. 



Quite a number of derivatizing agents exist, some bearing little 

immediate resemblance to trimethylsilane. For the purposes of this 

discussion, only two will be considered: 

CH3 CH3 I I 
H C-Si-NH-Si-CH 
3 I I 3 

CH3 CH3 

Hexamethyldisilazane (HMOS) 

CH3 . I 
H C-Si-Cl 

3 I 
CH3 

Trimethylchlorosilane (TMCS) 

Alcohols such as sterols, as well as a variety of other 

molecules, may be silylated by refluxing with excess HMOS ,alone. The 

addition of a small amount of acidic catalyst, however, usually 

increases the degree of silylation by H140S. TMCS is commonly used as 

the catalyst. The function of TMCS, regardless of the amount used in 

HMOS-TMCS mixtures, is called catalytic because the mixture is a better. 

silylator than HMOS alone. VandenHeuvel silylated cholesterol in 

tetrahydrofuran and pyridine in 10% yield with HMOS alone; with 3:1 

HMOS-TMCS the conversion was quantitative. 1 However, TMCS is not a 

true catalyst for HMOS in that: (l) the 11 catalytic 11 effect is 

proportional to the amount used; (2) it is an effective silyl donor 

alone; and (3) it is at least partially consumed, with NH4Cl being 

formed. The overall reaction may be outlined as: 

3ROH + Me3SiNHSiMe3 + Me3SiCl ~ 3ROSiMe3 + NH4Cl(s) 

For sterols, e.g., cholesterol, the TMS-sterol ether formed may be 

illustrated as: 
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TMS-cholesterol 

As to the reaction conditions for silylation, the usual 

reaction vess~l is a test tube or vial fitted with a teflon-lined 

screw cap. A serum bottle sealed with a septum is often excellent, 

especially where rigorous exclusion of atmospheric moisture is 

desired .. Care must be exercised in selecting the septum or cap, 

however, in that contact of the reaction mixture with ordinary plastic 

is ljkely to introduce contamination from plasticizers such as 

dibutylphtalate. Lining of the cap with aluminum foil is often used 

to minimize such problems. 

Anhydrous reaction conditions are usually recommended as 

the si.lyJated derivatives are sensitive to aqueous hydrolysis in 

varying degrees. A 10- to 50-fold equivalent ratio of silylating agent 

to the functional groups being silylated is ordinarily used. This will 

effectively consume small amounts of water and help preserve the silyl 

derivatives if they are kept in the reaction mixture. The hydrolysis 

product, hexamethyldisiloxane (Me3-Si-O-SiMe3) (b.p. l00°C), formed 

elutes early. Consequently it does not interfere on most chromatograms. 

If the excess of reagent is hydrolyzed appreciably, however, the 
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derivatization of the organic substrate will be poor; hence the amount 

of water that can be tolerated is slight. 

Liquid silylating agents such as HMOS and TMCS are easy to 

handle and measure, a decided advantage when protection from air 

moisture is desired. Liquid reagents may also serve as the reaction 

solvent. Other solvents used include pyridine, which is the solvent 

most often used in silylation for gas chromatography. Though it is 

basically a good solvent and is widely used, pyridine may have a number 

of undesirable effects. For example, in hot pyridine anomerization 

of carbohydrates may occur. 2 In addition, it sometimes causes marked 

tailing on the GLC chromatogram. 3 In steroid work this is such a 

problem that the reaction mixture is generally evaporated under dry 

nitrogen and resuspended in an inert solvent.~ 

A variety of temperatures may be used in silylation reactions. 

Reaction at room temperature for a few minutes is often sufficient for 

complete silylation. In other cases, warming for 15 to 30 minutes, 

refluxing, or standing overnight at ambient temperature is recommended. 

Occasionally temperatures as high as 150°C are required. For some 

compounds, such as glycerol derivatives, the temperature required.for 

complete reaction is proportional to the number of functional groups. 5 
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GAS CHROf~ATOGRAPHY -f~ASS SPECTROMETRY ( GC-MS} 

. J 

Introduction: 

Despite its tremendous sensitivity, MS is of limited value 

in the study of mixtures, where various components may obscure each 

other's presence. GLC, an extremely powerful separation technique, 

offers a potential solution. A combination of these two methods, 

GC-MS, if possible, would provide a tool immensely useful for biological 

studies. The two methods share two important features which make 

such a combination feasible, at least technically. Analyses are 

perfor~ed in the vapor state and both deal with microgram quantities. 

Combination of GLC and MS can, in. fact, be achieved in two 

ways: the separated samples are either individually condensed from the 

GLC effluent for sub~uent MS or allowed to flow directly into the mass 

spectrometer while still in the vapor state. The former approach, or 

trapping method, possesses several serious disadvantages: 

1. The process is time consuming and requires ~onsiderable 

skill, especially when dealing with sm"all quantities. 

2. Considerable loss arises in the condensation and transfer 

of solutes. 

3. Some molecules, particu.larly derivatives, which are 

stable in the inert carrier gas decompose on condensation in the 

atmosphere. 

4. The correspondence between a particular chromatographic 

peak and a ·11 trapped 11 solute can be poor. 

5. Necessary GLC detector modifications result in 
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diminished sensitivity, making work with submicrogram samples virtually 

impossible. 

6. The mass spectrum obtained usually represents the 

average composition of the chromatographic effluent over the time of 

collettion~ which may be several minutes, resulting in negation of GLC 

resolution. 

In contrast, the direct, or interfaced, technique is 

quite rapid, greatly reduces mechanical losses, and virtually 

eliminates the possibility of contamination. The possibility of 

decompbsition is also minimized. Finally, the mass spectrum obtained 

represents the composition of the chromatographic effluent over a few 

seconds. This permits the recording of several sequential mass 

spectra during the emergence of one chromatographic peak, permitting 

detection of impurities or unresolved mixtures~ 

The GC-MS Interface: 

Long before the notion of GC-MS materialized, both GLC and 

MS had been developed to a fine art, with extremely sophisticated 

instrumentation commercially available. Thus, the main problem 

encountered in combining the two techniques has not been theoretical, 

but rather practical. An effective method of interfacing the gas 

chromatograph and mass spectrometer, without loss of the synergistic 

advantage offered by the combination, had to be developed. As a 

matter of fact, the performance of the interface device determines in 

large measure the type of results achieved by the entire GC-MS 

system. 1 The device is situated at a critical point and serves a 

single~minded purpose. It must selectively remove as much of the 
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carrier gas from the GLC effluent as possible anrd transport a 

maximum of the remaining solute into the ion source of the mass 

spectrometer. It must also perform the function Qf substantially 

reducing the 760 torr rpessure of the effluent to a workable pressure 

in th~ ion source (10-3 torr or less). 

These requirements have been met in a number of different 

ways, sometimes ingeniously. Although it is unfair to state that 

every interested group claims to have developed .its own interface, 

quite a number have been fabricated. Still, despite variat·ions in' 

detail and design, they can generally be classified into four groups; 

the effusive type, the jet orifice, the permeable membrane, and direct 

coupling. 

In the effusive-type interface, the GLC effluent is forced 

to flow through a region where molecular flow conditions exist. Undet 

such conditions the lighter molecules of the carrier gas move through 
> •. 

orifices at faster rates. This leads to selective removal of the 

carrier gas, resulting in the required pressure drop. The Watson-Biemann 

model uses a porous glass fritted tube housed in an evacuation chamber. 2 

The pores in the frit, being less than 10-3 em in diameter, provide the 

passages through which the carrier gas is selectively moved. 

Constrictions at the entrance and exit to the frit section are designed 

to give a viscous flow to the effluent. Other interfaces with this 

principle use porous stainless stee1, silver, or Teflon instead of glass. 

The jet-orifice interface utilizes the properties of a jet 

of gas expanding as it moves toward an orifice. Conceptually and 

mathematically, it is ,very similar to the effusive type. The effluent 

flows through a nozzle opening from which it emerges into a lower 

pressure region as an expanding jet. A short distance from the nozzle 
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creating the jet, and directly in line, is the exit orifice to the MS 

through. wt)ich a gas stream enriched in the heavier solute components 

passes~ Because of their lower forward momentum and greater diffusivity 

(according to Graham•s law), the lighter carrier gas molecules are 

removed by the action of vacuum pumps. Both single- and two-stage jet 

orifi~e interfaces have been used. 3 

The permeable membrane interface employs a principle of 

separation quite different from that of the other types. Solute 

enrichment occurs because it passes through a thin elastomer membrane 

that exhibits a conductance to organic compounds one thousand times 

greater than it does to the carrier gas, e.g., helium. The carrier gas 

flows over the membrante and on to an atmospheric exit, while the organic 

material passes through the elastomer film by a process of solution and 

diffusion to reach the ion source of the mass s~ectrometer. High yields 

and efficiencies are possible with this simple interface. Single and 

double stages ~ave been used. 4 

The direct coupling, or total effluent, approach utilizes 

a section of narrow-bore tubing to carry the effluent: into the ion 

source. Conditions must be adjusted such that the entire pressure drop 

(760 torr to 10-3 torr) occurs across this connecting tubing. This may 

be accomplished in a variety of ways: splitter valves at the GLC exit, 

adjustment of the GLC to operate under specific flow conditions, 

restrictors, or use of a properly sized, auxiliary vacuum pump at the 

ion source. The last type of total effluent system, in particular, is 

noted for its efficiency and simplicity, and might bear further 

discussion. 

Recently, GC-MS systems designed with differentially pumped 

ion sources have appeared~· 6 • 7 Differential pumping allows the ion source 
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F I G U R E 4 

Schematic Diagram of a "Tota 1 Effluent" GC-f1S Instrument 

Figure Key: 

1. ion source 

2. electric sector 

3. magnetic sector 

4. electron multiplier 

5. source diffusion pump (4 in.) 

6. direct-inlet probe 

7. line to batch-inlet system (with independent 
diffusion pump) 

8. line to analyzer diffusion pump (2 in.) 

9. heated GC transfer line (1/8 in. o.d. stainless 
steel~ glass-lined) 

10. GC oven 

v1. Mass spectrometer isolation valve (Nupro) 

v2. GC vent valve (Veco) 

after Henderson and Steel 
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to accept the total GLC effluent. These systems·appear to provide many 
' advantages: 100% yield, high efficiency, undist6rted GLC peaks, and . 

toler~nce to changing conditions in the gas chromatograph. The other 

types of interfaces are not as versatile. The permeable membrane type, 

for example, is noted for producing distorted peak shapes. 

Use of differential pumping to achieve total effluent 

GC-MS·imposes certain design requirements. The source pump speed and ion 

source conductance must be compatible, other\'li se too much effluent may 

enter the ion chamber. This generally requires altering the closed 

ion source design of most magnetic mass spectrometers and becomes 

easily feasible with the open ion source designs of such instruments as 

the quadrupole and time-of-flight mass spectrometers. In addition, the 

pump speed and conductances must be adequately designed to keep the 

source pressure down to the molecular flow region (below 10-3 torr) at 

the maximum effluent admittance. Molecular flow conditions must exist 

in the source in order to selectively remove the carrier gas from the 

effluent, which emerges from the narrow, coupling tubing in a viscous 

flow fashion. Satisfaction of these conditions results in an efficient 

GC-MS system of tremendous analytical capabilities. Such a system is 

illustrated in Figure 4. 

Computerization of GC-MS (C-GC-MS): 

Until recently GC-MS constituted probably the most powerful 

analytical tool available to the organic chemist. Quite recently, 

however, the digital computer has entered the picture, greatly 

facilitating data processing. Although many cases involve the 

combination of two of these techniques, a remarkable synergism occurs 
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when all three are integrated into a single unit. Th~ development of 

computerized-gas chromatography-mass spectrometry {C-GC-MS) has 

precipitated renewed vigor among researchers, particularly those 

studying complex mixtures. 

An operating GC-MS system generates an incredible amount 

of data. For a complex mixture yi~lding 100 GLC peaks during an hour's 

r~n, 5 mass scans of 500 mass units for each peak result in 250,000 

data points of niass position and ion intensity to be recorded and 

measured. Normalization of each spectrum for interpretation, correlation 

of the data with points on the chromatogram, and extraction of other 

interpretive data increase the work even further. The herculean 

proportions of such a task clearly point to the need for use of the 

data handling and computational capabilities of a digital computer, 

Without its use, only a small amount of this valuable information is 

acquired, and even then at considerable expense of time and manpower. 

A variety of approaches to computerization have been 

developed involving computers of all sizes, both off-line and dedicated 

completely to the system. Many of the sophisticpted systems have 

originated in academic laboratories where the importance of the research 

and its exploratory nature permitted the expense involved, The more 

versatile and capable ttesystem, the greater the cost, which limits its 

. widespread use and forces compromises involving semiautomatic readout 

and data reduction. Computer hardware and software developed by 

computer companies economically tailored to different levels of GC-MS 

applications are now becoming available. 8 

1\'lass scans made as the chromatogram evolves are stored by the 

computer, which can then reconstruct the chromatogram by plotting the 

total ion current stored at each of the many points in the run, 
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Identification of a GLC peak is accomplished by printing and 

interpreting the normalized mass spectrum corresponding to the peak 

on the chromatogram. Mass' calibration procedures are eased, and the 

mass spectrum can be accurately plotted to ± 0.2 amu. This single 

function eliminates much drudgery and inaccuracy involved in hand

counted mass spectra. Not only spectral plots, but plots with the 

background subtracted can be obtained. To further aid component 

identification, a mass chromatogram is produced which plots the points 

along the chromatogram at which an ion of a specific mass occurs, 

normalized relative to the largest intensity (single ion plot). 

Communication between the operator and the system is through the 

teletype and plotter. A typical C-GC-MS unit is illustrated in 

Photograph l. 

With all the aid a computer provides, interpretation and 

identification of unknown components in complex mixtures are still 

very difficult problems. Should the spectrum of an unknown correspond 

to that of a compound compiled in any of the several available 

catalogs of reference compounds, one is then faced with the practical 

problem of searching for a match and deciding on the criteria to use 

for positive identification. Computer search programs for this 

purpose have been developed, but available reference spectra are limited. 

In addition, mass spectral patterns are subject to many variables that 

must be considered when using computer or other search-match methods. 

Temperature of ionization, the type of mass spectrometer, and ionizing 

voltage all influence the pattern of ions observed for a compound. 9 

Consequently, efforts to program intelligent fragmentation rules into 

computers to deduce structure or to conceive a matching system 
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Photograph. 1: A C-GC-MS Instrument. The components include a 

Dupont 21-0948 Mass Spectrometer Data System, a Varian 204-18 

Gas Chromatograph and a Dupont 21-4928 Double-focusing Low 

Resolution Mass Spectrometer. 
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insensitive to ionic intensities are desirable. 10 Grotch reports 

such an approach to pattern recognition that involves the presence or 

absence of a peak above a specified threshold at each nominal mass 

over the range from 12-200. 11 However, at present, interpretation and 

identification rest heavily on the skill of the mass spectroscopist 

and his ability to extract the maximum amount of information from the 

combined instrumental components. Hence, computer systems must 

provide an easily executed dialogue between the operator and .the data. 
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M 0 N 0 L A K E , C A L I F 0 R N I A 

This solemn, silent, sailless sea-
this lonely tenant of the loneliest 
spot on earth --

Mark Twain 
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Photograph 2: Aerial Photograph of Mono Lake, Ca l ifornia . 

(courtesy of R.P. Philp) 
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MONO LAKE, CALIFORNIA 

Introduction: 

Before proceeding to a detailed discussion of the 

sedimentary and bacterial studies, a general description of Mono Lake 

and the surrounding area might be helpful. Detailed considerations 

of the area•s geology and Mono Lake•s limnology already exist. A 

number of geologists, notably C.M. Gilbert, have devoted years to studying 

the region. A number of doctoral theses have also been written. D.T. 

Mason, for example, carried out a detailed examination of the lake•s 

limnology. 1 K.R. Lajoie studied the geology and stratigraphic history 

of Mono Basin, focusing primarily on Mono Lake . 2 W.E. Reed extended the 
/ 

stratigraphic studies by analyzing a succession of Recent sediments 

collected from the lake. 3 An exhausitve description of these studies 

is, however, beyond the scope of this treatise. Only certain highlights 

will be touched on. The main purpose of this discussion is to establish 

the geological and biological setting of the sediments• source, i.e., 

Mono Lake, before proceeding to a description of the stratigraphic 

sequence of sediments itself. 

General Setting: 

As Figure 5 illustrates, Mono Lake is situated in Mono 

Basin, which, in turn, lies in eastern California, east of Yosemite 

National Park. Lajoie offers a succinct and rather poetic description 

of the lake. 4 
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Mono Lake lies in a basin with no outlet to sea 
or sink. To the west the precipitous, glacier-scarred 
peaks of the Sierra Nevada rise abruptly to over 4000m, 
while to the east the arid Great Basin sprawls out, 
mantled in the Mono area by lava flows and covered with 
pumice and wind-blown sands. The region is a land of 
stark contrasts, of dramatic gradients, of vast expanses, 
where even a sense of the passage of time stands graven 
on the slopes, a superimposed dimension. 

Water drains off the mountains and into this basin, 
nourishing a shrinking film of lake, an expanse of brine 
lying heavy in its bed. The lake moves and breathes as 
the sun passes its yearly course; while a few small 
creatures in its waters bend the sun•s energy to their 
purpose for a time and then sink and die. · 

More specifically, Mono Basin lies on the western edge 

of the Great Basin, whicn contains more than 150 desert basins 

(primarily closed) which are separated by mountain ranges running 

rou~hly north-south. Prior to three or four million years ago, however, 

a through-going drainage system probably occupied this region. 5 

This drainage system flowed both north and east away from the present 

site of the basin, as well as into it. Deposition of glacio-fluvial 

sediments to the west, coupled with deformation and warping of the 

terrain to the north, east, and south of present-day Mono Basin, 

resulted in the formation of a basin. 6 Although the basin is now 

closed, it overflowed during late Pleistocene times and constituted 

the northern end of an extensive drainage system which terminated in 
7 Death Valley. 

The climate of Mono Basin is as a whole semiarid to arid. 

It does lie, however, in the rainshadow of the Sierra Nevada mountains. 

Because of this proximity to the mountains it has an abundant water 

supply and is occupied by a permanent lake. Precipitation and 

temperature in the basin are quite variable due to the area•s 

extreme relief. 8 In general, however, the climate is continental 
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cold and snowy in the winter, dry in the summer with warm days and 

cold nights. The summer drought is broken by ~requent thundershowers 

which increase in frequency and intensity in the higher altitudes. 

The orientation of sand dunes in the area indicates that the prevailing 

winds generally blow out of the southwest. 

As a result of this broad climatic variation, an extensive 

variety of vegetation is found in the basin. The Sierran escarpment, 

for example, supports Arctic Alpine vegetation. Larger plants include 

Pinyon Pines, Utah Junipers, aspen, and willow trees. The lake plain, 

on the other hand, is distinguished by the almost complete absence 

of tree-sized vegetation, as illustrated in Photographs 3 - 5 in Appendix 

A, which constitute a panoramic view of Mono Lake and its immediate 

surroundings. Sagebrush-scrub is the characteristic plant. Scattered 

Pinyon Pines and Juniper appear, however, near streams which feed the 

lake. 

Though Mono Basin has existed for three million years, 

geological evidence suggests that a lake first appeared approximately 

two million years ago. 9 At its maximum size (elevation 7,180 feet) 

Lake Russell, the name given to Pleistocene Mono Lake, had a surface 

area of 338 square miles and a drainage area of 790 square miles. 10 

Unfortunately there is no direct evidence at Mono Lake's surface from 

which the history of its development may be deduced. Neverthele~s~ 

examination of certain sediments led Lajoie to conclude that the lake 

in Mono Basin has not completely dried up for at least 170,000 years. 11 

Other evidence suggests that a lake has continuously occupied at least 

the center of the basin for nearly 500,000 years. 12 

Contemporary Mono Lake (altitude 6,390 feet, 1964) has a 

surface area of 77.5 square miles and a drainage area of 600 square 
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miles. As Figure 5 illustrates the lake is nearly elliptical in shape. 

Several islands lie near the, lake's center, the two largest being Negit 

and Paoha. Uparching of the bottom in the center of the lake 

res~lted in the formation of these islands. This uplift occurred quite 

late in the history of the basin's development. Without specifying his 

evidence for timing, Lajoie indicates that uplift of the islands 

occurred 3000 years ago. 13 

Linmology of Mono Lake: 

Perhaps the most dramatic feature of the region, is the lake 

itself. The unique properties of the water first aroused the inter:~st .. ··· 

of a number of 19th century chroniclers and scientists. In his book 

Ro~ghing It, for example, Mark Twain,who visited the lake in 1872, 

noted a number of properties of that 11 so 1 emn, silent, sa i 11 ess sea" 

whose 11 Sluggish waters ... strong with alkali 11 were used for washing both 

the hair and laundry of the members of his expedition. 14 The remarkable 

chemistry, density and viscosity along with the surfactant qualities 

of t.he water were clearly comprehended by him. The ability of the water 

to hold a head of foam was also mentioned by Twain. Since then the 

number of limnological inquiries has steadily increased with many of 

the lake's features being studied. Only a few of the wateris more salient 

properties i.e., ionic composition, temperature, and oxygen content, 
>' 

will be touched on in this discussio~. 

Perhaps the two most salient features of the lake's water 

are its extreme salinity and alkalinity. noth properties are 

manifestations of the ionic composition of the lake. After more than 

fifty analyses of Mono Lake water, Mason reported the presence of quite 
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T A 8 L E 2 

MAJOR IONIC COMPOSITION OF MONO LAKE 

* Equivalent 
Com~onent Percentage 

Na+ 97.0 

Cl 34.3 

= co3 + HC03 49.8 

= so4 14.2 

K+ 3.0 

8407- 1.7 

after Mason 

* Mason computed the per cent abundance of 

each cation and anion relative to the total 

cation and total anion pools, respectively, 

each of which he designated as 100 per cent. 
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a number of different ionic species, as Table 2 illustrates. 15 He 

determined the salt concentration to be approximately 2.23 M. Calculation 

of the ionic strength of such a solution yields a value of 1.73. As 

Mason points out: 

The lake contains nearly twice the concentration of 
salts as does the sea, in proportions unique both to thf6 basin and to the present geochemical poise of the area. 

= The ion concentrations, particularly those of co3 and HC03-, would also 

indicate considerable alkalinity. Mason's measurement of the water's 

pH yielded a value of 9.7. 17 

As Mason's studies reveal, the lake's temperature decreases 

with depth. 18 A major thermocline exists at 10-15,_meters. Above this 

regiort, i.e., 0-10 m, the temperature is highest and fairly constant 

(20°C in late summer). At the thermocline the temperature drops sharply 

(from 20°C to 9°C in late summer) and continu~s to decline below this 

region, albeit at a slower rate. At a depth of 19m, for example, a 

value of 7°C was recorded. Furthermore, the temperatures throughout 

the water column show seasonal variation, with the highest values 

occurring in late summer. In the fall, for example, the temperature 

above the thermocline drops to 10°C. 

An important limnological feature of Mono Lake is its 

oxygen content. As one might expect, Mason's studies indicate that the 
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amount of oxygen, expressed as percent saturation, decreases with depth, 

with a sharp decrease occurring at the lake's thermocline. 19 Interestingly, 

the lake's aerobicity shows. seasonal variation. The oxygen content of the 

surface waters (0-15 meters) is generally quite high, ranging from 

60-100% saturation throughout much of the year. During the fall, 

however, the surface waters actually become supersaturated as a result 



of an algal bloom which saturates them with oxygen. An important 

consequence of this aeroby is that the underlying shallow muds are 

aerobic, at least at their surface. 

Below the thermocline (15~35 meters} the oxygen content is 

much lower, ranging from 10-40% saturation. During the late 

fall, when stratification of the lake's waters breaks down and the 

surface waters mix with the deeper layers, the aeroby in the deep 

waters increases. At this time the oxygen content throughout the 

water column is nearly constant. Although none of his measurements 

indicate complete anaeroby in the deepest waters, Mason points out 

that they must be anaerobic in that sulfate reduction occurs in them, 

particularly in the underlying muds. 

Mono Lake's Biota: 

Mono Lake's biota is strikingly simple, undoubtedly a 

consequence of the lake's harsh environment. As Mason observed, very 

few species are represented in its biological community. 20 The highest 

forms, or zooplankton, consist of se'rera 1 protozoans, two rotifers, 

specificallY Brachionus plicatilis and Hexarthra jenkinae, and the 

phyllopod crustacean Artemia salina, a brine shrimp which appears to 

be physiologically distinct from other brine shrimp in the saline 

lakes of Western North America. These organisms comprise the top of 

Mono Lake's food chain, or consumer level. 

The bulk of the lake's producer level consists of a relatively 

small number of phytoplankton species. Actually, Mason reported the 

presence of fewer than six species: two species of pennate diatoms, 

110 

both of the genus Nitzschia {cf. N. dissapata and N. Palea or N. subtilis), 
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two flagellate chlorophyceans Dunaliella and Chlamydomonas, a small 

Palmellococcus-like green alga; and a Spirulina~like blue-green alga. 

Easily the most unusual phytoplankton residing in Mono 

Lake are the lime-secreting, fresh-water algae. They are responsible 

for one of the lake's natural wonders, towers composed largely of 

calcium carbonate which dot the lake's shoreline. These monoliths, 

or tufa towers, are often as high as ten feet. The algae thrive in 

the lake's littoral zone wherever fresh water enters the lake, such as 

through the orifice of a tufa tower or via ground water seepage 

along a general area of the shoreline, precipitating a porous tufa 

which eventually forms the towers. 21 Scholl and Taft enumerated the 

following algae from the tufa: Symploca thermalis (syn. Schizothrix 

calcicola)22 , Plectonema nostochorum, Micrococleum vaginatus (Lyngbya 

aerug1neo-caervlea), Entophysalis deusta, and Stigeocolonium stagnatile. 23 

In an effort to gauge their relative 'abundances in the lake, 

Mason enumerated the planktonic organisms in a sample of Mono Lake 

water during the winter (21 February 1960). In one cubic meter of water, 

collected at a depth of five meters, he observed the following 

population: 6.4 x 108 Nitzschia, 8.0 x 108 Dunaliella, 1.5 x 109 

Palmellococcus, and 8.0 x 1010 coccoid bacteria, with a total. volume 

of green organisms calculated at 5.2 cm3m-3• Numerous colorless 

protozoans were also observed, albeit in numbers too small to be of 

quantitative significance. The two rotifers, with Brachionus plicatilis 

constituting 90% of the rotifer population, were rarely observed in the 

microscope .counting-mounts. Although the brine shrimp's di stri but ion 

in the lake's water column is uneven, both horizontally and vertically, 

they achieve a maximum summer population of approximately 12,000 organisms 

per square meter. 
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Despite the apparent quantitative predominance of phytoplankton, 

the zooplankton, specifically the brine shrimp, are quite active in 

curbihg their numbers, in that the phytoplankton constitute the-shrimp's 

main food source. Thus, during the summer, when the brine shrimp thrive, 

the phytoplankton population is severely restricted. Summer phytoplankton 

seem to thrive only below ,the lake's thermocline, where the brine shrimp 

is absent. With the onset of the early autumnal erosion of the hypolimnion, 

or lake turn-over, however, the shrimp rapidly disappear, presumably due 

to death resulting from some toxin circulated through the water column 

du~irig turn-over. Subsequent to their disappearance, multiple and 

prolific phytoplankton blooms occur. In one two-week period, for example., 

t1ason observed a thirty-fold increase in plant cell volume in the waters 

abov~ 20 meters in depth. 24 

An abundant and varied bird population is also associated 

with the lake, particularly on Negit Island during the summer months. As 

a matter of fact,- the island has been designated an official bird 

sanctuary. The California gull is a noted summer resident of the island. 

The center of the lake is generally dotted with aquatic birds such as 

the eared grebe and, the northern phalarope. Their habit of diving below 

the lake surface and swimming submerged for short distances constituted 

one of the few interesting diversions during the many boat trips, or 

collecting forays, to Paoha Island. 

Another unique inhabitant of the lake region is the littoral 

brine fly, Hydropyrus hians. It resides at the lake's surface, 

particularly in the littoral zone, subsisting largely on a lipid film 

which floats on the lake's surface. Mark Twain, in his chronicle 

Roughing It, humorously manifested great respect for the fly's aquatic 

abilities. 25 At the lake's shoreline, they generally hover within 
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one foot of the ground. Consequently, strolling along the shore during 

the warm summer months generally entails wading ankle-deep through 

swarms of Hydropyrus hians~ Their numbers are kept in check, however, 

by the lake•s bird population. As Mason points out, stomach analyses of 

the birds revealed that the littoral brine fly, both in its adult and 

larval forms, constitutes the primary food source of all the birds, 

with the possible exception of the grebe. Brine shrimp, on the other 

hand, do not appear to constitute a major staple of the birds• diet. 

The apparent simplicity of the lake•s biota, excluding 

the birds and littoral fly, need not, however, imply a lack af 

biological productivity in the lake. As a matter of fact, Mason 

observed an unusually high rate of biological production. Based on 

carbon fixation and oxygen consumption studies, he calculated that 

approximately one kilogram .of carbon is fixed per square meter of lake 

surface per year. This corresponds to 2 x 108 kilograms of carbon 

assimilated in Mono Lake per year. 

Organic Content of Lake Biota: 

As a prelude to the upcoming discussion of ~1ono Lake•s 

sedimentary record, namely the stratigraphic sequence of sediments, it 

might be well to discuss the biota•s organic content, in that the 

1 ake • s organ·i sms constitute the primary source of the sediments • 

organic content. Previous studies indicate that only those organisms 

which reside in the lake itself, namely the zooplankton and 

phytoplankton, contribute significantly to the sediments• organic 

debris, in that Mono Lake is a closed lake with relatively little 

organic input from its arid drainage basin. 26 Consequently, the 
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organic analyses have centered on the lake's dominant planktonic 

speci'es, specifically its algae, diatoms, and brine shrimp. Moreover. 

only two major classes of their bio-molecules, hydrocarbons and sterols, 

have been studied in detail. 

Reed examined the hydrocarbon content of the lake's algae, 

diatoms, and brine shrimp in some detail, finding complex mixtures of 

hydrocarbons. 27 Although he did not actually analyze their fatty acid 

fractions, he also conducted an extensive literature survey to 

determine the types of fatty acids known to occur in such organisms. 

On the basis of these studies, he concluded that the lake's organisms 

are.the main contributors to the sediments' hydrocarbon pools, via 

direct inheritance of their hydrocarbon content and/or diagenetic 

conversion of their fatty acids into hydrocarbons. The algae contain 

1 arge quantities of c15-, to c19-hydrocal~bons, which are avai 1 able for 

direct incorporation into the lake's muds. They may also contribute 

cl5- and c,7-hydrocarbons (including minor amounts of cl3- and cl6-

species) indirectly via decarboxylation of fatty acids. The diatoms 

may contribute their indigenous c17- to c29-hydrocarbons, as well as 

substantial amounts of cl5-' cl9-' and c20- to c23-hydrocarbons 

resulting from fatty acid decarboxylation. The 'brine shrimp contain 

c17- to c29-hydrocarbons, as well as a large concentration of phytane. 

which are available for direct incorporation into the lake's muds, 

as well as c15- and c17- hydrocarbons from fatty acid decarboxylation. 

The results of Henderson's and Steel's sterol analyses of 

Mono Lake's biota are especially relevant to the present discussion, in 

that this thesis is centered around the sterol molecule. In conjunction 

with Reed's hydrocarbon analyses, they also examined the lake's algae, 

diatoms, and brine shr·imp. 28 A mixed population of algae was found to 
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contain a complex mixture of c27 - c28-, and c29-sterols. The various 

components were observed in the following order of abundance: 

cho'lesterol, stigmasterol,. ergost-7-en-313-ol, campesterol, 24-ethyl-

cholest-7-en-38-ol, and a small amount of brassicasterol. On the other 

hand, analysis of the two pennate diatoms, Nitzschia dissipata and 

Nitzschia subtilis, yielded no detectible sterols. They reported 

finding only cholesterol in the brine shrimp Artemia salina, whereas 

Payn~ and Kuwahara subsequently reported finding 5a-cholestan-3B-ol 
29 as well, albeit in minor amounts. Based on these findings, as well 

as the results of sterol analyses of several Mono Lake sediments, 

Henderson and Steel concluded that the algae and brine shrimp are the 

major contributing organisms to the organic content of the lake's 

sedimentary record. 

Paoha Island Stratigraphic Sequence: 

The stratigraphic sequence of sediments from Mono Lake is 

illustrated in Figure 6. The sequence was not collected as a continuous 

core; instead, the various sections depicted in Figure 6 were amassed 

by several workers, characterized, and pieced together. As Figure 7 

illustrates, all of the sections were collected on Paoha Island. 

The youngest stratigraphic section, the Wilson Creek 

Formation (12,500- 22,900 years before the present [BP]) was first 
30 observed by K.R. Lajoie on the western shore of Mono Lake. He later 

observed that this formation, which contains distinctive bands of ash, 

also appears on the northern part of Paoha Island (Figure 7). Detailed 

descriptions of the various sediment strata of the formation, as well 

as photographs, are contained in Lajoie's Ph.D. thesis. 31 
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Stratigraphy of Paoha Island Sequence. Stratigraphic 

positions of the sediments are denoted by a dash at the 

approximate level. For ease in cross-reference with 

Table 3, several of the bands are named (e.g., 3-L-0). 

after Reed 
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F I G U R E 7 

Contour Geologic Map of Paoha Island. Sampling sites 

of Reed•s Younger Paoha Sequence (i.e., Sections 1, 2, 

and 3) are indicated by lines. Sediments from Lajoie•s 

Older Paoha Sequence, the Diatomite Series, are denoted 

by boxes 1 through 5. Two contemporary muds collected 

offshore are indicated by asterisks. 
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The bulk of the sequence, i.e. Sections 1 - 3, was collected 

and geologically characterized by C.M. Gilbert and W.E. Reed. 32 As a 

result of complex slumping of water-saturated strata during the uplift 

of Paoha, this stratigraphic succession is no longer continuous. It was 

collected as three disparate sections, analyzed, and then pieced 

together. For reference purposes this succession was termed the Younger 

Paoha Island Sequence. Photographs of the exposure sites of this 

succession are i~cluded in Appendix A (Photographs 6 - 9). 

Section 3 is ~he youngest segment in the sequence, spanning 

23,000 - 44,000 years BP. It is exposed on the southern shore of 

Paoha and represents the upper part or continuation of Section 2, with 

3-L~53 correlating exactly with 2-L-5 (Figures 6 and 7). The section 

dips uniformly at 18° for 165 feet to the shore. The lithology of 

the strata is uniformly silty clay which is thinly laminated. The lower 

10 feet of the section is characterized by numerous layers (0.25 inches 

to 2 inches thick) of coarse gray silt. The total section measures 53 

feet. 

Section 2 is next in the succession, spanning 44,000- 67,000 

years BP. It is exposed on the southwestern shore of the island (Figure 

7). Unlike the other sections, it contains a profusion of brown, 

orange, and red-brown sands. It also contains a 2.5 ft band of volcanic 

breccia (reference horizon No. 10, Section 2, Figure 6), which contains 

pumice. Numerous bands of silt occur throughout Section 2, the bottom 

4 feet being diatomaceous. The section. which measures 66 feet, ends 

at the island's shoreline. 

Section 1, the oldest block in this succession, spans 

69,000 - 119,000 years BP. As Figure 7 illustrates, it is exposed 
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between Sections 2 and 3. It also contains reddish sand, but the 

dominant color of the sands is buff. As Figure 6 illustrates, the 

upper half is predominantly silty. Abruptly at 60 feet, the section 

becomes primarily diatomaceous. The first 120 feet of the section is 

continuously exposed, ending at the lake shore; approximately 15 feet 

more appeared to be exposed under water. 

The oldest sedimentary unit exposed on Paoha Island, termed 

the Older Paoha Island Sequence, was collected by Lajoie and spans 

lj3,000 - 219,000 years BP. 33 This sequence, which totals 237 feet, 

is di~continuously exposed on the island, as shown in Figure 7. The 

sequence contains five diatomite units·, numbered l through 5 beginning 

at the top, interbedded with silty clays. As Photographs 10 - 13 in 

Appendix A illustrate, each unit is exposed inland in the higher reaches 

of the central ridge complex of the island. Units 1 and 2, for example, 

were collected from wave-cut cliffs on the western shore. 

Backing up chronologically, the stratigraphic sequence 

already described was supplemented with four contemporary muds (0- 500 

years BP), which were collected at various sites on Mono Lake. As 

Figure 8 illustrates, two muds, AT-6 and DS-1*, were collected in a 

cove on the western shore of the lake (Photograph 14, Appendix A). 

AT-6 was taken from the bed of a stream which feeds the lake; whereas 

DS-1 was collected 200 feet from the shore in 4 feet of water. Strictly 

speaking these muds are not really continuous with the Paoha Island 

sequence. In order to complete the stratigraphic sequence with 

conte111porary sa111ples 1-1hich Jrc physically continuous, or nearly so, two 

111uds were collected off the shore of Paoha Island (Figure 7). Their 

approximate sa111pling sites are depicted in Photograph 15 (Appendix 1\). 
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Index Map of Mono Basin. Sampling sites of two 

contemporary muds are indicated. 

122 



0 0 (i 
.,,~ 0 

. ... 
~ 

0 

-' AT -·6 

t OS-1* 

123 

XBL 762-5694 



Pl-W-1 was collected in 1.5 feet of water 20 feet from the island's 

western shore. PI-W-2*, collected south of PI-W-1, was sampled in 4 

feet of water 30 feet from the shore. The lithologies of PI-W-1 and 

DS-1* are nearly identical, both being silty clays. AT-6 and PI-W-2*, 

are also basically silty clays but do contain some graded sands. 

The various sections of the'entire sequence were pieced 

together via a combination of geological overlapping and 14carbon

datirig~ Reed's geological examination of the lithologies of the strata 

in S~ctions 2 and 3 of the Younger Paoha Island Sequence revealed that 

these two blocks overlap, with 2-L-5 and 3-L-53 being identical, as 

mentioned previously. Lajoie was also able to sequence Diatomite Units 

2 thrdugh 5 of the older succession by overlapping. Unfortunately, 

under present conditions of exposure of the various sections on the 

island, no other overlaps were visible through6ut the sequence. 

The relative position of the Wilson Creek Formation was 

determined via 14c-dating. Analysis of various bands in this succession 

established a range of 12,500 to 23,000 years BP. Lajoie also utilized 

radiocarbon-dating to determine that his Older Paoha Island Sequence 

is older than the Wilson Creek Formation. The absence of 14carbon 

indicated an age greater than approximately 55,000 years, the decay 

lifetime for 14c. 

Thus, of the discontinuities between the various segments 

of the stratigraphic successions, only the one between Sections 3 and 

2 was resolved. Four gaps remain: (1) between the Wilson Creek 

Formation and Section 3, (2) between Sections 2 and 1, (3) between 

Section 1 and unit DIA, and (4) between unit DIA and units 02-05. The 

Wilson Creek Formation and the Paoha Island sequence were nowhere observed 
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in contact: On Paoha Island the Wilson Creek Formation occurs as an 

isolated patch. Unfortunately, the material beneath the formation is 

not sufficiently distinctive to place it in the stratiQraphic sequence. 

With regard to the second discontinuity, Reed interpreted Section 1 to. 

represent older strata than Section 2 because of lithological affinities; 

the lower part of Section 1 contains abundant diatomite and diatomaceous 

silts and would seem, therefore, to be continuous with the diatomites 

and diatomaceous silts of Lajoie's sequence. The third and fourth 

discontinuities are more troublesome. The stratigraphic relationship 

of Lajoie's Diatomite .Unit 1 to the underlying units, and the exact 

relationship of both to the Younger Paoha Island Sequence cannot be 

substantiated. After several days of careful investigation on the island, 

however, Gilbert concluded: 

I have not found any place where Stratigraphic Sections 
l and 2 (and Diatomite Unit 1) can be said to be in 
stratigr~phic sequence. Intuitively; I feel they must 
all be among the younger units -- older than the Wilson 
Creek and younger than Diatomite Unit 2. They are all 
involved in the slides, on all sides of the island .. ~~ 
best guess is that Section 1 is older than Section 2. 

Once the various sections of the stratigraphic succession 

were pieced together as shown in Figure 6, the ages of the individual 

sediment bands were computed via extrapolation, utilizing sedimentation 

rates for Mono Lake computed b L . . 35 y aJOle. As Reed points out, two 

assumptions were necessary for the computation: 

To compute the ages of sediment samples by extrapolation, 
two assumptions are necessary: 1) I have assumed that the 
Wilson Creek Formatio~ directly overlies the Paoha Island 
Sequence; and 2) That Lajoie's sedimentation rates of 2.5 
feet per thousand years for the non-diatomaceous silts and 
s~nds an~ 2.0 feet per ~housand years_fo§6the diatomites and 
nchly d1atomaceous sed1ments are val1d. 
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Assuming these rates to be valid and knowing the lithology and depth of 

each ~ediment band, he was able to assign extrapolated ages for all of 

the strata throughout the stratigraphic sequence. These sedimentation 

rates were also used in computing the ages of the contemporary muds. 

Table 3 contains a tabula,tion of the sediment samples of the Younger 

and 01 der Paoha Is 1 and Sequence as we 11 as the contemporary muds, a 1 ong 

with their extrapolated ages. The Wilson Creek Formation, which was not 

available for study, is not included in the table. 

The nomenclature used to identify the individual sediments 

listed in Table 3 is quite straightforward. The naming of the recent 

muds was somewhat arbitrary: PI refers to Paoha Island, the site of 

sampling for two of the muds, whereas AT and DS are calculated to 

immortalize Anthony Paim Toste and Deborah Sklarew, a fellow graduate 

student who assisted in their collection. The numerical designations 

1 and 2* were used simply to distinguish between replicate samples 

collected at each site. There is more method and less madness in the 

nomenclature of the Younger and Older Paoha Island Sequences. In the 

former, the first number obviously refers to the Section (viz. 1, 2, 

or 3) from which the stratum was taken. "L" signifies that it was 

collected on land. As Figure 6 suggests, the final number refers to the 

sample's depth within the particular stratigraphic Section from which it 

was taken. In Lajoie's older sequence, "D" signifies Diatomite, 

referring to the characteristic lithology of the succession. The 

number, e.g., 1, refers to the site of sampling, as illustrated in 

Figure 7. Lajoie collected two samples from each locality, hence the 

letters "A" and "B". These samples are not exactly replicate, as their 

slight age differences reveal. 
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T A B L E 3 

Paoha Island ·St~atigraphic Sequence 
and Extrapolated Ages 

Contemporary Muds 

Sample Age (years BP) Sample 

AT-6 0-500 1-L-59 

DS-1* II; 1 ~1-64 

PI-W-1 II 1-L-68 

PI-W-2* . II - 1-L-72 

1-L-76 
Younger Paoha Island Seguence 1-L-83 

Sample Age (years BP) 1-L-95 

3-L-0 23,000 1-L-98 

3-L-17 30,000 1-L-106 

3-L-35 37,000 1-L-118 

3-L-53 44,000 
Older Paoha 

2-L-5 44 ,ooo- Sample 
2-L-12 47.000 DlA 
2-L-13 47,500 DlB 
2-L-15 48,000 D2B 
2-L-22 51 ,000 D2A 
2-L-30 54,000 D3B 
2-L-38 57,000 D3A 
2-L-47 61 ,000 D3C 
2-L-56 66,500 D4A.·'. 
2-L-61 66,500 D4B 
2-L-63 67,000 D5B 

1-L-4 69,000 D5A 

1-L-15 73,000 
. ' 

1-L-20 75,000 

l··L-38 82,500 

1-L-43 84,500 

1-L-56 89,500 

-------
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Age (years BP) 

91 ,000 
. 93,000 

95,000 

97,000 
99,000 

102,500 
108,500 

110,000 

115,000 
119,000 

Island Seguence 

Age (years BP) 

133,000 

136,000 

151 ,000 

154,000 

169,000 
171,000 

177,000 

193,000 

194,000 

217,000 

219,000 

XBL 7510--4285 
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T A B l E 4 

MONO LAKE SEDIMENTS STUDIED 

Sam~1e litho1og~ - Age (~ears BP} 

AT-6 silts and graded sands 0-500 

PI-W-2* II II 

PI-W-1 silty clay II 

DS-1* II II 

3-l-0 II 23,000 

3-l-17 II 30,000 

3-l-53 II 44,000 

2-l-22 silts and grad~d sands 51,000 

2-L-56 II 66,500 

1-l-4 silts 69,000 

1-l-43 II 84,500 

1-l-68 diatomite 95,000 

1-l-76 II 99,000 

1-l-83 II 102,500 

DlA II 133,000 

D3B II 169,000 

D5B II 217,000 

--·----- ----- ------------

XBL 7510-4284 
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The list in Table 3, then represent~ the samples from the 

stratigraphic sequence which were available for the sedimentary studies 

contaih~d in this thesis. To analyze all forty-six sediments for 

sterols, however, would be an incredibly long and tedious undertaking. 

In~tead, 17 samples were selected for analysis from throughout the 

stratigraphic succession (Table 4). The selection process was nearly 

random, the only criterion being that the sediments span the entire 

sequence as uniformly as possible. 

Mono Lake as a Geochemical Model: 

Mono Lake is ideally suited as a model system for geochemical 

studies for a number of reasons: 

(1) As outlined previously, it lies in a closed drainage 

basin. Consequently, any organic material capable of aeolian or 

129 

aqueous transport must eventually become incorporated in the lake sediments. 

(2) The lake occupies a significant proportion of its 

hydrographic drainage basin, which itself has a relatively simple flora. 

(3) A lake has resided continuously in this basin for a 

considerable length of time, possibly throughout the Pleistocene. 

Thus, an extensive sediment record is available for study. 

(4) The lake•s sedimentation rate is high, insu~ing that 

rapid fluctuations in its biological or physical environment will be 

discernible in the sedimentary record. This high rate has the effect 

of u'Qx~panding .. what would be only a few centimeters of sediments in 

lakes with lower sedimentation rates. 

(5) Post-depositional alteration of the sediments has not 

occurred. 



(6) Outcrop exposure or''some of the important sedimentary 

sections is good. 

(7) The biological productivity of the· lake is high~ 

(8) The lake's biological community is relatively simple. 

(9) As outlined earlier, there is a significant amount'of 

background information available. 
., .. ,· 

(10) Human impact on the lake and its biota has been minimal. 

Thus, the lake's natural state has not been perturbed, and contamination 

of its sedimentary record has not occurred. This latter consideration is 

particularly crucial to geochemical studies. 

(11) Finally, a geologically well-characterized and extensive 

stratigraphic sequence of sediments already exists. 
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Panoramic View of Mono Lake, California. 



CBB 748~ 5238 

Photograph 3: Panoramic View of Mono Lake, California: Part I 
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Photograph 4: Panoramic View of Mono Lake, California: Part II 
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CBB 748-5244 

Photograph 5: Panoramic View of Mono Lake, California: Part III 
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Exposure Sites of the Younger Paoha Island 

Stratigraphic Sequence . 
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Photograph 6: Exposure Site of Section 3, Younger Paoha Island 

Stratigraphic Sequence (see Figure 7). A canteen, positioned to 

the left of center, establishes the size-scale. 
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CBB 748=5234 

Photograph 7: Exposure Site of Section 2, Younger Paoha Island 

Stratigraphic Sequence (see Figure 7). A canteen, positioned at 

bottom center, establ i shes the size-scale. 
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Photograph 8: Exposure Site of Section 1, Younger Paoha Island 

Stratigraphic Sequence (see Figure 7) . 
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Photograph 9: Close-up View of Section 1, Younger Paoha Island 

Stratigraphic Sequence. Note the pronounced banding and slumping 

in the formation. A 6 in. marking pen, positioned in the 

center of the photograph, provides perspective. 
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Exposure Sites of the Older Paoha Island 

Stratigraphic Sequence. 
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Photograph 10: 

(see Figure 7). 
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Exposure Site of D 1, Older Paoha Island Sequence 

The lens cover from a 35mm SLR Mamiya/Sekor 

Camera provides the size-scale. 
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CBB 748..-5220 

Photograph 11: Exposure Site of D 2, Older Paoha Island Sequence 

(see Figure 7). A wave-cut cliff in the island•s central ridge 

complex. 
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Photograph 12: Exposure Sites of D 3 and D 4, Older Paoha Island 

Sequence (see Figure 7). A wave-cut cliff in the island's central 

ridge complex. 
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CBB 748-5222 

Photograph 13: Exposure Site of D 5, Older Paoha Island Sequence 

(see Figure 7). A wave-cut cliff in the island•s central ridge 

complex. 
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Sampling Sites of Mono Lake Contemporary Muds. 
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' Photograph 14 : Collection Site of Two Contemporary Muds (DS-1* 

and AT-6). (see Figure 8). A cove on the western shore of Mono 

Lake. 
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Photograph 15: Collection Sites of Two Contemporary Muds (PI-W-1 

and PI-W-2*). (see Figure 7). Site of PI-W-1 denoted by asterisk; 

site of PI-W-2* denoted by a cross. 
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INTRODUCTION 

The availability of a well-characterized geological system, 

Mono Lake, presented a unique opportunity for testing the sterol 

molecule's utility as a geochemical probe into earth's past. As 

outlined previously, all of the geological groundwork for the area, 

and much of the biological as well, had already been carried out, 

in~luding the collection and characterization of a remarkable strati-

graphic succession of the lake's sediments. Moreover, as will be 

discussed subsequently, a number of preliminary geochemical investi

gations of this sedimentary model system by other investigators using 

hydrocarbons and sterols as geochemical probes had already yielded 

fruitful results, setting the stage for more detailed studies into the 

fate of organic molecules upon deposition into sediments, or earth's 

fossil record. 

Using the sterol molecule as the geochemical probe, for 

reasons outlined earlier, the sedimentary studies evolved in ·three 

directions. First, several contemporary muds and and.an extensive 

number of older sediments from the stratigraphic succession were 

analysed for their sterol content in the hope of not only determining 

the utility of the sterol molecule as a fine, geochemical probe but 

also elucidating the dynamics of sterol diagenesis. 

Second, a contemporary mud collected from the lake and 

stored and/or processed in several different ways was also analysed 

for its sterol content in the hope of elucidating the forces which 

mediate contemporary, or short-term, sterol diagenesis. An additional, 
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and more practical, aim of this study was to determine what effects, 

if any, storage and/or processing conditions might have on a sediment's 

organic content, specifically its sterol content. In the past, in

vestigators have often treated sediment samples somewhat arbitrarily, 

l54 

'!£ 

assuming diagenesis to be a long-term process, and, therefore, dismiss1ng 

possible short-term diagenesis in contemporary sediments as 

inconsequential. Recently, however, one study has indicated that the 

hydrocarbon content of sediments can undergo alteration depending on 

their storage and processing conditions. 1 

The third, and final, avenue of inquiry into Mono Lake's 

sedimentology entailed a careful study of short~term sterol diagenesis 

in a contemporary mud using 4-14c-cholesterol as a specific diagenetic 

probe. From a geochemical standpoint, such a study constitutes perhaps 

the most elegant way of investigating short-term, or contemporary,· 

diagenesis of organic molecules in sediments. Such a study was 

deemed important in that recent inquiries by other investiga,tors 

suggest that 14c-labelled cholesterol is transformed after only short-

term incubation in recent sediments, as will be discussed subsequently. 

Previous Studies: 

Although the sedimentary studies described in this thesis 

were conducted independently, they were hardly carried out in a 

vacuun1. A number of earlier geochemical iriquiries carried out in the 

same laboratory greatly influenced the direction of the present studies. 

Moreover, a number of independent studies in other laboratories, 

which were conducted more or 1 ess conternporaneous·ly, arc quite similar 
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to certain aspects of the·Mono Lake sedimentology studies. Before 

discu'ssing the present sedimentary studies, therefore, it might be wise 

to briefly outline the results of these other investigations. 

The studies fall into two general categories: 1) analysis 

of the sterol content of a number of sedimentary systems; and 2) 

laboratory simulations of sedimentary sterol diagenesis. The first 

category entails the isolation of sterols from sediments via a barrage 

of chromatographic techniques followed by their characterization, 

invariably via GLC and GC-MS or C-GC-MS. Thr~e separate studies will 

be discussed. One of the studies entailed the analysis of an isolated 

sediment, the Green River Shale, while the other two entailed analyses 

of several sediment bands from stratigraphic.successions from Mono Lake, 

California and Lake Biwa, Japan. Oneof the major findings of all 

these studies is that extensive sterol diagenesis has occurred. in earth's 

sedimentary record. Incidentally, the first phase. of the sedimentary 

studies described in this thesis falls within this category. 

Prompted by the findings of the sedimentary studies, a number 

of investigators have attempted to simulate sterol diagenesis in the 

laboratory under a variety of conditions in the hope of elucidating its 

mechanism. These studies comprise the second cat~gory of geochemical 

sterol research. Experimentally, two general approaches have been 

taken in these simulation studies: 1) 14c-sterol diagenesis experiments, 

in which 4-14c-cholesterol was used as a specific diagenetic probe; and 

2) general sterol-diagenesis studies, in which no 14C-label was added to 

the sediment. The labelling stud·ies are more rigorous in that use of 

the 14c-label permits an exact monitoring of cholesterol diagenesis. 

Their scope is narrow, however, in that only 14C-cholesterol was used 

as a diagenetic probe. Thus, the diagenetic fate of c28- and c29-
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stenols can only be inferred. The scope of the non-labelling studies, 

on the otherhand, is broad in that the diagenetic fate of all of the 

sedimentary sterols can be monitored, albeit less rigorously. 

Incidentally, the second phase of the sedimentary studies described in 

this thesis corresponds to this second approach, whet~eas the third 

phase corresponds to the more rigorous first approach. 

Sedimentary Sterol Studies: A number of past studies on sedimentary 

sterols by W. Henderson and G. Steel, carried out in this laboratory, 

are particularly significant in that they established the utility of 

the sterol molecule as a geochemical probe. In one important study 

they isolated a mixture of 5a- and 5s-stanols, as well as the c30-

triterpanol tetrahymanol, from the Green River Shale (60 million 

years BP). 2 Given the general absence of stanols in living organisms, 

they suggested that the stanols were formed primarily from the reduction 

of stenols following their deposition into the sediment. Furthermore, 

the absence of stenols in the shale led them to conclude that the process 

was more or less complete after 60 million years, at least in the Green 

River Shale. Finally, they noted that the persistence of sterols in 

earth's sedimentary record for 60 million years means that these 

molecules possess considerable stability to diagenetic degradation, 

contrary to previous speculation. Relative to their utility as 

geochemical ma~k~rs, this finding constituted a major breakthrough in 

that geochemical stability is an important criterion of any geochemical 

probe. 

Prompted by the findings of Henderson and Steel's study, 

K. Ogura and T. Hanya examined the sterol content of a 200-meter core 

sample taken from Lake Biwa, Japan's largest fresh-water lake. 3 Sterol 
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analyses of several bands taken from the core revealed the presence of 

complex mixtures of c27-, c28-, and c29-sterols consisting of ~ 5-stenols 

and stanols. Large amounts of stanols were present, particularly 

5a-stanols. 5s-cholestanol was the only 5s-stanol identified. In 

an attempt to elucidate the details of stenol-to-stanol reduction, or 

11 Stanolisation 11
, they computed stanol-to-sterol ratios for the various 

sediments studied. Using the relative abundance of the stanols' 

m/e 215 mass spectral ion and the TIC chromatogram's peak areas to 
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compute the ratios, they computed separate ratios for the c27-, c28-, and -

c29-sterol families. On plotting the values vs. the sediments' 

depth in the core, they observed that the ratios increased with depth, 

indicating that increased stanol genesis had occurred with time. On 

the basis of these findings, they concluded that Henderson and Steel's 

earlier suggestion about the origin of sedimentary stanols must be 

correct, namely that they arise primarily from post-depositional 

stenol reduction. 

Henderson and Steel also carried out the preliminary 

investi ga_tions of the stero 1 content of Mono Lake's sedimentary record, 

which served as the foundation for the sedimentary studies described 

in this thesis. These studies were actually carried out prior to the 

Lake Biwa studies of Ogura and Hanya. Analysis of a number of 

sediments from the Paoha Island Stratigraphic Sequence revealed the 

presence of complex mixtures of c27-, c28-' and c29-sterols, similar 

to those isolated from Lake Biwa. Their origin was shown to be micro

and macro--organisms similar to those resident in the contemporary lake. 

Although sterol dials were identified in a few of the sediments, the 

characteristic sterol species were stenols and stanols. 4•5 Interestingly, 



the stanol content of all of the sediments studied, including 

contemporary muds, was quite high. Although both 5a- and 5(3-stanols 

were identified, 5a-stanols generally constituted the bulk of the stanol 

content. Without computing stanol-to-sterol ratios, they observed that 

the stratigraphic sequence's sterol composition changed with age in 

that an increasing proportion of stanols was obse~ved with increasing 

depth. This trend, they noted, tended to confirm their earlier 

suggestion that stanol genesis is largely, if not completely, a 

diagenetic phenomenon. 

Laboratory Simulations of Sterol Diagenesis: On the basis of the Mono 

Lake sediments' high stanol content, as well as their absence in the 

lake's biota, Henderson and Steel concluded that substantial sterol 
. . 

diagenesis had occurred in Mono Lake's sediments, and quit~ soon ~fter 

their incorporation into the lake's sedimentary record. The presence of 

increased reduction with age further indicated that the diagenesis 

continues with time·, long after the ·initial incorporation of stenols. 

They suggested that two types of diagenesis are responsible for 

stanol genesis: 1) biological processing, specifitally microbial; and 

2) geological diagenesis. 

By way of testing their hypothesis, Henderson et al~ elected 

to examine the effects of heat and pressure, or geological diagenesis, 
. . . 6 

on the sterol content of. contemporary muds from Mono Lake. They dried 

two mud samples, placed them in sealed gold tubes, and incubated them 
0 · .. 

in a high pressure bomb for 30 days at: 1) 228 C and 19.5 psig; 

and 2) 197°C and 17.4 psig. Analysis of the altered muds' steriod 

_fractions and comparison with those of the unaltered muds revealed 

considerable differences. As expected, the sterol fractions underwent 
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substantial reduction on geological processing. In particular, the 

stenol levels dropped, with a corresponding increase in the 5a-stanol 

levels being noted; 5a-steranes were also generated. Consequently, 

they concluded that geological forces such as heat and pressure 

account for the presence of stanols and steranes in older sediments 

such as the Green River Shale. 

Another simulation study of geological sterol diagenesis 
. J . 

was conducted by M.M. Rhead, et al. in Prof. G. Eglinton•s laboratory. 7 

A sample of pulverized Green River Shale containing 4-14c-cholesterol 

was ·incubated in an evacuated, sealed pyrex tube at 200°C for 1000 

hours. Analysis of the sediment •s thermally aftered steriod fraction 

revealed that 35% of the 14c-label had been cohverted to labelled, 

c27-steroidal hydrocarbons, specifically sterenes and steranes. 

Cholest-4-ene and cholest-5-ene constituted the major diagenesis 

products, but small amounts of cholest-2-ene and cholest-3,5-diene 

were detected as well. Two steranes, 5~- and 5{3-cholestane, were 

also present i~ significant amounts. Unlike Henderson and Steel•s 

diagenesis study, however, no stanols were formed. Consequently, 

Rhead et al. concluded that geothermal processing of a sediment mediates 

the diagenesis of sterols to sterenes and steranes. They also suggested 

that the sterenes are undoubtedly intermediates in sterane genesis. 

Unfortunately, the effects of short-term, biological 

diagenesis on sterol diagenesis in Mono Lake were not examined by 

Henderson and Ste~l. S.J. Gaskell and G. Eglinton, however, carried out 

an 1mportant preliminary study on the process. 8 Sterol analyses of 

several sections of a core from a Recent lacustrine sediment (Rostherne 

mer~, Cheshire, England} indicated that stenol-to stanol reduction had 
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' occurred quite rapidly (within 10 years). Like the Mono Lake and 

Lake Biwa studies, they detgcted complex mixture~ of c27-, c
28

- and 

c29-sterols composed of 65-stenols and large amounts ~f stanols. 

Unlike the previous studies, however, they detected large amounts of 

58-stanols as well as 5a.-stanols. Using 4-14c-cholesterol as a 

specific diagenetic probe, they then attempted to· demonstrate that 

short-term, microbial diagenesis was responsible for the extensive 

and rapid stanof genesis. A sealed sediment core was inoculated with 

the labelled cholesterol and incubated in the dark under laboratory 

conditions for three months. Analysis of the sediment•s 14c-sterol 

fraction using liquid scintillation revealed that some of the 

cholesterol may have been teduced to 5a.-cholestanol, albeit less than 

0.2%. Based on the sterol analyses of the unlabel'led mud, they, 

concluded that the figure was somewhat lower than expected. They 

attributed the discrepancy to some inadequacy in the incubation 

conditions used .. Nevertheless, the results do provide tentative 

evidence for short-term, microbial sterol diagenesis. Most important, 

however, the study points out the importance of studying biological, 

or microbial, diagenesis as a possible force in sedimentary sterol 

diagenesis. 
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ANALYTICAL SCHEMA 

Introduction: 

The analytical schema used for the sterol analyses of the 

~arious sediments of the Paoha Island Stratigraphic Sequ~nce is outlined 

in Figure 9. For all its complexity, it was designed basically to 

isolate and purify the sediments• free-sterol fractions, preparatory 

to their characterization. Most of the schema, therefore, consists 

of a barrage of chromatographic techniques tailored to the separation 

and purification of sterols, using the analytical techniques discussed 

earlier. The final steps .entail their identification via GLC and 

C-GC-MS. 

Extraction: 

The first step in the isolation of the sediments• sterol 

poqls entailed solvent extraction of the various samples. All of the 

sediments were extracted in the same manner. Specific amounts of 

lyophilized sediment, generally 50 - 60 grams, were distributed in 

four 250 ml-centrifuge bottles and suspended in a total of 200 mls of 

redistilled toluene/methanol (3:1 vol/vol). This solvent mixture was 

particularly well-suited for the extraction, in that it permitted 

general extraction of the sediments• lipids, from the nonpolar hydro-

carbons .. through the moderately polar sterols. Other molecules extracted 

included carbohydrates and a variety of photosynthetic pigments, 

including carotcnoids and the more polar chlorophylls. As a matter of 

fact, the bulk of the sediments• extracted organics consisted of these 
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F I G U R E 9 

Analytical Schema for the Analysis of Sterols 

in Mono Lake's Sedimentary Record. 
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ANALYTICAL SCHEMA 

MONO LAKE SEillMENT (dried) 
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solvent extraction 

I to luenc/M111 (3' 1 v /v) I 
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co·lun.n chromatography 
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FRACTlONA'I'Ell EX'I'RACf 13 fractions 

analytical thin layer chromatography 
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COMPLEX MIXTURE OF STENOLS AND STANOLS 

NON-STEIWI. FRACTIONS 

XBL 7411-806~ 
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General Lipid Content of Mono Lake Sediments. 
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General Lipid Extract (dry wt.) 
vs. Dry Weight ~ediment 

Sam~le ( Rat i o X . 1 0 ) 

AT-6 3.18 

PI-W-2* 2.08 

PI-W-1 1.26 

OS-1* 18.5 

3-L-0 5.64 

3-L-17 1. 21 

3-L-53 1.41 

2-L-22 2.64 

2-L-56 0.50 

1-L-4 0.34 

1-L-43 1.50 

1-L-68 1 .00 

1-L-76 6.46 

1-L-83 1.13 

OlA 2.48 

038 0.89 

058 1.45 

XBL 7510-8702 



pigments. Interestingly, the solvent mixture was sufficiently polar to 

extract much of the sediments• inorganic salt content. 

The extraction itself was accomplished in a series of 

operations. The solvent-suspended sediment was first sonicated for 

10 minutes to insure its complete disruption and dispersion. The 

suspensions were then magnetically stirred for 15 minutes to insure 

complete extraction. Centrifugation yielded a supernatant containing 
. . 

the lipids, which was then concentrated via vacuum evaporation. To 

facilitate solvent removal the sample was heated slightly during 

evaporation, never exceeding 40°C. Because the organic content of the 

various sediments varied dramatically, from quite lean to ri-ch, the 

extraction procedure was repeated four times, resulting in exhaustive 

removal of lipids and pigments. The extent or completeness of the 

extraction was monitored both via GLC and visible absorption. 

The individual extracts for each sediment were then pooled 

and evaporated to dryness, yielding residues varying· in color from 

light yellow to dark green. As Table 5 illustrates, the amount of 

residue varied dramatically from sediment to sediment, ranging from 0.34 

to 18.5 ([dry weight general lipid extract/dry weight sedimentj x .102). 

Resuspension of the residue in 5 mls of redistilled n-heptane yielded the 

sediment•s general lipid extract, which was then ready for subsequent 

chromatographic fractionation. 

Column Chromatography: 

In addition to sterols, the sediments• general lipid extracts 

contained a variety of extraneous species, particularly photosynth~tic 

pigments, as outlined previously. In order to remove these species, the 
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T A B L E 6 

COLUMN CHROMATOGRAPHY (SILICA GEL) 

Fraction No. Solvent (150 ml} Molecules Eluted 

1 n-heptane hydrocarbons 

2 II II 

3 II II 

4 5% EtOAc/heptane esters 

5 II II 

6 10% EtOAc/heptane 11 + carotenoids 

7 II II II 

8 20% EtOAc/heptane II II 

9 II carotenoids + sterols 

10 EtOAc II II 

11 II II II 

12 methanol chlorophylls + carbohydrates 

13 II II II 

XBL 7510-8701 
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T A B L E 7 

FRACTIONATED EXTRACT (1- L-76) 

Fractio11 No. Solvent (ISO ml) Color (concentrate~ 

1 n-heptane clear 

2 " II 

3 II II 

4 5% EtOAc/heptane II 

5 II II 

6 10~.; EtOAc/heptane pale yellow 

7 II yellow 

8 20°o EtOAc/heptane yellow 

9 II gold ... 

10 EtOAc deep gold 

11 II golden brown 

12 methanol gold 

13 II dark green 

XBL 748-5307 
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extracts were fractionated via liquid-liquid partition chromatography. 

The system used consisted of a silica gel column with an ID of 2.5 em~ 

a length of 60 em and a bed volume of 75 grms of silica gel (60-

200 mesh). The eluting solvent was dispensed from a 300 ml dropping 

funnel attached to the top of the column via a ground-glass joint. As 

Table 6 illustrates~ a series of increasingly polar solvent were 

eluted stepwise through the column in 150 ml aliquots~ beginning with 

nonpolar n-heptane and culminating with polar methanol. This stepwise 

elution permitted fractionation of the general lipid extract into 13 

fractions containing different species~ as illustrated in Table 6 for 

a number of standards. 

To insure maximum separation and minimum diffusion of the 

extract•s components in the column~ a flow rate of 3 ml/min was 

selected. The amount of extract charged onto the column was especially 

crucial to the efficiency of separation. Best separations were achieved 

when the sample did not exceed 0.75 grms~ i.e., a ratio of general 

lipid extract/silica gel s 0.01. However, in some of the richer 

sediments, ratios s 0.03 were used and found to be quite acceptable. 

Values in excess of 0.03, however, resulted in considerable tailing 

of migrating bands, particularly carotenoid and chlorophyll bands. 

As mentioned previously, all of the sediments yielded highly 
. .. ) 

pi~mented extracts. Consequently, many of the column fractions were co: 
lored, as illustrated in Table 7 for one of the sediments, 1-L-76. As 

FigurES 10-12 demonstrate, spectrophotometric examination of these 

fractions in the visible region confirmed the utility of the column 

in separating the extraneous pigmentation. In fractions 1-5 no 

absorption maxima are present, correlating well with the absence of 
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F I G U R E S 1 0 - 1 2 

Visibl~ Absorption Spectra of 1-L-76's Fractionated 

General Lipid Extract. Spectra obtained on a Cary 

14 Spectrophotometer using evaporated aliquots from 

each column fraction (see Table 7) resuspended in 

redistilled ethyl acetate. 
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Figure 10: Visible Absorption Spectra of Column Fractions 1 - 5. 
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Figure 11 ~ Visible Absorption Spectra of Column Fractions 6 - 9. 
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Figure 12: Visible Absorption Spectra of Column Fractions 10 - 13. 
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color indicated in Table 7. In fractions 6- ~.however, peaks at 405 , . 
. ' 

nm appear, corresponding to carotenoid absorption. Maxima in the 

phycobilin protein region (500 and 533 nm) are also evident. In the 

final fractions (10 - 13) peaks at 667 nm appear, corresponding to 

chlorophyll absorption. All of the sediments• extracts yielded similar 

absorption patterns, though the amount of pigmentation varied from 

sample to sample. In some of the leanest sediments, for example, 

pigmentation was undetectible until the column fractions were concen-

trated almost to dryness. 

Each of the 13 fractions collected from the column were 

concentrated to a volume of 2 ml via vacuum evaporation, stored in a 

screw-cap vial, and refrigerated, preparatory to analytical thin-layer 

chromatography. It was found necessary to line the vials• plastic 

caps with aluminum foil to eliminate contamination from plasticizers 
. 

such as dibutylphthalate, particularly in those fractions containing 

ethyl acetate as t~e eluant. 

Analytical Thin-layer Chromatography: 

Analytical thin-layer chromatography (TLC) was utilized to 

determine which of the column fractions contained sterols. As Table 6 

illustrates, fractions 9 - 11 always contained the sedimentary sterols, 

at least for the column conditions described previously. Faster 

column flow rates, however, tended to cause elution of the sterol 

fraction into fraction 8. Analytical TLC provided an excellent way 

of precisely monitoring the elution of sterols, eliminating any loss 

arising from fluctuation~ in column conditions. 

Silica Gel 7G, obtained from J.T. Baker Chemical Co., 
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proved to be an ideal adsorbent. The powdered gel was made into a 

slurry (silica gel: distilled water, 1:2 wt/vol) and coated on 20 x 

20 em glass plates (acetone washed) using a Colab spreader. The 

thickness of the coating did not alter the chromatographic properties 

greatly, but 280~ was selected as an intermediate value, being 

suitable for both analytical and preparative applications. After 

air-drying for 30 minutes, the plates were activated at 100°C for 

30 minutes, and stored in a drying oven at 30°C till they were 

needed. 

Approximately 300 - 400 ~ls of each column fraction were 

spotted on a TLC plate with capillary micropipettes; cholesterol was 

also spotted as a standard. The 11 Charged 11 plates were then developed 

for; 10 em in a TLC tank in which the solvent system (chloroform: 

ethyl acetate, 3:1 vol/vol) had equilibrated. 

After the solvent was allowed to dry from the developed . ,.· . . 

chromatogram, visualization of the eluted species was accomplished in 

one of two ways. In the first few studies, all TLC chromatograms 

were visualized by spraying the a 1% solution of eerie sulfate in 10% 

sulfuric acid and heating at 11cPc for 5-10 minutes. Ceric salts of 

the charred solutes generally appeared as dark spots, except in the 

case of the sterols where purple spots were observed. This method is 

quite sensitive but has the disadvantage of destroying the solute. 

Although this is not a problem in analytical work, preparative 

applications suffer. For this reason, .another method was implemented. 

A 0.1% solution of ethanolic Rhodamine 6G (Rh 6G} was found to be an 

excellent spray reagent. After 15-20 minutes of exposure to the dye, 

the eluted species on the chromatogram appeared as faint pink spots. 
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F I G U R E 1 3 

Analytical TLC Chromatogram of 1-L-76•s Fractionated 

General Lipid Extract. Silica gel plate developed 

for 10 em using chlOI~oform: ethyl acetate (3:1 val/ 

val). Cholesterol used as a standard. Chromatogram 

visualized by spraying with a 0.1% solution of 

ethanolic Rhodamine 6G. 
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Rh 6G~solute complexes also fluoresce strongly under UV light, 

permitting better detection. This was quite useful for some of the 

leaner sediments studied. Though slightly less sensitive, this 

method has the advantage of not being destructive, in that the dye can 

be selectively extracted from the eluted material. 

As Figure 13 illustrates, the solvent system used in the 

analytical TLC resolved the various components quite wel.l. Hydrocarbons 

in the early fractions migrated near the solvent front with Rf•s of ~ 

0.73. Esters, being slightly more polar, travelled behind. The 

sterols and some of the carotenoids, which co-chromatographed on the 

silica gel column, were resolved on the TLC plate. The sedimentary 

sterols, both stenols and stanols, gave an Rf = 0.43, whereas various 

cardtenoids gave values ranging from 0.4 to 0.6. In the final 

fractions the polar chlorophylls migrated only slightly or not at all. 

The silica gel column fractions found to contain sterols 

{9-11) were combined and evaporated, yielding the crude sterol fraction. 

Unfortunately, as Figure 13 reveals, the combined sterol fraction was 

far from pure. In some cases as many as seven carotenoid species were 

also present, yielding crude sterol fractions which were often bright 

orange in color. 

Trimethylsilylation: 

Since analytical TLC revealed that a number of carotenoids 

co-eluted with the free sterols on the silica gel column, a method 

of selectively modifying the sterols, thereby altering their 

chromatographic behavior, was developed in order to separate them 

from the extraneous carotenoids. This simply consisted of derivatizing 
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them into the substantially less polar TMS-sterol ethers. 

Though several exotic silylating reagents were screened, a 

mixture of hexamethyldisilazane (HMOS) and trimethylchlorosilane 

(TMCS), with pyridine as solvent, was found to be acceptable. A 

mixture of HMOS-TMCS of 3:1 vol/vol was used, although little change 

in the degree of derivatization was observed over the range 4:1 to 

1:1. Since aqueous hydrolysis can be a problem all reagents and 

solvents used in the reaction were redistilled and stored under 

anhydrous conditions. 

As to the reaction conditions, glass tapered-vials (2 mls 

in volume) with plastic screw caps were used as reaction vessels. 

Unfortunately, GLC examination of a blank revealed the presence of 

several peaks which were determined to be phthalate esters, commonly 

used plasticizers. Consequently, the caps were lined with aluminum 

foil, which had been pre-extracted in organic solvents to remove any 

contaminants. The pyridine and silylating reagents were then 

pipetted into a vial containing the evaporated crude sterol fraction. 

Initially, 100 l-!ls of pyridine, enough to dissolve the residue, was 

added, followed by 300 l-!ls of HMOS and 100 l-!ls of TMCS. The reaction 

mixture was then heated to 65°C for 15-20 minutes, although standing 

overnight at room temperature was sufficient for quantitative 

conversion. 

Under the conditions necessary for GLC ana.lysis of sterols, 

pyridine generally causes considerable tailing in the chromatogram. In 

these studies the tailing was so objectionable that th~ solvent was 

removed by evaporating the silylation reaction mixture.under nitrogen. 

In order to prevent hydrolysis of the trimethylsilyl ethers, however, 

181 



the residue was immediately resuspended in ethyl acetate. Finally, 

this suspension was centrifuged to remove the NH4Cl precipitate, a 

side-product of the reaction; the supernatant was then drawn off and 

stored in a glass vial, yielding the trimethylsilylated crude sterol 

fraction. 

Preparative Thin-layer Chromatography: 

Preparative TLC was selected as a convenient mode of 

purifying the trimethylsilylated crude sterol fraction. Despite the,· 

widespread misapprehension that TMS-ethers are too labile in the 

presence of acidic species like silica gel, no hydrolysis was detected. 

The sample was streaked on a TLC plate with a capillary micropipette 

and eluted 10 em in a solvent system consisting of benzene: heptane 

(1 :1 vol/vol). TMS-cholesterol was also spotted on the plate as a 

standard. Visualization with Rh 6G invariably revealed the presence 

of several bands. Figure 14 depicts a typical chromatogram for 

sediment 1-L-76 and illustrates the necessity for preparative TLC. 

Seven distinct bands appear, with the TMS-sterol ether band at Rf = 

0.5. Examination of the other bands revealed them to be various 

carotenoid species. 

The purified TMS-sterol ether band was carefully scraped 

182 

from the plate and exhaustively extracted with diethyl ether (redistilled). 

Since the Rh 6G is not soluble in ether whereas sterols are, a 

purified TMS-stercl ether fraction was selectively extracted. The 

ether extract was then evaporated and resilylated to insure against 

possible hydrolysis of the TMS-ethers during the work-up. The final 

product was a TMS-sterol ether band pure enough for subsequent GLC analysis. 
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F I G U R E 1 4 

Preparative TLC Chromatogram of 1-L-76 1 s Crude 

TMS-sterol Fraction. Silica gel plate developed 

for IO'cin using benzene: n-.heptane< (l:J .vol/vol) . 

. TMS-cholesterol. used as a standard. Chromatogram 

visualized by spraying with a 0.1% solution of 

ethanolic Rhodamine 6G. 
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Analytical Gas-liquid Chromatography: 

Till now the various steps of the analytical schema have 

been geared mainly to the isolation and purification of the sediments' 

sterol fractions. Gas chromatographic examination of the TMS-sterol 

ether fraction constituted the real beginning of the analytical phase 

of the schema .. Preliminary characterization of the various sterol 

components, as well as their quantitation, was accomplished at this 

stage. 

As discussed in the theoretical di~cussion of GLC, the 

analysis of biological mixtures, or mixtures of natural origin, can 

be quite difficult in that many components may be present. Furthermore, 

many components often co-chromatograph on most GLC stationary phases. 

This was particularly true of the sediments' TMS-sterol fractions in 

that as many as 11 components were present, many of which co-

chromatographed on a number of GLC phases. To circumvent these problems 

three different phases were used in the analysis (Table 8). They 

are all silicon polymers but differ with respect to molecular weight 

and substitution. Their structural differences result in different 

chromatographic, or elution, behavior for a given solute and improved 

resolution of solutes with similar structures. 

The separation of species· on the three phases is based 

primarily on molecular weight differences, with the larger molecules 

eluting later. OV-17 and J x R's chromatographic properties are 

quite similar; both separate solutes almost exclusively on the basis 

of molecular weight. Taken separately, all of the stenols and stanols 

illustrated in Figure 1 may be resolved on these two phases. 

Unfortunately, when both stenols and stanols are present in a mixture, 
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T A B L E 8 

GAS CIIROMATOGRAPIII C STATIONARY PHASES 

·Liquid phase 

OV-17 (Phenylmethylsilicone) 

J x R (dimethyl~ilicone) 

QF-1 
(trifluropropylmethylsilicone) 

Structure 

IH3 
Si-0-
~ 
Phe 

CH · I 3 
Si-0-

1 
CH

3 

X 

n 

m 

Average Mol 
weight 

4 X 103 

Operating 
temperature 

XBL 748-5306 
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the stanols co-elute with the parent stenols, e.g., 5a-cholestanol 

cannot be resolved from cholesterol. The only exception is 58-

cholestanol, which elutes earlier than the other steroi~. The third 

phase, QF-1, was used to eliminate this pt·oblem. It is slightly 

more polar than either OV-17 or J x R, and permits resolution of 

the various stanols and stenols on the basis of differences in their 

degree of unsaturation. Table 9 illustrates the retention properties 

for a number of sterol standards on the three liquid phases.' The 

kind of separation obtained with these phases for the sediments • 

complex mixtures of stenols and stanols is illustrated in Figure 15 

for one of the contemporary muds, PI-W-1 • 

.' As to the operating conditions, the GLC columns utilized in 

the analyses are also described in Table 9. The coated supports 

were prepared by coating specific amounts of liquid phase on Gas

Chrom Q (100-120 mesh). The instrument used was a Varian Aerograph 

2740gas chromatograph. It is a dual column instrument-equipped with 

FlO detectors, and has temperature programming capabilities. All 

thermal regions, i.e., injectors, column oven, and detector oven, 

are thermally isolated and have individual temperature controls. The 

column oven, and therefore the GLC column, was maintained isothermally. 

The operating temperatures for the different columns, which are 

dependent on the liquid phase, are als~ listed in Table 8. The 

injector. and detector temperatures were kept at 295°Cto prevent 

cond~nsation of the TMS-sterol ethers. Helium was used as the carrier 

gas. O{fferential flow controllers, also present on the instrument, 

permitted a constant flow of helium at 20 ml/min. Wit,h regard to the 

FlO detector, a hydrogen-air flame was used. Fine metering valves 
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T A B L E 9 
GLC RETENTION DATA FOR REFERENCE STEROL TMS-ETIIERS 

mol. wt. 
~~l_!_e!:__t_~_9_EJ..£.~l.? ___ . _______ lM~-
----- -·-------------· 

desmosterol 456 

cholesterol 458 

SR-cholestan-38-ol 460 

Sa-cholcstan-38-ol 460 

ergosterol 468 

brassicasterol 470 

campcsterol 472 

5a-campcsta~-3a..:ol 474 

Sa-ergostan- 38-o l 474 

fucosterol 484 
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GLC Chromatograms of PI-W-l's Purified TMS-sterol 

Fraction. Analyzed on two GLC columns: 1) 3% OV-17 

on Gas Chrom Q (100-120 mesh) packed in a 6' x 1/8" 

stainless steel column; and 2) 1%. QF-1 on Gas Chrom 

Q (100-120 mesh) packed in a lO'.x l/8" stainless 

steel column. Both maintained isothermally, OV-17 

at 270°C and QF-1 at 210°C. Helium carrier gas flow 

rate at 20 ml/min. 
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GLC Chromatogram of the Hydrocarbon Standard Mixture 

Used to Compute Kovats' Retention Indices. 

Generated using OV-17 column: 3% OV-17 on Gas Chrom 

Q (100-120 mesh) packed in a 6' x 1/8" stainless 

steel column. Maintained isothermally at 270°C. 

Helium carrier gas flow rate at 20 ml/min. 
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FIGURE 17 

Kovats• Plot for PI-W-1 •s Purified TMS-sterol 

·Fraction. Plotted using OV-17 GLC traces 

for the hydrocarbon standard mixture and PI-W-1 •s 

sterol fraction (see Figures 15 and 16). 
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permitted individual adjustment of the air and hydrogen supply to 

the detector. A helium/hydrogen/air ratio of 20/30/300 ml/min was 

used. The electronic recorder used to monitor detector response 

was a Varian A-25 single-pen recorder set at a chart speed of 10 in/hr. 

Qualitative analysis of the GLC data was accomplished by 

assigning Kovats• retention- indices, J•s, to the various peaks and 

comparing them to values obtained for the TMS-sterol standards. 

The graphical method described earlier was utilized in determining the 

indices. The n-hydrocarbons used as standards consisted of a mixture 

--of n-c27' n-c28 , n-c30 , and n-c32 (Figure 16). The graphical method 

is illustrated in Figure 17, which contains the Kovats plot of the 

hydrocarbon mixture as well as the components of the TMS-sterol ether 

fraction from PI-W-1. As suggested earlier, other hydrocarbon mixtures 

could have been used. Perhaps, a mixture including n-c34 thru n-c36 
might have been better. However, all of the components of the mixture 

used are readily available, and use of the mixture yielded excellent 

results. 

Quantitative analysis of the various components in the GLC 

chromatogram was accomplished via the cutting-and~weighing method 

discussed earlier. The various peaks were traced onto bond paper of 

uniform composition, cut out, and weighed on an analytical .balance. A 

carefully prepared solution of TMS-cholesterol was used as the 

quantitative standard~ An aliquot of the standard was injected into 

the GC at the same recorder attenuation as the ·sediment•s TMS-sterol 

ether fraction, and the peak was carefully traced and cut out. The 

total amount of each sedimentary sterol component was calculated as 

follows: 
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TMS-chol 4S8 
· Stnd (ngs) x 386 

H1S··chol 
Peak Wt (mgs) 

X 
Unknown 

Component•s X 
Peak Wt {mgs) 

Total Volume 
TMS-sterol 

Fraction (~l) 

Sample 
Injection (~l) 

Sedimentary 
= Sterol 

Component (mgs) 

The factor 4S8/386 is included as a molecular weight conversion factor 

because the standard cholesterol solution was trimethylsilylated subse

quent tn its initial preparation. 

GLC Standards: The stenols used as standards for the GLC analysis, as 

well as the other chromatographic analyses, are all natural products, 

and are available commercially. Of the stanols, only Sa- and sa-

cholestan~3a-ol may be purchased. The others, i.e., Sa-campestan-

3B-ol, Sa-ergostan-3S-ol, and Sa-stigmastan-3a-ol, were prepared 

synthetically via hydrogenation of the parent stenol, i.e., Sa-

ergostan-3B-ol from ergosterol, Sa-campestan-3t3-ol from campesterol, 

and 5a-stigmastan-3a-ol from a-sitosterol. 

The hydrogenation procedure used is quite straightforward. 

A few milligrams of the stenol were dissolved in ethyl acetate, and 

a few drops of glacial acetic acid were added. Adams Pt2o catalyst 

was then added, and hydrogen was bubbled into the solution with continu-

ous stirring for one hour. The solvent was removed in a stream of 

nitrogen, and the sample was silylated in the normal manner. GLC 

and MS examination of the silylated product revealed quantitative 

conversion of stenol to stanol. 

MS of TMS-sterol Ethers: 

Before proceeding to C-GC-MS analysis of the sediments• 

TMS-sterol fractions, it was deemed necessary to have a collection of 
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mass spectra of TMS-sterol standards on hand for comparison with the 

sediments• unknown sterol components. These were generated via direct 

probe MS using the TMS-sterol standards utilized in the GLC analysis 

(Table 9). Although the standards were analyzed via direct probe 

MS, their fragmentation patterns are virtually identical with those 

obtained via GC-MS, a characteristic feature of trimethylsilyl 

derivatives. It is simply not customary to analyze routine standards 

via the more time-consuming GC-MS. 

Normalized line diagrams for a number of the TMS-standards 

are illustrated in Figures.l9- 21 (Appendix B). These standards were 

not selected arbitrarily, in that they constitue the sterol-types 

isolated 'in the sedimentary studies. The mass spectrum of tetrahymanol, 

a pentacyclic c30-triterpanol, is also included in Figure 21 in that 

it appears in a number of the sediments. Although it is not a sterol, 

it is related structurally and chromatographically, as will be discussed 

1 ater. 
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As Figures 19 - 21 indicate, the mass spectra of the TMS-sterols 

are quite regular. An average of ten ions have been labelled in the 

various spectra, corresponding to the most characteristic and/or 

abundant fragmentation ions. Most of these ions are of real diagnostic 

value in determining sterol structure. The smallest of these ions, 

however, notably those of m/e 69, m/e 73, and m/e 75, are of no real 

diagnostic value. The ion of m/e 75, for example, consists largely of 

dimethylsilanol fragments, (CH3)2SiO+H. They are characteristic of 

most trimethylsilyl ether derivatives in general. 

The various spectra possess a number of obvious similarities. 

The t'l
5-steno1s possess certain common ions, notably at m/e 129 and m/e 



255, despite differences in structure and molecular weight. The 

stanols also possess common ions, notably at m/e 215, m/e 230 and 

m/e 305. Even among the ions which are not comman, two general patt~rns 

of mass spectral fragmentation are observable. All of the stenols, 

with the slight exceptio~ of ergosterol, possess a characteristic 

pattern; whereas the stanols exhibit a different but equally characteris

tic fragmentation pattern. 

Before discussing the stenol an·d stanol fragmentations, 

however, it might be worthwhile to dwell briefly on their single 

unifying feature. Without exception, all of the TMS-sterols possess a 

molecular ion, M, which has an m/e of 72 mass units greater than the 

free sterol's molecular weight as a result of the trimethylsilyl 

group. It corresponds to: m/e 458 for TMS-cholesterol, m/e 460 for 

TMS-5a- and 5s-cholestanol, m/e 468 for TMS-ergosterol, m/e 470 for 

TMS-brassicasterol, m/e 472 for TMS-campesterol, m/e 474 for TMS-

5a-ergostanol and 5a-campestanol, m/e 484 for TMS-stigmasterol, m/e 

468 for TMS-s-sitosterol, and m/e 488 for TMS-5a-stigmastanol. 

As C.J.W. Brooks et al. have pointed out~ a molecular ion 

peak is ahvays observed for Tr~S-sterols in genera1. 1 With few exceptions, 

it is of high relative abundance, even in those instances where well-

defined fragmentations are favored. Interestingly, for TMS-sterols 

possessing unsaturation in the vicinity of ring C of the sterol nucleus, 

it is frequently the base peak. Consequently, TMS-ethers appear to be 

of general value for defining the molecular weights of sterols, an 

important consideration when determining sterol strur.ture. 

TMS-stenol Fragmentation: The single ion most characteristic of the 

TMS- ~ 5 -stenols (viz. cholesterol, campesterol, brassicasterol, 

198 



0 0 I fflt 
\,.I l.J 6 0 ~l 3 f1 

stigmasterol, and a-sitosterol) appears at m/e 129. In. some cases 

e.g., cholesterol, it constitutes the base peak. It is known to 

consist of the trimethylsilyl moiety plus carbon atoms 1, 2, and 3 of 

the sterol nucleus. 2•3 The following mechanism has been suggested for 

its formation: 

Me SiO f + ;t 4111E<---
3 + CH 

m/e 129 I 2 

R 

(M-129) 

H 

As the mechanism suggests the dual presence of the trimethylsilyl

ether linkage and ~ 5-double bond prompts this fragmentation. 

As C.J.W. Brooks et al. have pointed out, however, other 

steroid classes, notably the 17-trimethylsilyloxysteroids, also form 

the m/e 129 ion. 4 The combin~d presence of a major ion at (M-129), 

however, is observed only for Ja-trimethylsilyloxy-~5 -steroids, or 
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~5 -stenols,such as cholesterol and~-sitosterol. In some cases, e.g., 

~-sitosterol, the (M-129) ion constitutes the base peak. For the ~5-

stenols illustrated in Appendix B, this ion corresponds to: m/e 329 

for cholesterol, m/e 341 for brassicasterol, m/e 343 for campesterol, 

m/e 355 for stigmasterol, and m/e 357 for ~-sitosterol. Thus the single 

most identifying mass spectral feature of the TMS-~5-stenols is the 

combined presence of the m/e 129 and (M-129) ions. 

Although TMS-ergosterol does not form the characteristic 

m/e 129 and (M-129) ions, because of its additional ~7-double bond, it 

does form an analogous ion of m/e 131. Its structure differs from the 

m/e 129 ion only slightly, in that it contains two additional hydrogen 

atoms: (CH3)3SiOCH-CH2CH3. Furthermore, it possesses the companion 

(M-131) ion at m/e 337, which constitutes one of its more abundant 

ions. The formation of these ions is characteristic of ~ 5 • 7-stenols 

in general. 

Another common, characteristic mass spectral fragment of 

the ~5-stenols is the ion at~ 255, which corresponds to loss of the 

elements of trimethylsilanol, (CH3)3SiOH, plus the sterol sidechain, 

the site of most of the structural variation in these molecules. 

Its relative abundance varies from stenol to stenol, but it is generally 

of medium abundance. Of the ~5-stenols listed in Appendix B, only 

campesterol does not contain this ion. When searching for ~ 5-stenols, 

the mass spectroscopist first looks for the combined presence of the 

m/e 129 and m/e 255 ions. He then looks for an (M-129) ion to 

confirm his initial suspicions, before searching for the molecular 

ion. 

Although TMS-ergosterol does not yield the m/e 255 ion 
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on fragmentation, it does form the analogous ion at m/e 253, which also 

corre~ponds to loss of trimethylsilanol and the sterol sidechain. It 

differs by two mass units in that ergosterol possesses the additional 

tJ.
7-unsaturation. The presence of an m/e 253 peak is characteristic of 

tJ.
5•7-stenols. 

All of the TMS-stenols, with the exception of ergosterol, 

also form an (M-15) ion, which corresponds to loss of the c19-methyl 

group or one of· the methyl groups of the trimethylsilyl moeity. This 

ion generally constitutes the least abundant major ion in their 

mass spectra. The corresponding peak appears at: m/e 443 for cho

lesterol, m/e 455 for brassicasterol, m/e 457 for campesterol, m/e 

469 for stigmasterol, and m/~ 47.1 for a-sitosterol. 

All of the TMS-sterols listed in Appendix B, including 

ergosterol, possess an (M-90) ion which corresponds to loss of the 

elements of trimethyl silanol. In all cases, particularly cholesterol 

and a-sitosterol, it constitutes one of the most abundant ions. 

It is always more abundant than the (M) and (M-15) ions. The 

corresponding m/e values are: 368 for cholesterol, 378 for ergosterol, 

380 for brassicasterol, 382 for campesterol, 394 for stigmasterol, 

and 396 for a-sitosterol. 

All of the TMS-stenols possess an (M-105) ion as well, 

corresponding to loss of the elements of trimethylsilanol plus a 

methyl group, probably the c19-methyl. This ion constitutes one of 

the major ions, although it is generally not as abundant as the (M-90) 

ion. The only notable exception is ergosterol, where the (M-105) 

ion constitutes the base peak. The corresponding mass fragments 

appear at: m/e 353 for cholesterol, m/e 363 for ergosterol, m/e 
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365 for brassicasterol, m/e 367 for campesterol, m/e 379 for 

stigmasterol, and m/e 381 forB-sitosterol .. 

Finally the two c29-t.
5-stenols, stigmasterol and B-sitosterol, 

contain two unique ions in their TMS-ether mass spectra. Stigmasterol•s 

spectrum contains the low molecular-weight ion of m/e 83 which 

actually constitutes its base peak. It consists of a six-carbon 

fragment containing carbon atoms 24 thru 29 of the sterol nucleus, 

and is due to cleavage of the carbon bond adjacent to stigmasterol•s 

t.
22-double bond. Its presence is of some diagnostic value, in that it 

does not appear in any of the other spectra. B-sitosterol •s spectrum 

contains a major peak at m/e 215. Its presence in a TMS-stenol 

spectrum is most curious in that it is generally typical of TMS-stanol 

fragmentation. Consequently, its presence in TMS-B-sitosterol •s 

spectrum is of little diagnostic value. 

H1S-stanol Fragmentation: The characteristic, or identifying, peaks 

for the TMS-stanols occur at m/e 215 (with less abundant peaks at 

m/e 216 and 217), m/e 230, and m/e 305. The m/e 215 ion corresponds 

to loss of ring D and th~ side chain of the sterol nucleus plus the 

elements of trimethylsilanol. 

m/e 215 Ion 
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Although its relative abundance varies from stanol to stanol, it is 

always one of the most abundant ions particularly in the ~-stanols. 

As a matter of fact, the presence of an m/e 215 peak in a TMS-sterol 

mass spectrum generally constitutes the best preliminary evidence 

for stanol presence. The m/e 230 peak corresponds to an ion composed 

of the m/e 215 fragment plus an additional methyl group, presumably a 

remnant of ring D. The m/e 305 ion corresponds to loss of the 

sterol sidechain plus 42 mass units from ring D, or only partial loss 

of the ring. Both the m/e 230 and m/e 305 ions are generally present 

in moderate amounts, and are always dwarfed by the m/e 215 ion. 

Interestingly, the m/e 305 ion is much less abundant in 58-cholestanol. 

Like the TMS-6 5-stenols, the TMS-stanols all possess an 

(M-15) ion, again corresponding to loss of the c19-methyl group or 

one of the methyl groups of the trimethylsilYl moeity. Unlike the 

stenolS, however, the stailols' (M-15) ion is slightly more abundant 

than the molecular ion. The corresponding ions for the various stanols 

listed in Appendix Bare: m/e 445 for Sa- and 58-cholestanol, m/e 

459 for 5a-campestanol and 5a-ergostanol, and m/e 473 for 5a

stigmastanol. Interestingly, TMS-58-cholestanol forms very little 

of this ion on electron impact. 

Like·the stenols, all of the stanols form an (M-90) 

fragment, again corresponding to loss of trimethylsilanol. The 

corresponding mass fragments are: m/e 370 for both Sa- and 58-

cholestanol, m/e 384 for 5a-ergostanol and 5a-campestanol, and mle 
. - -

398 for 5a-stigmastanol. For the 5a-stanols the (M-90) ion is generally 

the least abundant of the major ions. For 58-cholestanol, on 

the other hand, it is the most abundant ion, constituting the mass 
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spectrum's base peak. ·Diagnostically, this constitutes the major 

' fragmentation difference between the 56- and 5a-stanols. 

All of the stanols contain an (M-105} ion as well, like the 

TMS-stenols. Again, it is due to loss of the elements of 

trimethylsilanol plus a methyl group from the sterol nucleus, 

undoubtedly the c19-methyl. It corresponds to the peaks at: m/e 

355 for Sa- and 56-cholestanol, m/e 369 for 5a-campestanol and Sa

ergostanol, and m/e 383 for Sa-stigmastanol. This ion is intermediate 

in abundance for the Sa-stanols, whereas it is one of the more 

abundant ions of 56-cholestanol's fragmentation. Interestingly, the 

relative abundance of the (M-105} ion is greater than that of the 

(M-90} ion for all of the stanols, unlike the stenols where the 

(M-90} ion predominates. This constitutes a characteristic but minor 

difference between stenol and stanol fragmentation. 

TMS-tetrahymanol Fragmentation: The mass spectrum of the TMS

tetrahymanol standard is depicted at the bottom of Figure 21 of 

Appendix B. Free tetrahymanol (originally obtained from Dr. F.B. 

Mallory, Dept. of Chemistry, Bryn Mawr College, Penn.) was trimethyl

silylated using the procedure outlined earlier. A~ the spectrum 

reveals, it has a molecular ion at m/e 500. Major ions also appear at 

m/e 410 and m/e 395, corresponding to (M-90) and (M-105} ions, 

respectively. Other ions appear at m/e 69 and m/e 73. All of these 

ions are characteristic of the fragmentation of a trimethylsilyl 

ether of an alcohol. The two most abundant, and characteristic, ions 

in the spectrum appear at m/e 191 and m/e 189. Their formation and 

structure are easily rationalized as follows: 
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TMS-tetrahymanol 

l 
+ 

m/e 189 m/e 191 

The regularity of TMS-tetrahymanol•s fragmentation, the presence of a 

molecular ion, and the relative ease with which the fragmentation 

pattern was deduced, further substantiate the trimethylsilyl ether•s 

utility as a mass spectral derivative. 

C-GC-MS Analysis: 

C-GC-MS was utilized primarily as a means of confirming the 

preliminary sterol identifications made via analytical GLC. The 

C~GC·MS system used in these studies has already been illustrated in 

Photograph l. A diagramatic representation of the system is contained 

in Figure 18. Although samples may be introduced into the system's 

mass spectrometer via the GLC and direct probe inlets, only GC-MS 
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Block Diagram of a C-GC-MS System 
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analyses were carried out on the sediments• TMS-sterol fractions. 

Since the mass spectrometer cannot tolerate excessive 

carrier gas flows, the 1/8 inch OD columns used in the analytical GLC 

could not be used for GC-MS. The column used was a 30 ft x 0.03 

inch I.D. glass capillary column packed with 1% OV-1 coated on Gas 

Chrom Q (80-100 mesh). All runs were carried out isothermally at 270°C. 

Between 1-2 ~ls of the TMS-sterol ether fraction were injected 

into the column. 

Once the raw MS data was generated by the mass spectrometer, 

as outlined earlier, the data processing was carried out by the 

computer. The process is standard, regardless of the molecules 

being studied or the GLC 'conditions used. As the data is acquired, 

it is stored in unprocessed form on a fixed disc in the DuPont 21-

0948 computer. At the completion of the data acquisition process, 

the data is converted into a form which can be displayed on the video 

screen of the Tektronix 4010 Display Terminal. Selected spectra may 

then be printed and plotted using the hard copy unit, i.e., the 

Versatec printer/plotter attached to the video screen. A major 

advantage of the system•s ability to display data on the video screen 

is the elimination of the necessity of producing hard copies of all 

spectra before deciding which ones a~e of sufficient quality for . 

permanent storage on the· disc. 

In addition to the printing and plotting of selected 

spectra, the computer-disc system contains program capabilities for 

a number of other types of data processing (Table 10). Of the 

various programs the DRAWGC, DRAWMS and DRAWMC programs are extremely 

useful for the display of MS data. The DRAWGC program gives a total 

208 



T A B L E 10 

GC-MS Programs Available on P/N 491550 Disc Cartridge 

SCANl 

DRAWGC 

PRNTGC 

DRAWMS 

PRNTMS 

DRAWMC 

PRNTMC 

MECALC 

SIGFPK 

CALIB 

DIRECTORY 

PURGE 

RENAME 

COPY 

RESTORE 

DIAGNOSE 

SEARCH 

ADD LIB 

Acquire mass spectral data 

Draw gas chromatogram 
(total ion current plot) 

Print gas chromatogram 
(total ion current tabulation) 

Draw mass spectrum 

Print mass spectrum 

.Draw mass chromatogram 
(single ion plot) 

Print mass chromatogram 
(single ion tabulation) 

Assign mass numbers to valid peaks 

Print significant peaks 

Calibrate 

Print GCRUN numbers and names 

Delete data from disc 

Initialize GCRUN identifiers 

Copy CALIB constants from removable 
disc to fixed disc 

Copy CALIB constants from fixed 
disc to removable disc 

Evaluate MS and interface performance 

Library search 

Add spectrum to search library 

209 



ion current plot or, in effect, a reconstructed GLC chromatogram using 

the photomultiplier of the mass spectrometer as a GLC detector. 

From this plot individual GC-MS scans may be selected for hard copying. 

The DRAWMS program allows one to display the data from the selected 

scan as a normalized mass spectrum, or line diagram. The DRAWMC 

program is quite useful for monitoring the presence of a particular 

mass ion in a single compound or a mixture of compounds. 

The utility of the data handling system in presenting the 

GC-MS data is illustrated in Figures 22-26,Appendix B, for one of the 

Mono Lake sediments, l-L-76. Following the MS fragmentation of the 

sample's last sterol component, which was monitored using the GC-MS's 

photoelectron multiplier as a GLC-type detector, aquisition of raw 

MS data by the computer disc system using program SCAN 1 was halted. 

The first step in the data processing entailed reconstruction of the 

TMS-sterol fraction's total ion current plot, or reconstructed GLC 

chromatogram, using the DRAW GC program (Figure 22a). From this plot 

the numbers of the computer scans containing MS data for the various 

sterol components could be determined, eliminating the necessity of 

examining the data in the one hundred plus scans made by the computer 

during the GC-MS run. 

Unfortunately, not all of the sample's components appeared 

as distin~t peaks in the TIC trace, in that a number of the stanols 

and stenols co-chromatographed on the GLC column used in the GC-MS 

analysis. Consequently, distinct scan numbers could not be assigned 

to each of the components on the basis of the TIC trace alone. In 

order to accomplish this, a number of single ion plots were recon

structed for the various components using the DRAWMC program. The 
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first two ions selected were m/e 255 and m/e 215, in that these ions 

are characteristic of stenol and stanol fragmentation, respectively. 

As Figures 22b and c indicate, the stanol and stenol peaks can indeed 

be distinguished from each other, albeit only slightly. In an effort 

to further distinguish the various components, single ion plots of 

each sterol's molecular ion were then reconstructed (Figures 23 and 

24). Correlation of the TIC plot with the single ion plots yielded the 

best scan-numbers for eac:h of the sterol components, as well as 

appropriate background scans. The importance of selecting the best 

scan numbers can not be minimized in that they will determine the 

quality of the sterols' mass spectra. Selection of a scan containing 

too few ions, for example, could result in a mass spectrum too weak to 

be of any real diagnostic value, with a number of important ions 

missing. Choosing appropriate background scans is also important in 

that they can be used to eliminate extraneous ions which could 

otherwise obscure a sample's characteristic mass fragments. 

The final step in the C-GC-MS analysis entailed reconstruc

tion of the sterols' mass spectra using the DRAWMS program and the scan 

numbers determined previously. In each case, the spectrum consisted of 

the ions from a particular scan minus the ions of an appropriate 

background scan. Because the sterols eluted so closely in the GC, 

the process of generating the best, or "strongest", mass spectrum for 

each component invariably entailed a trial-and-error selection of a 

limited number of scans and background scans. Fortunately, use of the 
I 

data handling system rendered this procedure fairly routine. Moreover, 

the Versatec printer-plotter yielded normalized spectra suitable for 

immediate photographic reproduction, eliminating the tedious task of 
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reconstructing normalized line diagrams. The mass spectra for the 

various components of l-L-76's TMS-sterol fraction are illustrated in 
) 

Figures 25 and 26. 
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F I G U R E S 1 9 - 2 1 

Mass. Spectra of Standard Compounds. Standards 

include TMS-sterols and TMS-tetrahymanol. 

Spectra constitute normalized line diagrams with 

· the characteristic fragmentation ions labelled. 

Original spectra generated via direct probe MS 

(70 eV) on the C-GC-MS instrument pictured in 

Photograph 1 and Figure 18. 
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F I G U R E S 2 2 - 26 

C-GC-:MS Analysis of 1-L-76 1 s Purified TMS-sterol 

Fraction. Instrument used in the analysis is 

pictured in Photograph 1 and Figure 18. GLC 

separation accomplished with a 30 1 x 0.03" I.O. 

glass capillary column packed with 1% OV-1 

coated on Gas Chrom Q (80-100 mesh), which was 

mainta~ned isothermally at 270°C. All C-GC-MS 

runs carried out using an ionizing voltage of 70 eV. 
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F I G U R E 2 2 

TIC and Single Ion Plots of 1-L-76•s Purified 

TMS-sterol Fraction (I). 

A. TIC Plot using PLOTGC Computer Program. 

B. Single Ion Plot of m/e 255 using PLOTMC 
Computer Program. 

C. Single Ion Plot of m/e 215 using PLOTMC 
Computer Program. 
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F I G U R E 2 3 

Single Ion Pfots of 1-L-76 1 S Purified TMS-sterol 

Fraction (II). 

A. Single Ion Plot of m/e 458 using PLOTMC 
Computer Program. 

B. Single Ion Plot of m/e 460 using PLOTMC 
Computer Program. 

C. Single Ion Plot of m/e 470 using PLOTMC 
Computer Program. 

D. Single Ion Plot of m/e 472 using PLOTMC 
Computer Program. 
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F I G U R E 2 4 

Single Ion Plots of 1-L-76's Purified TMS-sterol 

Fraction (III). 

A. Single Ion Plot of m/e 474 using PLOTMC 
Computer Program. 

B. Single Ion Plot of m/e 484 using PLOTMC 
Computer Program. 

c. Single Ion Plot of m/e 486 using PLOTMC 
Computer Program. 

D. Single Ion Plot of m/e 488 using PLOTMC 
Computer Program. 
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F I G U R E 2 5 

Mass Spectra of 1-L-76 1s Purified TMS-sterol 

Fraction (I). Spectra generated using DRAWMS 

Computer Program. Each of the spectra 

correspond to a peak in the GLC chromatogram 

of 1-L-76 1 s TMS-sterol fraction pictured in 

Figure 33a. 

A. Spectrum of GLC Peak A (TMS-cholesterol). 

B. Spectrum of GLC Peak B (TMS-5a-cholestanol). 

C. Spectrum of GLC Peak C (TMS-brassicasterol). 
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F I G U R E 2 6 

Mass Spectra of 1-L~76 1 s Purified TMS-sterol 

Fraction (II). See Figure 33a. 

A. Spectra of GLC Peaks D and E (TMS-campe• 
sterol and TMS-stigmasterol, respectively). 

B. Spectra of GLC Peaks E and F (TMS-stigma
sterol and TMS-5a-campestanol or TMS-5a~ 
ergostanol, respectively). 

C. Spectrum of GLC Peak G (TMS-s-sitosterol). 

D. Spectrum of GLC Peak H (TMS-5a-stigmastanol). 
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RESULTS AND DISCUSSION 

Introduction: 

As outlined previously, the sediments' sterol fractions 

contained complex mixtures of stenols and stanols. Even a cursory 

examination of their GLC chromatograms (Figures 29-34, Appendix C) 

quickly substantiates this. Eleven distinct species appear in the 

various samples. Their structures and structural interrelationships 

are depicted in Figure 27. Ten of the molecules are sterols. In the 

c27-sterol family cholesterol constitutes the source stenol. Reduction 

of cholesterol via trans addition of two hydrogen atoms yields 5a

cholestan-3a-ol, whereas cis addition of two hydrogens yields 58-

cholestan-38-ol. The c28-family contains the most members: three 

stenols and two stanols. Addition of four and six hydrogens to 

brassicasterol and ergosterol, respectively, yields Sa-ergostan-38-ol. 

All of these molecules possess a 245-methyl group. Campesterol, on 

the other hand, is 24R. Consequently, its reduction via the introduction 

of two hydrogens yields 5a-campestan-3e-ol. In all cases where A22-

unsaturation is present in the stenols, reduction occurs with retention 

of configuration at c24 . Unfortunately, the structural difference 

between 5a-ergostan-3e-ol and 5a-campestan-3a-ol is incredibly slight. 

Whereas NMR could be used to distinguish them, .GLC and C-GC-MS cannot. 

Consequently, they are depicted as a single structure with the 

stereochemistry of the c24-methyl grouping left unspecified. No such 

problem is encountered in the c29-family. Both stenols, a-sitosterol 

and stigmasterol, contain 24R-ethyl groups and yield 5a-stigmastan-3a-ol, 
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F I G U R E 2 7 

Sterols and a Pentacyclic Triterpanol Isolated 

from Mono Lake's Sedimentary Record. The 

molecules are arranged in families on the basis 

of their carbon number. The structural inter

relationships of the various stenols and stanols 

are depicted. 
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T A 8 L E 1 1 

Results of the Quantitative GLC Analyses of the 

Sterol Content of Mono Lake•s Sediments. Total 

sterol levels expressed as the ratio: (total 

sterols/dry wt sediment) x 106, or parts per 

million (ppm). Principal sterols listed in 

order of relative abundance, with most abundant 

listed first. Principal sterol source assigned 

on the basis of the acknowledged biological 

provenance of the most abundant component. 
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Sample 

AT-6 

PI-W-2* 

PI-W-1 

OS-1* 

3-L-0 

3-L-17 

3-L-53 

2-L-22 

2-L-56 

1-L-4 

1-L-43 

1-L-68 

1-L-76 

1-L-83 

OlA 

038 

058 

Age (years BP) 

0-500 

23,000 

30,000 

44,000 

51,000 

66,500 

69,000 

84,500 

95,000 

99,000 

102,500 

133,000 

169,000 

217,000 

Total 
Sterols (ppm) 

30.8 

6.49 

7.8 

22.8 

0.7 

0.3 

0.5 

0.4 

1.6 

1.3 

5.1 

1.6 

4.0 

15.2 

4.9 

1.9 

0.6 

2H 
A Cholesterol ~ F 

8 Brassicast~e~ G 

C Campesterol H 
6H 

J Ergosterol ~ I 

0 Stigmasterol~ K 

E s-sitosterol 

Principal Sterols 
(in order of abundance) 

A, F, C, H, E, 0, 8, I 

0, F, A, C, K, H, I, G, E, J, 8 

F, H, A, 0, C, E, 

C, A, F, H, E, 0, 8, J, I, K 

A, 8, G, K, F, 0, E, C, I, H 

A, K, E; 8, 0, C, F, G, I, H 

K, 8, A, F=E, 0, I, C, H 

E, F, A, 0, I, B, C, H 

E, F, B, 0, A, I, H, C 

F, 0, A, E, J, I, C, H, 8 

E, 0, I, F, A, C, H, B 

0, E, I, F, A, 8, H, C 

H, E, I, F, 0, C, B, A 

0, F, E, A, H, C, I, 8 

G, 0, A, F 

I, G, B, E. A, C, 0 

E, G, B, C, A, 0 

5a-cholestan-3s-ol 

ss-cholestan-36-ol 

5a-campestan-3B-ol or 5a-ergostan-3s-ol 

5a-stigmastan-3s-ol 

Tetrahymanol 

Principal 
Sterol Source 

Animal 

Plant 

Animal 

Plant 

Animal 

Plant 

Animal 

Plant 

Animal 

Plant 

X8L 761-5603 
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also called sitostanol, on the introduction of two and four hydrogens, 

respectively. Interestingly, all of the c28- and c29-stanols 

isolated from the sediments possess Sa-hydrogens, again corresponding 

to trans reduction of the source stenols. The odd member of the entit~e 

group is the pentacyclic c30-triterpanol, tetrahymanol. Strictly 

speaking it is not a sterol. However, it is closely related in that 

it, like the sterols, is a triterpenoid. Moreover, it chromatographs 

in the sterol region and, as will be discussed later, constitutes a 

principal component of several sediments. 

A casual perusal of the sediments• GLC chromatograms 

suggests that their sterol fractions are quite similar. Admittedly, 

certain qualitative differences are present. Most of the sediments, 

for example, do not contain all eleven species listed in Figure 27. 

PI-W-2* (0-500 yrs BP, Figure 29b), for example, contains all eleven 

components, whereas DlA (133,000 yrs BP, Figure 33c) contains only 

four. Nevertheless, most of the sediments• sterol fractions appear to 

be qualitatively similar. Quantitation of the GLC data, however, 

yields a very different picture, as illustrated in Table 11. 

Examination of the sediments• total sterol levels and the relative 

abundances of the various components reveals that the qualitative 

similarities are only apparent. In fact, considerable diversity 

exists. 

Tgl; 1 Stero 1 Leve 1 s: 

The total sterol levels listed in Table 11 for the various 

sediments were computed as the ratio: (sterols vs. dry weight sediment) 

x 106, i.e., sterol content vs. sediment weight in parts per million. 
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There is quite a range in the values. The contemporary muds {AT-6, 

PI-W-2*, PI-W-1, and DS-1*) generally contain larger sterol pools than 

the older sediments. AT-6 {0-500 yrs BP), for example, is richest in 

sterols with a value of 30.8 ppm. Regressing chronologically, 

the samples studied from Section 3 of the Younger Paoha Island Series 

{3-L-0, 3-L-17, and 3-L-53) contain among the lowest levels of sterols. 

Of all the sediments studied, 3-L-17 {30,000 yrs BP) is leanest with 

a value of 0.3 ppm. The representatives of Section 2 (2-L-22 and 

2-L-56) are richer in sterols, but not appreciably so. As a whole, 

the sediments of Section 1 (1-L-4, 1-L-43, 1-L-68, 1-L-76, and l-L .. 83) 

are richer than those of Sections 3 and 2, though not as rich as the 

contemporary muds. A notable exception is 1-L-83 (102,500 yrs BP), 

whose total sterol level equals 15.2 ppm. It outstrips all of the 

older sediments and some of the contemporary muds as well. Actually, 

it constitutes the only older sample that is richer than some of the 

contemporary muds. Returning to the chronological regression, the 

sterol levels of the oldest sediments studied (DlA, D3B, and D5B) are 

similar to those of most of the samples from Section 1. Only D5B 

(217,000 yrs BP) has an appreciably lower sterol content, 0.6 ppm. 

To formulate any real conclusions on sterol diagenesis or 

Mono Lake's geochemical history solely on the basis of the sediments• 

total sterol levels would be presumptuous, if not foolhardy. Still, 

a few tentative observations come to mind. First, if one contrasts 

the contemporary muds with the older samples, excluding 1-L-83, a 

severe depletion of the sediments• sterol levels appears to have 

occurred between 500 and 23,000 yrs BP. One possible explanation for 

this depletion could be geological diagenesis, eg. geothermal 
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degradation of sterols, in that it is a long-term, time-dependent 

process. Biological diagenesis, specifically microbial processing, 

while the sediments were still surface muds could also account for 

the depletion. Whatever the nature of the diagenesis, however, it 

is certainly dispersive in nature. Only transf9rmations capable of 

removing, or dispersing, sterols fr9m the sediments' sterol pools 

could account for the depletion, eg. oxidation or dehydration to 

hydrocarbons. A process such as sten~-to-stanol reduction does not 

qualify in that stanols would remain in the sediments' sterol fractions. 

By way of a second observation, there is considerable 

fluctuation in the sterol levels throughout the sequence. The sharp 

decrease noted previously is certainly not continuous or uniform 

throughout the stratigraphic succession. Consequently, if one still 

wishes to invoke geological diagenesis as an explanation, it must be 

non-uniform in nature. Such a process could be explained by 

fluctuations in the lake's geological environment through time. 

Perhaps the lake's temperature and/or the pressures in its underlying 

sedimentary column have fluctuated .. For example, higher temperatures 

and/or pressures in Mono Lake 30,000 years ago could account for 

3-L-17's extremely low sterol content. As a matter of fact, there is 

much geological evidence that the environment of Mono Lake and its 

surrounding basin has indeed changed through time. 1 

To further complicate the issue, it is likely that changes 

1n 'the lake's biota have accompanied the changes in the area's 

geological poise, probably both with respect to biological productivity 

and the types of organisms present. Since sterols permeate the spectrum 

of living organisms, fluctuations in the lake's biological productivity, 
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in particular, would undoubtedly have a pr·ofound effect on the amount 

of source sterols deposited in the lake's muds. Thus the fluctuation in 

the sterol levels may also be due to changes in the lake's biota. The 

"leaness" of 3-L-17, for example, could be attributed to low 

biological productivity in Mono Lake 30,000 years ago. The relative 

weights of the sediments• general lipid extracts {Table 5), which are 

certainly indices of the lake's biological activity at the time of 

sediment deposition, correlate quite well with their sterol levels. 

This strongly suggests that the sediments' total sterol levels do 

indeed reflect the lake's past biological productivity. Nevertheless, 

the problem of dispersive diagenesis still remains, giving rise to 

the question: What fraction of the sterol pools originally 

incorporated into the sediments do the total sterol levels constitute? 

More will be said about this later. 

Principal Sterols: 

As Table 11 illustrates, not all eleven components appear 

in every sediment. As a matter of fact, only one sample, PI-W-2*, 

contains all of them. Most of the sediments contain a core of eight 

components: cholesterol, brassicasterol, campesterol, stigmasterol, 

e-sitosterol' 5a-cholestan-3s-ol, 5a-campestan-3e-ol or 5a~ergostan-

3s-ol, and 5a-stigmastan-3s-ol. The remaining three molecules, i.e., 

ergosterol, Ss-cholestan-Js-ol, and tetrahymanol, occur much less 

· frequent 1 y. 

The apparent qualitative similarity of a number of the 

sediments' GLC chromatograms (Appendix C) completely disappears when 

one examines the relative abundances of their various components. The 
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molecules are listed in Table 11 in thei.r relative order of abundance, 

with the most abundant listed first. Even a casual perusal of the 

list reveals considerable diversity. 

Beginning with the contemporary muds, AT -6, PI-W-2*, and 

DS-1* all possess stenols as the major component: cholesterol, 

stigmasterol, and campesterol, respectively. In PI-W-1, on the 

other hand, the two most abundant species are stanols, 5a-cholestan-

3a-ol and 5a-campestan-3e-ol or Sa-ergostan-38-ol. In the other three 

muds, the stenols and stanols are more evenly distributed. In all 

cases, however, Sa-cholestan-38-ol is the major stanol. Furthermore, 

the relative order of the three Sa-stanols, which are common to all 

four muds, is identical: 5a-cholestan-3a-ol, 5a-campestan-3S-ol or 

5a-ergostan-3B-ol, and Sa-stigmastan-38-ol. Interestingly, 5~

cholestan-3a-ol appears only in PI-W-2*, where it is the least 

abundant stanol. Ergosterol is present only in PI-W-2* and DS-1*, 

and in minor amounts at that. Finally, tetrahymnaol is present in 

significant amounts in PI-W-2*, appears as a trace in DS-1*, and is 

completely absent in AT-6 and PI-W-1. 

The sediments of Section 3 of the Younger Paoha Island 

Series are unique in several respects. They all contain a predominance 

of stenols. As a matter of fact, they contain the lowest stanol 

levels of all the sediments studied. Furthermore, two of the samples, 

3-L-0 and 3-L-17, contain significant levels of 58-cholestan-3B-ol, 

which is not present in many of the sediments. In 3-L-0 it is actually 

more abundant than 5a-cholestan-3a-ol. Like the contemporary muds, 

the relative order of the Sa-stanols in these three samples is identical. 

In this case, however, the order is 5a-cholestan-3a-ol, 5a-stigmastan-

3a-ol, and 5a-campestan-3a-ol or 5a-ergostan-3a-ol. Their most 
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distinguishing feature, however, is the abundance of tetrahymanol. In 

3-L-53 it is actually the major component. Int~restingly, it is 

completely absent in the underlying sections of the Younger Paoha 

Island Series. 

The samples of Section 2 (2-L-22 and 2-L-56) possess a 

number of similarities. First, they both contain the same eight 

components, the core sterols common to most of the sediments studied. 

Second, their two most abundant components are identical, i.e., a

sitosterol followed by 5~-cholestan-3a-ol. Finally, the relative 

order of stanols in both samples is identical: 5a-cholestan-3a-ol, 

5a-stigmastan-3a-ol, and 5a-campestan-3a-ol or 5a-ergostan-3s-ol; 

exactly the same as that observed for the overlying sediments of 

Section 3. 

All of the samples studied from Section 1 of the Younger 

Paoha Island Series possess the eight core sterols listed previously. 

As Table 11 illustrates, only 1-L-4 contains ergosterol in addition. 

Both 1-L-4 and 1-L-76 have stanols as their major component, 5a

cholestan-3a-ol and 5a-campestan-3s-ol or 5a-ergostan-3a-ol, 

respectively; whereas the others possess stenols as the major species: 

a-sitosterol in 1-L-43 and stigmasterol in both 1-L-68 and 1-L-83. 

With respect to stanol content, 1-L-76 contains an overwhelming 

predominance of stanols. In the other sediments the stanols are more 
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or less evenly distributed throughout the sterol fractions. 5s-cholestan-

3~ol is absent in all of these samples; only the 5a-stanols are 

present. Interestingly, the relative order of stanols in both 

1-L-4 and 1-l-83 is identical to that of the sediments in Sections 

3 and 2: viz. 5a-cholestan-3s-ol, 5a-stigmastan-3s-ol, and 5a-campestan-

3s-ol or 5a-ergostan-3e-ol. In 1-L-43 and 1-L-68, the stanol order 
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is not only identical, but the stanols also occupy the same relative 

positions in the sterol fractions: Sa-stigmastan-3~-ol (third}, 

5a-cholestan-3~-ol (fourth), and 5a-campestan-3B-ol or 5a-ergostan-3s-ol, 

(seventh). In addition to having a predominance of stanols, 1-L-76 is 

also the only sediment of this group with the following stanol order: 

5a-campestan-3s-ol or Sa-ergostan-3~-ol, 5a-stigmastan-3s-ol, and 

Sa-cholestan-3~-ol. Actually, of all of the sediments studied, 1-L-76 

is the only sample with this stanol order. 

The sterol content of the oldest sediments studied (DlA, 

038, and 058} is quite different from those of the previous samples. 

First, they contain fewer species. For the first time, some of the 

eight core sterols are missing. OlA, for example, contains only four 

components. Both OlA and 038 contain stanols as their major components, 

SB-cholestan-3~-ol and 5a-stigmastan-3a-ol, respectively; whereas 038 

contains a stenol, a-sitosterol. Perhaps the most interesting feature 

of these samples, however, is that 5S-cholestan-3s-ol is their 

characteristic stanol. As a matter of fact, it is the major component 

inOlA, exceeding 5a-cholestan-3s-ol. The only other sediment where 

the Sa-isomer exceeds the Sa-analogue is 3-L-0. Moreover, 5a-cholestan-

3s-ol is not even present in 038 and 058. 

The predominance of 5s-cholestan-3s-ol in the preceeding 

three sediments is particularly noteworthy in that it constitutes the 

first real emergence of a Ss-stanol as a major sedimentary sterol. 

Unfortunately, this emergence constitutes a rather feeble, and highly 

belated, bid for Sa-stanol majority. Aside from the final three 

sediments, it appears only three times (viz. PI-W-2*, 3-L-0, and 

3-L-17), and generally only as a minor component. Ss-cholestan-3s-ol 
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is virtually lost in the stratigraphic succession•s plethora of A5-

stenols and 5~-stanols. Moreover, it constitutes the only 5~-stanol 

found in all of the sediments studied; c28- and c29-5~-stanols are 

conspicuously absent. Given the 'abundance of the c28- and c29-5a

stanols, this complete absence is most curious. Furthermore, other 

investigators have reported them both in contemporary muds and in much 

older sediments from a variety of geological settings,as outlined 

earlier. Nevertheless, their absence is real, and Mono Lake constitutes 

an autonomous ecosystem, anyway, so that close comparisons to other 

locales should be hazarded only with extreme care. By way of 

speculation, two possible explanations may be offered for the complete 

absence of the c28- and c29-5~-stanols: 1) c28- and c29-stenols are 

simply not reduced to the thermodynamically less stable 5~-stanols; 2) 

Their absence is only apparent and is simply due to an absence of 

detectible levels. Perhaps, use of much larger sediment samples in 

future studies, coupled with chromatographic separation of the much 

more abundant A5-stenols and 5a-stanols, would reveal their presence. 

In any case, 5~-stanols make a very negligible quantitative contribution 

to Mono Lake•s sedimentary sterol pools, both past and present. 

Sterol Sources: 

As discussed earlier, sterols exhibit a phylogenetic 

distribution in living organisms, making them potentially useful as 

fine chemotaxonomic probes into earth•s past. It was suggested that 

the relative contributions of plant and animal material to a sediment 

might be determined by examining its sterol content. The results 

in Table 11 clearly substantiate this claim. If one examines the 
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major sterol components of each sediment, their probable biological 

source(s) may be assigned. 

Only two major source-types have been designated, i.e., 

animal and plant. As discussed earlier, the differences in sterol 

content between these two major classes of organisms are dramatic 

enough to render the designations unimpeachable. Nevertheless, finer 

distinctions are possible. For example, the sterol contribution from 

higher plants may be distinguished from that of algae. The main purpose 

of this exercise, however, is not to test the limits to which the 

phylogenetic distribution of sterols may be used in geochemical 

investigations, but rather to demonstrate that such a biological 

phenomenon may be exploited by the geochemist, and should influence 

his choice of geochemical probes. 

The source designations are based on the major component of 

each sediment. In those samples where a stenol is the major component, 

the assignment is straightforward in that this class of sterols is 

found ·in living organisms. When a stanol predominates, the assignment 

can be made by considering its parent stenol (see Figure 27). Thus, 

5a-cholestan-3e-ol, which derives from cholesterol, must also be 

considered as animal in origin. 

All of the contemporary muds have a high zoosterol content, i.e.,· 

cholesterol or 5a-cholestan-3e-ol. In AT-6 and PI-W-1, they are the 

major components~ In PI-W-2* and DS-1*, however, the phytosterols 

stigmasterol and campesterol, respectively, predominate. Consequently, 

the principal sterol source of the former two samples has been 

designated as animal, whereas that of the latter pair is plant-like. 

Since neither PI-W-2* nor DS-1* contain e-sitosterol, the characteristic 

243 



\ 

sterol of higher plants, as a major component, however, it is probable 

that the major source organisms were algae or plant forms other than 

higher plants. 

All of the sediments studied from Section 3 are clearly animal 

in origin. Cholesterol is the major component in both 3-L-0 and 3-L-17. 

Tetrahymanol, the c30-triterpanol characteristic of these samples, is 

the major component in 3-L-53. Since its known natural source is the 

protozoan, Tet~ahymena pyriformis,2 the sterol content of 3-L-53 1s 

probably animal in origin. This is substantiated by the fact that 

cholesterol is also a major component. 

Quite interestingly, Mono Lake's biota must have changed 

radically between 44,000 and 51,000 yrs BP. Whereas the sterols in the 

sediments of Section 3 are animal in origin, those of Section2 derive 

from higher plants. a-sitosterol is the major component in both 

2-L-22 and 2-L-56. 

Another basic change in Mono Lake•s biota must have occurred 

between 66,500 and 84,500 yrs BP; this time plant to animal. Unlike 

the previous sediments the major component of 1-L-4, 5a-cholestan-3s-ol, 

is of animal origin. The change must have been short-lived, however, 

in that the major components of the subsequent samples of Section 1 

indicate plant origins. The predominance of a-sitosterol in 1-L-43 

points to higher plant activity, whereas the predominance of stigmasterol 

or the 5a-c28-stanol in the other sediments (1-L-68, 1-L-76, and 1-L-83) 

points to pr·obable algal activity. a-sitosterol is, however, also a 

major component in these samples, indicating substantial higher plant 

input as well. 

Another short-lived change in the lake's biota must have 

occurred between 102,500 and 169,000 yrs BP. The major sterol of DIA 
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(133,000 yrs B~) is se-cholestan-3~-ol, which is clearly of animal 

origin. In the subsequent samples (D3B and D5B), however, the major 

species are c29-sterols, suggesting a predominance of higher plant 

activity. However, 5~-cholestan-3a-ol is also present in significant 

amounts, indicating appreciable animal input as well. 

Based on these observations, in which the sterol molecule 

has been utilized as a fine chemotaxonomic probe, a number of tentative 

conclusions may be ventured concerning Mono Lake•s biological history, 

at least over the period studied (0 - 217,000 yrs BP). There_ have 

been dramatic fluctuations in the general character of the lake•s 

biota through time. As mentioned previously, PI-W-1, which. is nearly 

physically continuous with the stratigraphic sequence, and the 

sediments of Section 3 all contain a predominance of zoosterols, 

indicating a predominance of animal activity in the lake over the 

past 44,000 yrs. Between 51,000 and 217,000 yrs BP, however, 

phytosterols generally predominate, indicating a predominance of 

plant-like activity, higher-plant and/or algal. Based on the sediments 

studied, only two short-lived, major bursts of animal activity appear 

to have occurred during this period, namely at 69,000 and 133,000 yrs 

BP. One cannot help but wonder what occurred in the lake to prompt 

these changes. 

All of the above conclusions are subject, however, to one 

important limitation. Examination of the results for the contemporary 

muds, which were collected at different sites on the lake, indicates 

that the general character of the lake•s biota also changes with a 

sediment•s locality. PI-W-1 and PI-W-2*, for example, were collected 

,not far from each other (Figure 7),yet the sterols of the fanner are 

animal-like whereas those of the latter are plant-like. Thus, any 
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conclusions formulated about Mono Lake's past biota apply, strictly 

speaking, only to the immediate vicinity from which the stratigraphic 

succession was collected, i.e., the lake's center. This qualification 

provides·a graphic illustration of the possible pitfalls engendered 

by the 110ne-sample 11 approach to organic geochemistry. It provides 

a compelling argument for analysing multiple samples or stratigraphic 

sequence of sediments, particularly when time-dependent processes 

such as diagenesis are being studied. 

Tota 1 Stano VStero 1 Ratios: 

Casual perusal of the sediments• sterol fractions reveals 

the presence of considerable amounts of stanols throughout the entire 

stratigraphic sequence. For example, both the contemporary mud PI-W-1 

and the much older sediment 038 have stanols as their major components. 

On closer examination, however, one might venture the observation 

that there is a greater predominance of stanols in the older sediments, 

e.g., 1-L-76 and 038, prompting visions of increased stanol genesis 

with age. Unfortunately, qualitative examination of the various samples 

does not yield a systematic trend. Their sterol fractions are simply 

too complex to permit such a simplistic treatment. As a matter of 

fact, a cursory examination of the sterol patterns would seem to suggest 

an overall lack of any regularity, much less progressive stenol 

reduction. 

A detailed mathematical treatment of the qualitative GLC 

data, however, reveals that the lack of regularity is only apparent. 

If one computes the total stanol/sterol ratio for each sediment, 

i.e., stanols/stenols + stanols, and plots these ratios vs. sediment 
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age, order emerges from the apparent chaos. The ratio for DIA, for 

example, would be: 

56-cholestanol + 5a-cholestanol 

56-cholestanol + 5a-cholestanol + stigmasterol + cholesterol 

With regard to tetrahymanol, the sediments• non-sterol component, it 

obviously cannot be included in stanol/sterol ratios, despite its 

majority in some sediments, e.g. 3-L-53. The results of the 

calculations are illustrated in Figure 28a, where the sediments• 

total stanol/sterol ratios are plotted vs. sediment age, expressed 

as years BP (x 103). The graph contains three main regions. The 

first spans 0 - 44,000 yrs BP. Within this period the ratios for 

the contemporary muds are highest, ranging from 0.35 to 0.50. As 

expected, Pl-W-1 has the highest value. Even a qualitative examination 

of its sterol content (Table 11) reveals that it has the greatest 

predominance of stanols. Regressing chronologically, the values 

decline almost linearly as one passes through the sediments of Section 

3, with 3-L-53 having the lowest value, 0.13. Interestingly, this 

decrease correlates exactly with an increasing predominance of 

tetrahymanol in these samples. In 3-L-0 it is fourth in relative 

abundance, in 3-L-17 it is second, and in 3-L-53 it is the most 

abundant component. 

The second region of the graph spans 51,000- 102,500 

yrs BP, and encompasses the sediments of Sections 3 and 2 of the 

Younger Paoha Island Series. Between 44,000 and 51 ,000 yrs BP there 

is a sharp increase in the stanol/sterol ratio, 0.13 to 0.31. From 

51,000 to 95,000 yrs BP, the curve is nearly linear and horizontal, 
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F I G U R E 2 8 

The Dynamics of Stanol Genesis in Mono Lake's 

Sedimentary Record. 

A. The Sediments' Total Stanol/Sterol Ratios 
as a Function of Sediment Age. 

-
B. The Sediments' Individual Stanol/Sterol 

Ratios as a Function of Sediment Age. 

C. A Segment of Earth's Paleotemperature 
History (0- 217,000 yrs BP). 

Reconstructed from a generalized 
paleotemperature curve compiled by 
C. Emiliani. 
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indicating that most of the samples in this region (i.e., 2-L-22, 

2-L-56, 1-L-4, 1-L-43, and 1-L-68) exhibit nearly identical levels of 

stenol-to-stanol reduction. At.99,000 yrs BP (1-L-76) there is 

another sharp increase in the ratio to 0.54, indicating that a flurry 

of stenol reduction occurred in Mono Lake at this time. This 

agrees well with the earlier qualitative observation that 1-L-76 

contains an unusually high predominance of stanols. This period 

of increased stanol genesis was relatively short-lived, however, in 

that the ratio drops abruptly to 0.22 at 102,500 yrs BP (1-L-83). 

This actaully constitutes the lowest value for this region of the 

graph, and the second lowest value for all the sediments studied 

(only 3-L-53 is lower at 0.13). Interestingly, it was observed 

earl1er that 1-L-83 also contains an unusually high total sterol 

level. Both the low stanol/sterol ratio and the high sterol content 

suggest that little sterol diagenesis occurred at this point in the 

lake•s history .. More will be said about this later. 

The sediments of the Older Paoha Island Series comprise 

the third, and fi na 1 , region of the graph. Between ~1 02,500 and 

133,000 yrs BP there is a sharp rise in the total stanol/sterol ratio, 

0.22 to 0.95, indicating almost complete reduction in OIA. The values 

for 03B and 05B are almost as high, making this region the highest 

plateau of the graph. Although stenols are definitely present in 

these sediments, especially in 05B, their sterol pools are largely 

reduced. 

Perhaps the single most compelling feature of the stanol 

genesis plot is that one finally sees evidence for increase~ or 

progressive,stenol reduction with time. The process, however, is 
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certainly not linear. As suggested earlier, progressive reduction with 

increasing sediment age was somewhat expected; however) whether or not 

the process would be linear was a subject of much speculation. 

Linearity seemed unlikely given the variation in sediment lithology 

throughout the stratigraphic sequence (Figure 6). The dramatic 

climatic fluctuations known to have taken place in Mono Basin over the 

past 300,000 years were also considered. These fluctuations 

undoubtedly caused dramatic changes in the lake•s ecology and hence, 

in the nature of the organic material undergoing deposition into its 

sedimentary record, not to mention the forces which mediate organic 

diagenesis, particularly sterol diagenesis. Consequently, the non

linearity of the stanol genesis vs. time plot is not surprising at 

all. Actually, in light of the geological and climatic fluctuations, 

linearity would be more difficult to rationalize. 

Individual Stano-1 /Sterol Ratios: 

Even more information may be gleaned about the dynamics of 

stanol genesis if one breaks the total stanol/sterol ratios down into 

individual ratios. This is best accomplished by first dividing the 

sediments• sterol components into three families based on carbon number 

(Figure 27). Individual stanol/sterol ratios may then be computed 

for each family: 

c27-family: 
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As Figure 27 and Table ll indicate, two distinct c27 -stanols, Sa-

and 5~-cholestanol, contribute to the c27-ratio; whereas the c28- and 

c29-ratios each contain only one distinct stanol, 5a-campestanol or 

5a-ergostanol and 5a-stigmastanol, respectively. Using a short-hand 

notation in which "ol" signifies stanol, the ratios for PI-W-2*, 

for example, are: 

5a-chol-ol + 5~-chol-ol 

5a-chol-ol + 5~-chol-ol + chol 

Sa-camp-ol or 5a-ergost~ol 

5a-camp-ol or 5a-ergost-ol + brass + camp + ergost 

Sa-stig-ol 

5a-stig-ol + stig + 8-sitos 

The particular components of each ratio will, of course, vary from 
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sediment to sediment. Many of the samples, for example, do not contain 

5~-cholestanol or ergosterol. 

When the individual stanol/sterol ratios are plotted as a 

function of sediment age (Figure 28b), considerable regularity 

emerges. First, the c27-stanol/sterol ratios for all of the sediments 

are higher than the c28- and c29-ratios. PI-W-1, for example, has a 

value of 0.6, indicating that well over half of its c27-sterol pool is 

reduced. Furthermore, the general shape of the c27-family curve is 

nearly identical with that of the total stanol/sterol ratio graph 

(Figure 28a). Even the 11 blip 11 at 99,000 yrs BP (1-L-76) is present. 

The c28-stanol/sterol ratios are intermediate in value for 

most of the sediments. The only exceptions, as one might expect, are 

the samples from Section 3, where th~ values are even lower than the 

c29-ratios. These sediments continue to distinguish themselves by 

virtue of their unique properties. Interestingly, however, the 

downward trend in the values observed in the total ratio plot still 

appears in their c28-ratios. Between 51 ,000 and 95,000 yrs BP, the 

c28-curve is quite linear, unlike that of"the total ratio plot. The 
11 blip 11 at 99,000 yrs BP is not only still present but is, if anything, 

more pronounced. No values are listed after 102,500 years BP, in 

that all of the sediments of the Older Paoha Island Series possess 

only fragmentary c28-sterol pools. DlA, for example, contains neither 

c28~stanols nor c28-stenols. Although D3B and D5B contain small 

amounts of campesterol, they completely lack the c28-stanol. 

The sediments' c29-stanol/sterol ratios are generally lower 

than both the c27 - and c28-ratios. The c29-ratio for PI-W-1, for 

example, equals 0.31, compared to 0.60 and 0.56 for the C2s-and c29-
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ratios, respectively. Again, the only exceptions are the samples of 

Section 3, 23,000 - 44,000 yrs BP. Another anamoly of these sediments' 

c29-ratios is the fact that they increase with sediment age, unlike 

their c27-, c28-, and total stanol/sterol ratios. Unlike the c27 -

and c28-curves, the c29-plot is nearly linear between 23,000 and 

95,000 yrs BP. Once again, however, the 11 blip 11 at 99,000 yrs BP is 

present. No values are listed for either DlA (133,000 yrs BP) or 

D5B (217,000 yrs BP}, in that both of these sediments contain c29-

stenols but lack the c29-stanol. D3B, on the other hand, contains 

all three members of the c29-family. Interestingly~ its c29-stanol/ 

sterol ratio is quite high, nearly equalling the value of the c27-

ratio. 

By way of a final observation, the fact that the sediments' 

c28- and c29-stanol/sterol ratios are much lower than their c27-

ratios may be helpful in explaining the curious absence of any c28-

and c29-5a-stanols in Mono Lake's sedimentary record. The trend 

suggests that both c28- and c29-stanol genesis in general have been 

much less vigorous than c27-stanol genesis in Mono Lake, at least 

over the past 217,000 years. Add to this the fact that even 5e
cholestan-3a-ol, a product of the otherwise vigorous c27-stanol 

genesis, is relatively scarce throughout much of the stratigraphic 

succession, indicating that 5a-reduction in general has not been as 

active as 5a-reduction. Correlation of these two observations suggests 

that the absence of the c28-and c29-5s-stanols may indeed be simply due 

to an absence of detectible amounts, rather than any specific 

descrimination against their formation. 
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Paleotemperature Studies: 

Examination of the sediments• sterol content, computation of 

stanol/sterol ratios, and construction of the stanol genesis plots 

have yielded much information about the history of stanol genesis in 

Mono Lake, at least over the past 217,000 years. On the other hand, 

these studies also leave a number of questions unanswered, in that 

they deal only with the effects of stanol genesis and not the causes. 

An obvious first question is: how does stanol genesis relate to 

eVent~ in the area•s past, e.g., glaciation, volcanism, etc.? Since 

such events involve temperature changes, it was hoped that a 
. . 

temperature vs. time study of the area, i.e., Mono· Lake and its 

surrounding basin, might be found for comparison with the st~nol 

reduction vs. sediment age plots. Fortunately, a number of 

investigators have calculated earth•s paleotemperatures and mapped 

out its temperature history. 

C. Emiliani, in particular, has spent a number of years 

computing earth•s Pleistocene paleotemperatures. Using Urey•s 

method of paleotemperature analysis,3 which makes use of 18ot16o 
ratios, and isotopic dating, he has compiled temperature vs. age 

curves for a number of deep-sea sediment cores. In one study, for 

example, he studied the 18ot16o content of fossil organisms, planktonic 

Foraminifera, in deep-sea cores from the central Caribbean Sea. 4 

Correlation of these cores with other Caribbean and Atlantic cores 

previously analyzed, allowed him to construct a generalized paleo

temperature curve of considerable detail. If one reconstructs this 

curve, taking only the time points which correspond to the ages of the 

.Mono Lake sediments studied, one obtains the curve in Figure 28c, in 
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which paleotemperature {°C) is plotted as a function of years BP 

{x 103). 

The graph clearly indicates that earth•s temperature has 

fluctuated with time. The variation seems to be cyclic; specifically, 

prolonged periods of warmer temperatures separated by short periods of 

cold. As Emiliani points out, these minima coincide with periods of 

glaciation, whi_ch have generally occurred every 50,000 years. 

Interestingly, the overall temperature range of the fluctuations has 

not been great, about 27°C - 22°C, or five Centigrade degrees. 

Before proceeding to a comparison of the stanol genesis and 

pal eo temperature curves, however, one obvious object.ion must be 

considered. Specifically, Mono Lake and the Caribbean Sea are quite 

far from each other. Moreover, they lie in different geographical 
. ·, 

latitudes. Thus, any comparison of the graphs may be absolutely 

meaningless. Fortunately, similar studies have been conducted in the 

equatorial Pacific Ocean and the Northern Hemisphere. Van Woerkom, 

for example, compiled a curve for summer insolation in the northern 

latitudes, where Mono Lake also lies. 5 As Emiliani himself has 

pointed out, there is an impressive similarity between the two curves, 

especially over the past 200,000 years,6 which fortunately happens to 

coincide with the age span of the Paoha Island Stratigraphic Series. 

Because Emiliani •s units of temperature vs. age are much more tractable 

than Van Woerkom•s units of equivalent latitude vs. age, the former 

curve was selected for reconstruction and comparison with the stanol 

curves. 

Comparison of the total stanol/sterol ratio curve (Figure 

28a) with the paleotemperature curve {Figure 28c) reveals a startling 
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similarity in their general shapes. In both cases one observes an 

initial decrease from the present to the past, followed by a gradual 

increase up to 99,000 yrs BP. In the paleotemperature curve, however, 

this rise begins earlier (23,000 yrs BP) and is nearly linear, unlike 

the stanol genesis curve. Perhaps, the most remarkable similarity, 

however, is that the "blip" at 99,000 yrs BP in the stanol curve is 

also present in the paleotemperature curve. Following a sharp decrease 

after this point, both graphs also exhibit a plateau between 133,000 

and 217,000 yrs BP, though its relative height is not as great in the 

paleotemperature graph. All of these similarities clearly point to 

the fact that stanol genesis in Mono Lake has been closely dependent 
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on the area•s temperature; generally speaking, the greater the temperature 

the greater the amount of stenol-to-stanol reduction. 

Though Van Woerkom•s insolation studies are less comprehensible, 

it might be interesting to consider them briefly. He calculated 

summer insolation values for the Northern Hemisphere, i.e., the amount 

of solar radiation absorbed by this area, over the past several hundred 

thousand years and plotted them as a function of time. 7 As mentioned 

previously, the curve is nearly identical with Emiliani•s paleotemperature 

plot. 

Perhaps the most interesting feature of the insolation 

studies is that an area•s insolation is a function of the earth's tilt 

angle and precession. Consequently, as W.S. Broecker points out in 

a study of his own, changes in the earth•s climate have occurred in 

response to periodic variations in the earth•s tilt and precession.8 

According to his calculations, periodic increases in the earth's 

tilt angle result in greater insolation in the Northern Hemisphere, 



i.e., warming, while periodic decreases result in cooling. What 

does all of this have to do with stanol genesis in Mono Lake? Since 

the total stanol/sterol ratio curve is quite similar to Van Woerkom•s 

curve, one arrives at the rather amazing, but seemingly inescapable, 

conclusion that the amount of stanol genesis in Mono Lake has been a 

function of the earth•s tilt angle and precession; specifically, the 

greater the earth•s tilt angle the greater the amount of stanol 

genesis in Mono Lake. This correlation, though quite compelling, 

is expressed more as a matter of curiosity, however, in that the 

insolation studies, particularly those of Broecker, are highly 

theoretica.l and only recently formulated. 

Geological vs. Biological Diagenesis: 

From a geochemical standpoint, the presence of large amounts 

of stanols throughout the stratigraphic sequence is most significant. 

As outlined previously, stenols constitute the source sterols which 

undergo deposition and incorporation into Mono Lake•s sediments. 

Stanols are conspicuously absent in the lake•s organisms, or present 

only in trace amounts. Consequently, their presence must be due to 

diagenesis, microbial and/or geological. As outlined previously, an 

earlier study by Henderson and Steel revealed that geological 

processing, specifically heat and pressure catalysis, mediates stenol

to-stanol diagenesis. When Mono Lake muds were incubated at elevated 

temperatures and pressures, substantial increases in their 50-stanol 

content were observed. GeoJogical processes such as heat/pressure 

catalysis are, however, necessarily long-term in nature and, as 

chemical processes, subject to the constraints of thermodynamics. 
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Consequently, the strongest argument for geological diagenesis of 

sterols in Mono Lake is the predominance of the thermodynamically more 

stable 5a.-stanols in some of the older sediments, especially 1-L-76, 

where extensive reduction is present. 

Even a cursory examination of the sediments• stanol content 

(Table 11), however, reveals that geological processing can not 

explain a number of phenomena. First, the thermodynamically less 

stable 5S-cholestanol appears in a number of sediments. In two samples, 

3-L-0 and OIA, it actually predominates over 5a.-choles~anol. In two 

others, 03B and 058, only 58-cholestanol is present; the 5a.-isomer is . 

completely absent. Furthermore, as mentioned previously, 5s-cholestanol 

is the characteristic component of the three oldest sediments, viz. 

OlA, 038, and 058. According to Henderson and Steel •s findings, if 

geological processing were the only mode of stanol genesis, such a 

molecule should not even be present. 

The hfgh stanol content of the contemporary muds (0-500 yrs 

8P) is also difficult to explain via geological diagenesis. Sufficient 

time has simply not elapsed for such a process to occur. Yet PI-W-1, 

for example, has a predominance of stanols in its sterol fraction, 

with ~-cholestanol as its major component. Quantitatively speaking, 

th.e muds' stanol/sterol ratios are high, actually higher than those 

of many of the older sediments. Their total stanol/sterol ratios, for 

example, range from 0.35 to 0.50. 

Finally, the tremendous regularity observed in the individual 

stanol/sterol ratio curves (Figure 28b) is especially difficult to 

rationalize in terms of geological reduction. As noted earlier, the 

following trend was observed in every sediment but 3-L-53: c27-ratio 
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> c28-ratio > c29-ratio. Furthermore, the general shapes of the 

three curves are different, particularly that of the c29-family. 

All of this suggests that' considerable specificity is involved in 

stenol-to-stanol diagenes'is. Yet the structural differences of the 

th.ree fami 1 i es are minute. The c28-fami ly possesses an additional 

methyl group at c24 , whereas the c29-family contains an ethyl group. 

Geochemical reduction processes such as heat .and pressure catalysis 

cannot be invoked to explain such specificity, in that the degree of 

specificity is much too fine for these more or less random chemical 

processes. 

Fortunately all of these phenomena are easily explained in 

terms of biological, or microbial, diagenesis. The tremendous 

regularity of the individual stanol/sterol ratios argues quite 

strongly for biob]ical reduction. Even a casual study of biochemistry 

reveals that such specificity is not only intrinsic to living systems 

but actually constitutes one of their most distinguishing properties. 

Second, the high stanol content of the contemporary muds is easily 

explained via microbial diagenesis in that the surface muds contain 

extensive bacterial populations, as will be discussed later~ Finally, 

the presence of the thermodynamically less stable 5e-cholestanol is 

not only easy to explain via microbial reduction, but actually provides 

compelling evidence for its mediation. As discussed earlier, the 

bacterium E. coli converts human dietary stenols to 5e-stanols. 

As compelling as the evidence is for microbial diagenesis, it 

would be a mistake to completely rule out geological processing as a 

force in Mono Lake's stanol genesis, especially in light of Henderson 

and Steel •s diagenesis study. As will be discussed later, stanol 
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genesis is probably the result of a cooperative mediation of these two 

forces. Microbial reduction is undoubtedly most active in the younger 

sediments, particularly contemporary samples, where viable bacteria 

are known to exist. As the age of a sediment increases, however, 

and its bacterial population disappears, geological reduction probably 

becomes increasingly important, particularly in older samples like 

Precambrian sediments, where age is in the order of billions of years. 
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F I G U R E S 2 9 - 34 

GLC Chromatograms of the Purified TMS-sterol 

Fractions of Mono Lake's Sediments. Generated 

using a QF-1 column: 1% QF-1 on Gas Chrom Q 

(H10-120 mesh) packed in a 10' x 1/8 11 stainless 

steel column. Mai'ntained isothermally at 210°C. 

Helium carrier gas flow rate at 20 ml/min. 

Key to GLC Peaks: 

A. TMS-cholesterol 

B. TMS-5a-cholestanol 

B I. TMS-58-cholestanol 

c. TMS-brassicasterol 

D. TMS-campesterol 

E. TMS-stigmasterol 

F. TMS-(5a-campestanol or 5a-ergostanol) 

G. TMS-s-sitosterol 

H. TMS-5a-stigmastanol 

I. TMS-ergosterol 

J. TMS-tetrahymanol 
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Figure 29: GLC Chromatograms of Mono Lake Sediments (I). 
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Figure 30: GLC Chromatograms of Mono Lake Sediments (II). 
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Figure 31: GLC Chromatograms of Mono Lake Sediments {III). 
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Figure 32: GLC Chromatograms of Mono Lake Sediments (IV}. 
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Figure 33: GLC Chromatograms of Mono Lake Sediments (V). 
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Figure 34: GLC Chromatograms of Mono Lake Sediments (VI). 
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EXPERIMENTAL 

Storage Conditions: 

This phase of the Mono Lake sediment studies entailed an 

examination of the effects of storage conditions on sterol diagenesis 

in a contemporary mud, PI-W-2*. As described earlier, the mud was 

collected 30 feet from Paoha Island in 4 feet of water (see Figure 

7). It was then stored and/or processed in the following ways: 

1. PI-W-2*a: immediate lyophilization followed by solvent/ 

sonic extraction. 

2. PI-W-2*b: immediate lyophilization followed by soxhlet 

extraction. 

3. PI-W-2*c: isopropanol addition and incubation for ten 

months at room temperature ("'25°C), followed by 

lyophilization and solvent/sonic extraction. 

4. PI-W-2*d: aerobic incubation for ten months at room 

temperature followed by lyophilization and solvent/ 

sonic extraction. 
0 

5. PI-W-2*e: aerobic incubation for ten months in a 20 C 

water bath followed by lyophilization and solvent/sonic 

extraction. 

6. PI-W-2*f: anaerobic incubation for ten months in a 20°C 

water bath followed by lyophilization and solvent/sonic 

extraction. 

PI-W-2*a and b may be grouped together in that they both 

involved immediate processing of the mud. They were generated by 
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lyophilizing 200 grm aliquots of the mud immediately on return to the 

laboratory, a commonly used method of sediment processing. PI-W-2*a 

was designated the control study. Since it was lyophilized immediately, 

any additional sterol diagenesis was arrested, unlike PI-W-2*c-f. . 

Consequently, its sterol pattern should best reflect the mud's original 

sterol compositon, i.e., the sterols originally incorporated into 

the mud. Actually, the same can be said for PI-W-2*b, which was also 

lyophilized immediately. 

Unlike PI-W~2*a and b, PI-W-2*c-f were not processed 

inmediately. As outlined previously, they were incubated for a period 

of ten- months. PI-W-2*c was generated by adding 500 mls of redistnled 

isopropanol to a jar containing approximately 200 grms of mud and 

thoroughly mixing the contents. Isopropanol is often added to muds as 

an anti-bacterial agent. PI-W-2*d was generated by adding approximately 

200 gnms of the mud to a jar equipped with a loose-fitting lid, 

permitting o2 to enter. __ The system was then incubated at ambient 

temperature; ~2s0c, by setting it aside on a shelf. PI~W-2*e was also 

stored aerobically, the only difference being that it was incubated in 

a 20°C constant-temperature water bath. This temperature was selected 

in that the lake temperature in the region where PI-W-2* was collected 

was found to be 20°c. ·.Finally, PI-W-2*f was generated by placing a 

loosely sealed jar containing 200 grms of PI-W-2* in an anaerobic 

Brewer jar. Like PI-W-2*e, it was incubated in a 20°C water bath. 

After ten months, PI-W-2*c-f were lyophilized, preparatory to extraction 

and analysis. 

Analysis: 

·All of the samples, with the exception of PI-W-2*b, were 
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extracted using the solvent/sonic extraction procedure developed for 

the stratigraphic sequen~e studies. Carefully weighed amounts of each 

lyophilized mud, between 50-60 grms, were exhaustively extracted. Each 

of the extracts was then evaporated to dryness and resuspended in 5 

mls of redistilled n-heptane, yielding a general lipid extract. 
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In an effort to determine the relative effiCiencies of solvent/ 

sonic extraction vs. soxhlet extraction, another popular mode of 

sediment extraction, PI-W-2*b was subjected to soxhlet extraction. 

Following lyophilization, 60 grms of the dried mud were placed in a 

cellulose-fiber thimble (4cm x 12cm), which was then inserted into a 

large soxhlet apparatus. Both the thimble and the apparatus had been 

pre-extracted for three days by refluxing with toluene/methanol 

(3:1 vol/vol). The sediment was exhaustively extracted by refluxing 

with 300 mls of the same solvent mixture for three days. Following 

extraction, the general lipid extract was evaporated via vacuum 

evaporation and resuspended in 5 mls of n-heptane. 

On extraction each of the samples yielded a general lipid 

extract of approximately the same appearance, i.e., dark green in color. 

Like the contemporary muds described earlier, these extracts were quite 

rich in organics, particularly photosynthetic pigments. The isolation 

and characterization of each extract's sterol fraction was carried out 

using exactly the same analytical schema developed for the sediment 

studies (see Figure 9). 



RESULTS AND DISCUSSION 

Qualitative Observations: 

The GLC chromatograms of PI-W-2*a-f•s sterol fractions are 

depicted in Figures 35 and. 36. Even a casual perusal rev~als that the 

sterol fractions are quit_e complex, certainl_y more so than those of 

most of the sediments fromthe stratigraphic sequence (Appendix C). 

Examination of the quantitative GLC data (Table 12) only confirms this. 

With the exception of PI-W-2*c, all of the ~amples contain the eleven 

compbnents illustrated in Figure 27. PI-W-2*c lacks only one species, 

tetrahymanol. In contrast, the sediments of the stratigraphic sequence 

contain an average of only eight components. 

In addition to their uniform complexity, the sterol patterns 

of PI-W-2*a-f are also qualitatively very similar. All of the samples 

contain stigmasterol as their major component. Cholesterol and Sa-

. cholestanol are also major components in most of the samples, 

particularly PI-W-2*a and.b. Tetrahymanol occupies a.prominent 

posi~.ion in five of the samples, reminiscent of the sediments of 

Section 3 of the Younger Paoha Island SeriP.s. In all cases, a-sitosterol 

is a minor component. This is especially true of PI-W-2*e and f, 

where it is the least abundant species. Ergosterol and brassicasterol 

are also minor components in all of the samples. 
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With regard to probable sterol sources, correlation of the 

above observations yields a rather complicated picture. Unlike the 

sterols in most of the sediments from the stratigraphic sequence, the 

sterols of PI-W-2*a-f appear to originate from more than one major source. 

Using the same sort of reasoning developed for the stratigraphic studies, 



F I G U R E S 35 - 36 

GLC Chromatograms of PI-W-2*a-f's Purified 

TMS-sterol Fractions. Generated using a 

QF-1 column: 1% QF-1 on Gas Chrom Q (100-120 

mesh} packed in a 10' x 1/8" stainless steel 

column. Maintained isothermally at 210°C. 

Helium carrier gas flow rate at 20 ml/min. 

Key to GLC Peaks: 

A. TMS-cholesterol 

B. TMS-5a-cholestanol 

8 I • TMS-5s-cholestanol 

c. TMS-brassicasterol 

D. TMS-campesterol 

E. TMS-stigmasterol 

F. TMS-(5a-campestanol or Sa-ergostanol} 

G. TMS-s-sitosterol 

H. TMS-5a-stigmastanol 

I. TMS-ergosterol 

J. TMS-tetrahymanol 
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Figure 35: GLC Chromatograms of PI-W-2*a-c. 
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Figure 36: GLC Chromatograms of PI-W-2*d-f. 
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T A B L E 1 2 

Results of the Quantitative GLC Analyses of 

PI-\~-2*a-f•s Sterol Fractions. Total sterol 

levels expressed as the ratio: (total sterols/ 

dry wt sediment) x 106, or parts per million 

(ppm). Principal sterols listed in order of 

relative abundance, with most abundant listed 

first. Principal sterol source assigned on the 

basis of the acknowledged biological provenance 

of the most abundant component. 
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Total 
Sam~le Sterols (~~m) 

PI-W-2* a 6.49 

PI-W-2* b 4.98 

PI-W-2* c 4.06 

PI-W-2* d 2.27 

PI-W-2* e 1.59 

PI-W-2* f 2.95 

A 

B 

c 

J 

0 Stigmasterol 

E a-sitosterol 
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Principal Sterols 
(in order of abundance} 

D, F, A, C, K, H, I , G, E, J, B 

D, F, A, C, ·K, H, I, G, E, J, B 

D, c, F, H, A, I, E, G, 8, J 

D, H, I , K, F, c, E, A, 8, G, J 

0, H, I, K, F, G, B, A, J, c, E 

0, F, A, K, H, c, G, I, J, B, E 

5a-cholestan-3a-ol 

5s-cholestan-3s-ol 

5a-campestan-3s-ol or 5a-ergostan-3a-ol 

5a-stigmastan-3s-ol 

K Tetrahymanol 

XBL 761-5602 
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one sees evidence of high algal input (stigmasterol), significant 

animal contribution (5a,-cholestanol and cholesterol), and only minor 

higher-plant input ({3-sitosterol) into the mud•s original sterol 

fraction. 

Besides pointing out obvious similarities and yielding 

inforination about probabl,e sterol sources, qualitative examination of 

the sterols• relative abundances also yields important information 

about the effects of processing and storage conditions on a·sediment•s 

sterol content. Since PI-W-2*a and b were both processed immediately, 

they can be considered together. Even a casual comparison reveals that 

these two samples have identical sterol fractions; i.e., the various 

components occupy the same relative positions in both distributions. In 

both cases, for example, 5a.-stigmastanol is seventh in relative 

abundance. This is not surprising in that both mud samples were 

processed in the same way, i.e., inunediate lyophilization. The only 

difference in their work-up was the mode of extraction. PI-W-2*a 

was solventextracted via sonication and magnetic stirring, whereas 

Pl-W-2*b was soxhlet extracted. As expected, such differences in the 

mode of extraction have absolutely no effect on the relative composition 

of a sediment•s sterol fraction. It is probably reasonable to assume 

that the same should also hold true for other classes of organic 

molecules such as hydrocarbons, etc. 

With regard to stanol content, both PI-W-2*a and b contain 

large amounts of 5a.-cholestanol (second in abundance). 5~-cholestanol, 

on the other hand, is only eigth in overall abundance and constitutes 

the least abundant stanol. The relative stanol order of both samples 

is: 5a.-cholestanol, 5a.-campestanol or 5a.-ergostanol, 5a.-stigmastanol, 

and 5~-cholestanol. Interestingly, the relative order of the Sa-
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stanols is exactly the same as that of the other contemporary muds 

(AT-6, PI-W-1, and DS-1*) and sediment 1-L-83 of the stratigraphic 

sequence. 

Unlike PI-W-2*a and b, PI-W-2*c was incubated for ten 

months. Moreover, isopropanol was added to the mud to test its 

effectiveness as an anti-bacterial agent. Even a qualitative comparison 

of its sterol content with those of the previous two samples reveals 

that the isopropanol has not been completely successful in halting 

diagenesis. The most obvious difference is the disappearance of 

tetrahymanol. With regard to stanol content, however, there seems to 

be little real difference in 2*c•s sterol fraction despite the fact 

that Sa-cholestanol is no longer second in overall abundance and the 

relative abundances of the other stanols seem to have increased slightly. 

The relative stanol order of PI-W-2*c is identical to those of 

PJ-W.,.2*a and b. 

It seems clear that the addition of isopropanol to the mud 

· has stimulated the destructive, or dispersive~ diagenesis of 

tetrahymanol while retarding stenol-to-stanol diagenesis. Since 

tetrahymanol is present in PI-W-2*a and b in significant amounts, 

however, its dispersive diagenesis seems to be secondary to stanol 

genesis in the mud•s natural environment. Consequently, addition of 

the alcohol constitutes a major perturbation of the mud•s environment. 

A possible explanation is that the isopropanol has stimulated the 

growth of bacteria involved in tetrahymanol diagenesis, while suppressing 

the normally dominant growth of bacteria involved in stenol-to-stanol 

reduction. 

PI-W-2*d and e may be evaluated together in that they both 
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involved aerobic incubation of the mud for ten months,·the only 

difference being that 2*d was stored at room temperature, whereas 

2*e was i'ncubated in a 20°C water bath. The obvious purpose of these 

incubations was to examine the effects·of aerobic diagenesis on a 

mud's sterol content and to check its dependence on temperature. 

Comparison of 2*d's and 2*e's stanol content with that of PI-W-2*a, 

the control study, reveals that there are indeed a number of changes. 

First, there is definitely a·greater predominance of stanols in 

these two samples. Furthermore, the relative stanol order has changed. 

Both2*d and 2*e have the following order: 5a-campestanol or 
' . 

~-ergostanol, 5a-stigmas,tanol, 5a.-cholestanol, and 5a-cholestanol. 

All of this points to increased stslo.l-to-stanol reduction on aerobic 

incubation of the muds, even after only ten months. 

On first inspection, there seents to be littl,e difference in 

the sterol fractions of PI-W-2*d and e. Their first five components are 

identical. Cholesterol occupies the same position (eighth) in both 

fractions. Finally, as mentioned previously, their relative stanol 

orders are identical. One might be tempted to conclude, therefore, 

that a difference of "'5°C in the muds' incubation temperatures has had 

little effect on sterol diagenesis. Closer inspection, however, 

reveals some qualitative differences. First, the relative abundances 

of five of their sterol components are different. Perhaps the most 

significant difference, however, is that the relative abundance of 

s~~cholestanol is quite different. In 2*d it is only a minor component 

(tenth), while in 2*e it is sixth in abundance. Since 5e-cholestanol 

is the one sterol whose presence in a sediment argues most convincingly 

for bacterial diagenesis, this finding is quite important. The obvious 
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conclusion is that the bacteria which mediate its formation prefer 

the slightly lower temperatur~ of 20°C, which also corresponds to 

the temperature of Mono Lake where the mud was sampled. Such a 

close temperature dependence on bacterial activity is not surprising 

in that the growth of most bacteria is closely dependent on 

temperature. 

The last sample in the series, PI-W-2*L was also stored 

for ten months, like 2*d and e, albeit anaerobically. Qual1tatively, 

its sterol content exhibits a number of similarities with PI-W-2*a 

and b. Its first three components are identical with those of 2*a and 

2*b. Their stanols are also distributed throughout the sterol fraction 

similarly. Furthermore, the relative order of the 5a-stanols is 

identical: 5a-cholestanol, Sa-campestanol or 5a-ergostanol, and 5a

stigmastanol. Only the relative position of 56-cholestanol is 

different. In contrast, the relative stanol orders of 2*d and 2*e 

are different than that of 2*f. Furthermore, there is clearly less 

predominance of stanols in 2*f than in 2*d and 2*e, suggesting that 

less stanol genesis occurs anaerobically. Apparently the bacteria 

which mediate stanol genesis prefer an aerobic environment. 

Quantitative Observations: 

Although much information was gleaned from a qualitative 

examination of PI-W-2*a-f•s sterol fractions, the full impact of this 

study is not realized until one examines each sample•s total sterol 

level and stanol/sterol ratios. This information is listed in Table 

13. By way of explanation, the total sterol levels (expressed in 

parts per million) were calculated as before, again excluding the 
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T A B L E 1 3 

Results of the Detailed Quantitative GLC 

Analyses of PI-W-2*a-f's Sterol Fractions. 
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Totalb 
c27 

d 
c28 

e 

Samplea 
Sterols Totalc 

(ppm) Ratio Ratio Ratio 

PI-W-2*a: A,B 6.49 0.427 0.573 0.402 

PI-W-2*b: A,C 4.98 0.421 0.576 0.390 

PI-W-2*c: D,G,B 4.06 0.419 0.623 0.389 

PI-W-2*d: E,G,B 2.27 0.476 0.746 0.537 

PI-W-2*e: E,H,B 1.59 0.521 0.815 0.597 

PI-W-2*f: F,H,B 2.95 0.467 0.613 0.447 

a: Symbols: 

A: Immediate Lyophilization E: Aerobic Incubation 
B: Solvent/Sonic Extraction F: Anaerobic " 
C: Soxhlet Extraction G: Ten Months @ Room Temp. 
0: Isopropanol Addition H: Ten Months @ 20°C 

b: ppm expressed as: (total sterols/dry wt. sedimen.t) x 106 

c: Total stanols/total sterols 

d: c27-stanols/C27-sterols: 
5a-chol-ol + 5s-chol-ol + chol 

5a-chol-ol + 5s-chol-ol 

5a-camp-ol or 5a-ergost-ol 
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f 
c29-

Ratio 

0.283 

0.278 

0.280 

0.324 

0.358 

0.304 

5a-camp-ol or 5a-ergost-ol + brass + camp + ergost 

5a-stig-ol 
5a-stig-ol + stig + a-sitos 

XBL 762-5648 
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non-sterol component tetrahymanol. The various ratios were also 

calculated as before: 

Total stanol/sterol ratio: 

Sa- and 513-stanols 

5a~ and 5a-stanols + stenols 

'e27-s"tanol/sterol ratio: 

Sa-chol-ol + 5B-chol-ol 

Sa~chol-ol + Ss-chol-ol + chol 

c28-stanol/sterol ratio: 

Sa-camp-ol or Sa-ergost-ol 

Sa-camp-ol or Sa-ergost-ol + brass + camp + ergost 

c29-stanol/sterol ratio: 

Sa-stig-ol 

5a-stig-ol + stig + a-sitos 

Before proceeding to a detailed treatment of each sample, 

however, it might be well to consider the samples collectively, in 

that a number of general trends exist. Perusal of the values for 

both the total sterol levels and the stanol/sterol ratios indicates 

that the six samples may be divided into two groups. The first group 

consists of PI-W-2*a-c, which contain significantly higher sterol 

levels but lower stanol/sterol ratios than the second group, 

PI-W-2*d-f. Both trends indicate that sterol diagenesis has been 

more or less effectively arrested in the first three samples. Their 

higher total sterol levels indicate that depletion of their sterol 
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pools via dispersive diagenesis has been halted; whereas their lower 
' 

stanol/sterol ratios indicate that stenol-to-st~nol diagenes_is has also 

been arrested. 

On the other hand, PI-W-2*d-f's significantly lower total 

sterol levels and higher stanol/sterol ratios indicate that extensive 

diagenesis has occurred in these samples, confirming the earlier 

observation that considerable sterol diagenesis.occurs soon after their 

incorporation into the lake's contemporary muds. Moreover, the sig

nificant changes in both the sterol levels and the stanol/sterol 

ratios confirm the earlier suggestion that two major types of 

sterol diagenesis occur jn Mono Lake's muds: 1) destructive, or 

disp~rsive, diagenesis in which the sterol pool is depleted; and 2) 

non-dispersive reduction. of stenols to stanols, or stanol genesis, in 

which the sterol pool is not diminished. 

Examination of the relative magnitudes of the individual 

stanol/sterol ratios reveals another major trend. In all six samples 

the order is: c27-family ratio > c28-family ratio > c29-family ratio. 

This regularity is particularly noteworthy in PI-W-2*d-f, in that 

these samples provide the first real proof of increased stanol genesis 

with time in a Mono Lake mud. In light of the fact that most of the 

samples were stored under extremely different conditons, the absolute 

regularity of this trend indicates that it is an intrinsic feature of 

stanol genesis. This is borne out by the results of the stratigraphic 

studies, where exactly the same trend was observed (see Figure 28b). 

Excluding the three sediments of Section 3, all of the sediments studied 

displayed the same relative order. 

All of these general trends, in turn, argue for the mediation 

of biological reduction in stanol genesis. The substantial increases 
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in the stanol/sterol ratios of PI-W-2*d-f are particularly significant. 

Given the mild conditions and relatively short time period of their 
,' 

incubation, geochemical reduction simply cannot be invoked as an 

explanation in that it is a necessarily long-term process requiring 

considerable energy. Biological reduction, on the other hand, is not 

subject to such constraints. The most compelling argument for biological 

catalysis, however, is the tremendous regularity of the indiviclual 

stanol/sterol ratios. As discussed earlier, geochemical processes 

are incapable of such fine substrate specificity. Such specificity, 

on the other hand, is an intrinsic feature of biological systems in 

general and enzymatic activity in particular. As to the exact 

identity of the biological catalysts, it is still too early to say 

unequivocally, but bacteria are excellent candidates. 

Detailed Observations: 

Although the preceeding discussion yielded.some important 

general information about the effects of sediment storage conditions 

on sterol diagenesis, most of Table lJ•s informational content still 

remains untapped. Furthermore, many of the conclusions based on the 

previous qualitative observations sti 11 rema·i n unsubstantiated. 

For example, is there really no difference in the relative efficiencies 

of soxhlet extraction (PI-W~2*b) and solvent/sonic extraction (PI-W-2*a)? 

Is isopropanol really effective in arresting stanol genesis in PI-W~2*c 

an~~ if so, to what extent? Exactly how much increased stenol-to-stanol 

reduction has occurred on aerobic incubation of PI-W-2*d and e, and 

how does temperature affect the increase? Does anaerobic incubation 

of a mud (PI-W-2*f) really yield less stanol genesis than aerobic 
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storage (PI-W-2*e) and, if so, to what extent? By examining each of 
·, 

the samples individually one can resolve these questions, thereby' 

fulfilling the original aims of the study. 

Earlier examination of PI-W-2*a and b revealed that their 

sterol fractions are identical. Even a closer scrutiny of their 

stanol/sterol ratios indicates that there is no appreciable difference 

between the two samples. The total stanol/sterol ratios of 2*a 

and 2*b, for example are quite close at 0.427 and 0.421, respectively. 

The individual ratios are even closer. The c27-ratios, for example, 

are 0.572 and 0.576, respectively. All of this indicates that 

differences in the mode of sediment extraction have really no effect 

on ~tenol-to-stanol diagenesis, and probably on sterol diagenesis in 

general. This is encouraging in that one need not worry about the 

extraction procedure perturbing a sediment•s organic content, at least 

for solvent/sonic vs. soxhlet extraction. 

Inspection of the two samples• total sterol levels, however, 

yields a different picture. The extracted sterol pool of 2*a is 

larger than that 2*b, 6.49 ppm vs. 4.98 ppm. Since both muds were 

lyophilized immediately, this disparity cannot be attributed to 

dispersive diagenesis. It must be due to differences in the relative 

efficiencies of extraction. Thus, soxhlet extraction is definitely 

less efficient than solvent/sonic extraction in removing a sediment•s 

sterols, and probably other classes of organic molecules as well. 

Consequently, the geochemist should be \'lary about making quantitative 

statements about a sediment•s organic content without relating them 

to the method of extraction used. 

On the basis of earlier qualitative observations, it was 

concluded that isopropanol was only partially effective in arresting 
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diagenesis in PI-W-2*c. Although dispersive diagenesis was implicated 

in the disappearance of tetrahymanol from 2*c, the stanol levels of 

2*a and c appeared to be quite similar, suggesting that isopropanol 

is effective in curtailing stenol-to-stanol reduction. Examination of 

2*c's stanol/sterol ratio.s indeed confirms that isopropanol addition 

has arrested stanol genesis. The various ratios are quite similar to 

. those of 2*a, t~e control study. The c29-ratios of 2*a and c, for 

example, are nearly identical at 0.283 and 0.28~ respectively. 

Although the c27-ratios vary by 5%, the total ratios are quite close, 

diffe.ring by only 0.8%. With regard to dispersive sterol diagenesis, 
I 

comparison of the total sterol levels indicates that a significant 

fraction_of the mud•s original sterol pool is missing in 2*c. The 

level has dropped from 6.49 ppm in 2*a to 4.06 ppm in 2*c, a decrease 

of 37%. Since both samples were extracted in the same manner, this 

disparity can only be attributed to dispersive diagenesis of the mud•s 

ster9ls. Moreover, since the stanol/sterol ratios of 2*c remain 

relatively unchanged, the process of sterol degradation seems to be 

nonspecific as to the degree of unsaturation in the sterol nucleus. If 

2*c's ratios were substantially lower, for example, this would indicate 

selective depletion of stanols. In other words, the stenols and stanols 

appear to be equally susceptible to dispersive diagenesis. 

In conclusion, it is quite clear that isopropanol is only 

partially effective as an anti-diagenesis agent. Although its presence 

in·a mud arrests stanol genesis, it does not halt dispersive sterol 

diagenesis or prevent the disappearance of tetrahymanol. As a matter of 

fact, its presence seems to stimulate the latter•s disappearance. One 

possible explanation is that isopropanol selectively inhibits the growth 
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of bacteria which mediate stanol genesis, while stimulating those 

which act on tetrahymanol. Another possible explanation, perhaps a bit 

presumptuous at this stage, is that isopropanol somehow selectively 

inh1bi ts stenol reduction while stimulating tetrahymanol diagenesis 

within a single bacterium, eg. allosteric enzyme modification, etc. 

The possibilities are numerous, indicating the need for detailed 

biochemical investigations in the future. 

Previous examination of both PI-W-2*d and e•s sterol fractions 

indi.cated that substantial stenol reduction ·had occurred on aerobic 

incubation of the original mud. Furthermore, a greater predominance of 
' ' 

stanols, particularly 58-cholestanol, seemed to be present in the 

2b0 c incubation (2*e) suggesting that stanql genesis is nat only 

sensitive to temperature but also that it occurs more vigorously at 

the lower temperature (20°C vs. ~ 25°C). Detailed examination of their 

stanol/steral ratios confirms both of these observations. First, all 

of the ratios in both samples· are significantly higher than those of 

the control study, 2*a. The total ratios for 2*d and 2*e, for 

example, are 0.476 and 0.621, respectively; whereas the value for 2*a 

is 0.427. Second, the ratios for 2*e are uniformly higher than those of 

2*d, indicating that stanol ge~esis is indeed more vigorous at the 

lower incubation temperature of 20°C. 

With regard to dispersive sterol diagenesis, it has already 

been observed that the total sterol levels of 2*d and e are significantly 

lower than that of 2*a, indicating that considerable depletion of their 

sterol pools has occurred. In 2*d, for example, the value is 2.27 ppm, 

down from 6.49 ppm in 2*a. This constitutes a disappearance of 65% of 

the mud•s original sterol pool. Thus, in addition to increased stanol 
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genesis, extensive dispersive sterol diagenesis also occurs on 

aerobic incubation. Furthermore, the total sterol level of 2*e is 

lower than that of 2*d. The value of 1.59 ppm for 2*e indicates that· 

nearly 76% of the mud•s original sterol pool has disappeared, as 

opposed to 65% for 2*d. Thus, in addition to increased stanol genesis, 

more dispersive sterol diagenesis occurs at the lower temperature of 

20°C. All of this confinns the earlier observation that even a 

relatively slight temperature difference of only 5°C can have profound 

eff~cts on a mud•s organic diagenesis. 

Finally, perusal of PI-W-2*f•s stanol/sterol ratios and its 

total sterol' level confirms the earlier observation that anaerobic 

incubation of a mud results in increased stenol-to-stanol reduction. 

The ratios are definitely higher than those of 2*a. The total 

stanol/sterol ratio, for example, is 0.467, as opposed to 0.427 in 2*a. 

Comparison of 2*e and 2*f (both were incubated at 20°C), however, 

reve~ls that the.ratios for 2*e are significantly higher, substantiating 

the earlier observation that stanol genesis occurs more vigorously 

in an aerobic environment. 

With regard to dispersive sterol diagenesis in 2*f, 

earlier examination of its principal sterols seemed to indicate that 

none had occurred. Its sterol fraction is qualitatively very similar 

to that of the control study, 2*a, indicating no obvious depletion of 

any one of its components. Its low sterol level of 2.95 ppm, however, 

reveals that considerable sterol depletion has indeed occurred. 

Comparison with 2*a•s total sterol level indicates that approximately 

55% of the original sterol pool has disappeared. The reason this 

diagenesis was not immediately detectible is that each of the 
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components has disappeared to the same extent. Finally, comparison of 

the sterol levels of 2*e and 2*f reveals that dispersive sterol 

diagenesis, like stanol genesis, occurs most vigorously in an 

aerobic environment. 
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EXPERIMENTAL 

14c-Incubation: 

The third, and final, phase of the Mono Lake sediment studies 

en·tailed a radio-labelling study of sterol diagenesis in a contemporary 

mud under aerobic and anaerobic conditions. Both incubations were 

inoculated with 4-14c-cholesterol in the following way. Using a 

microliter pipette, 0.074 ~C of the labelled cholesterol were added to 

two sterile jars, each containing approximately 60 grams of the 

contemporary mud PI-W-2*. The contents of each jar were then 

thoroughly stirred with a sterile glass rod. The jar designated as 

the aerobic incubation was sealed loosely with a screw-cap lid, 

permitting 02 to enter. The anaerobic incubation, on the other hand, 

was generated by placing the loosely-sealed jar in an anaerobic Brewer 

jar .. Both systems were then incubated in 20°C water baths for ten 

months. 

Analysis: 

The analytical schema used in the analysis of the aerobic 

and anaerobic 14c-chol-PI-W-2* incubations is outlined in Figure 37. 

Comparison of the schema with that used in the stratigraphic studies 

(Figure 9) reveals that they are basically similar, particularly in 

the early stages. At the end of the incubation period the entire 

contents of each jar were lyophilized and carefully weighed. The 

dried muds were then exhaustively extracted using the solvent/sonic 

extraction procedure described earlier, yielding two general lipid 
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14 . 
Analytical Schema of the 4- C-cholesterol-

PI-W-2* Diagenesis Study. 



ANALYTICAL SCHEMA 

solvent extraction 
[toluene/MeOH (3:1 v/v)] 

I 
GENERAL LIPID EXTRACT 

I 
(1) liquid scintillation 
(2) column chromatography 

[silica gel] 

I 
(1) liquid scintillation 
(2) analytical TLC 

[CHC1 3/Et0Ac (3:1 v/v)] 

I 
. I 

CRUDE STERiL FRACTION 

(1) liquid scintillation 
(2) trimethylsilylation 

I 
NON-STEROL FRACTIONS 
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[HMDS/TMCS (3:1 v/v)] 
(3) preparative TLC 

[benzene/n-C7 (1 :1 v/v)J 
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TMS-STEROL ETHER BAND NON-STEROL BANDS 

I 
(1) 1 iquid 

(1) liquid scintillation 
(2) radio-GLC 
(3) C-GC-MS 
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extracts. The volume of each extract was adjusted to ·100 mls using 

redistilled toluene, and ·a 1 ml aliquot of each was taken for 14c-counting 

using a Packard Tri-Carb scintillation counter. The remainder of 

each extract was then concentrated to 2 mls using a rotary evaporator, 

preparatory to fractionation via column chromatography. 

Each extract was fractionated into 13 fractions on a silica 

gel column using the sam~ procedure developed for the stratigraphic 

studies. Unlike the earlier work-up, however, the volume of each 

column fraction was then adjusted to 100 mls using redistilled ethyl 

acetate, and a 1 ml aliquot of each fraction was taken for 14c-counting. 

The remainder of each fraction was reconcentrated to 2 mls, preparatory 

to'analytical TLC. 

Analytical TLC of the various column fractions revealed, once 

again, that fractions 9-11 of both extracts contained sterols. As 

described earlier, these fractions were subsequently pooled, 

trimethylsilylated, and purified via preparative TLC, yielding purified, 
14c-labelled TMS-sterol ether fractions for both incubations. The 

volume of each sterol fraction was adjusted to 100 mls using redistilled 

ethyl acetate, and a 1 ml aliquot was taken for scintillation counting. 

The remainder of each fraction was evaporated to dryness and resilylated, 

preparatory to further TLC work-up. 

At this point the analytical schema differs substantially 

from the one used in the stratigraphic studies. Although preparative 

TLC was quite useful in purifying the 14c-sterol fraction, it did not 

separate the fraction's stenol and stanol con1ponents. Since the major 

aim of this study was to determine whether 14c-cholesterol is converted 

to 14c-stanols, i~e., 14c-5a- and/or 5s-cholestanol, a method of 



separating the stenols and stanols had to be devised. This was 

accomplished via preparative TLC using silica gel impregnated with 

silver nitrate as the adsorbent. AgN03 is known to act as a complexing 

agent in thin layers, thereby increasing their resolving powers. 

Saturated and unsaturated species (e.g., stanols and stenols) 

separate, with the "electron-rich" unsaturated species lagging behind. 

The silica gel plates used in the AgN03-TLC were prepared 

using the same spreading procedure described earlier and stored in a 

drying oven. When the incubations• purified TMS-sterol ether bands 

were ready to be chromatographed, two plates were sprayed with a 

saturated aqueous solution of AgN03 and dried at 110°C for one hour. 

Impregnating the plates immediately prior to use is recommended in 

th:at AgN03 is light-sensitive. The alternative method of impregnating 

the plates in advance by using an aqueous AgN03-silica gel slurry 

nece~sitates the added precaution of storage in the dark. As it is, 

it was found necessary to develop the TLC chromatogram in a tank 

covered with aluminum foil to exclude light, thereby insuring optimal 

resolution of the stenols and stanols. Redistilled methylene chloride 

was used as the developing solvent. 

AgN03-TLC of trimethylsilylated and underivatized mixtures 

of cholesterol, 5~- and 5B-cholestanol revealed that the system is 

capable of resolving all three species, as well as their TMS-ethers. 

Consequently three bands were scraped from each of the two chromatograms 

containing the purified 4-14c-chol-PI-W-2* sterol fractions and 

extracted with redistilled diethyl ether, yielding labelled 6
5-stenol, 

5~- and 5B-stanol fractions. The volume of each fraction was adjusted 
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to 100 mls, and a 1 ml 'aliquot of each was taken for liquid scintillation. 
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The remainder of the fractions were concentrated, resilylated, and 

subjected to radio-GLC using a thermal conductivity GC detector and a 

flow-through Geiger tube radioactivity detector. The GLC column 

used was the 1/8 inch QF-1 column described earlier (~ee Table 9}. 

Unlike the previous non-radio-GLC analyses, extreme care was taken in 

generating an acceptable chromatogram without repeated injections. 

The TMS-sterol ether derivatives displayed a marked tendency to 

decompose in the Geiger tube, resulting in a steadily increasing 

radioactivity background, which obscured the 14c-activity of later 

sample injections. 

301 



RESUL~S AND DISCUSSION 

Dispersive Cholesterol Diagenesis: 

Liquid scintillation of the aerobic and anaerobic 4-14c

cholesterol-PI-W-2* incubations' general lipid extracts revealed that 

much of the ori.ginal 14c-label had vanished from the muds' lipid pools: 

Although both incubations were inoculated with identical amounts of 

labelled cholesterol, viz. 0.074 JJC (1.62 x 105 dpm), the anaerobic 

extract registered 8.45 x 104 dpm, whereas the aerobic extract 

measured 4.55 x 104 dpm. Thus, after only ten months of incubation, 

48% of the labelled cholesterol had completely disappeared from the 

anaerobic mud's general lipid pool, whereas 72% had vanished from the 

aerobic mud's lipid pool. 

The best explanation for the above 14c-1osses is dispersive 

sterol diagenesfs. They clearly substantiate that dispersive 

cholesterol diagenesis, at least, occurs in a shallow Mono Lake mud, 

and \'!ithin a very short period of time. Moreover, the results 

indicate that the process occurs both aerobically and anaerobically. 

Thus, such diagenesis undoubtedly oc.curs in the lake's deep anaerobic 

muds as well as the shallow, aerobic muds like PI-W-2*. Finally, 

given the extent of the 14c-losses, it is clear that dispersive 

diagenesis accounts for most of the mud's cholesterol diagenesis, 

particularly in the aerobic incubation where only 28% of the original 
14c-label remains in the general lipid extract. 

Although the above obse~vations clearly implicate dispersive 

diagenesis as a major force in cholesterol diagenesis, they provide 
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absolutely no information as to the exact fate of the. lost 14c-label, 

leaving much room for speculation. As stated earlier., the major aim 

of the study, as originally conceived, was to determine whether 14c
label appears in the muds' stanol fractions. Thus, the ahalytical 

schema w.as developed only for monitoring dispersal of label within the 

muds' general lipid pools. Exhaustive analysis of the fate of the lost 
14c-label would not only necessitate additional analytical procedures 

but would also ·probably require multiple 14c-cholesterol-mud incubations. 

Disappearance of the label as 14co2, for example, is an excellent 

possibility. To monitor its evolution, however, would require 

attachment of a Warburg Respirometer to the incubation vessel, 

frequent measurements of C02 evolution, and liquid scintillation. All 

of this was deemed beyond the scope of the present study. 

Non-dispersive Cholesterol Diagenesis: 

Returning to the general lipid extracts, liquid scintillation 

of the fractionated extracts (the thirteen silica gel column fractions) 

yielded the labelling patterns depicted in Figure 38. The radioactivity 

of each fraction is expressed as 14c-disintegrations per minute (dpm) 

x 103, with the background activity subtracted. Addition of the 

fractions• 14c-activities reveals that the total activity of.the 

anaerobic extract {Figure 38a} totals 8.45 x 104 dpm, c6~stitut~ng 
52% recovery of the 14c-label originally added to the mud. The total 

activity of the aerobic extract {Figure 38b), on the other hand, totals 

4.55 x 104dpm, constituting only 28% recovery. Thus, the fractionated 

extracts for both incubations account for all of the general lipid 

.. extracts • activity. 
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Distribution of 14c-Activity in the Fractionated 

General Lipid Extracts of the 4-14c-Chol--PI-W-2* 

Diagenesis Study. 14c-recoveries e~pressed as 

per cent recovery of the 14C-label originally 

inoculated in the mud. 

a) Anaerobic Incubation 

b) Aerobic Incubation 

304 



0 0 9 0 

305 

4- 14C-CHOL-PI-W-2* DIAGENESIS STUDY 
40 

a) Anaerobic 14C- Recovery 

30 

20 

10 
If) 

0 

)( 0 

:=IE 
b) Aerobic a. 

0 20 28°4 

2 4 6 8 10 12 

FRACTION NO. 

XBL 7 62 • 5679 



Qualitatively speaking, the labelling patterns for both 

incubations are virtually identical. In both ca~es no 14c-activity · 

appears in fractions 1-6, and only slight activity is present in nos·~ 

7 and 8. Fractions 7 and 8 of the anaerobic incubation total 1.2 

x 103 dpm, whereas those of the aerobic incubation total only 6.45 x 

102 dpm. Relative to the general lipid extracts, both of these 

figures constitute 1.4% of their 14c-content. Relative to the muds' 

original 14C-la~el, viz. 0.074 ~C, however, these activities constitute 
14c~recoveries of only 0.74% and 0.40%, respectively. In fraction 9 

of both labelling patterns there is a dramatic increase in the 14c

content, followed by a gradual decrease in nos. 10 and 11. The total 

activity of these three fractions is 7.39 x 104 ·dpm (anaerobic) and 

3.98 x 104 dpm (aerobic). Interestingly, both of these figures 

constitute 87.5% of the14c-activ.ities of the two general lipid extracts, 

thus accounting for most of the extracts' 14c-label. Relative to the 

muds' original radioactivity, however, they represent 14c-recoveries of 

only 45.5% and 24.5%, respectively. In both studies, the activity 

drops sharply in fraction 12: 2.0 x 103 dpm (anaerobic) and 1.1 x 

103 dpm (aerobic). Both figures constitute 2.40% of the general 

lipid extracts' label, but only 1.23% and 0.68%, respectively, of the 

original label. The 14c-content rises again in fraction 13i 7.4 x 103 

dpm (anaerobic) and 4.0 x 103 dpm (aerobic). In both cases this 

constitutes 8.76% of the extracts' label, but only 4.56% and 2.45%, 

respectively, of the muds' original activity. 

Correlation of the labelling patterns with the elution 

behavior of standards in the silica gel column (Table 6) reveals much 

about cholesterol diagenesis within the muds' general lipid pools. 

306 



0 0 9 

307 

Examination of the first eight fractions yields only negative information. 

The complete absence of radioactivity in nos. 1-3 indicates that 

cholesterol is not degraded to hydrocarbons, notably steranes, at 

least over a short period of time. The absence or negiigible presence 

of activity in fractions 4-8 further indicates that cholesterol is not 

converted to such species as sterol esters. GLC examination of nos. 

7 and 8 revealed that their negligible activities correspond to trace 

levels of 14c-cholesterol, signalling the imminent elution of sterols 

from the silica gel column. This is encouraging in that prior analytical 

TLC of the thirteen fractions had indicated the complete absence of 

sterol esters in the muds. 

It is not until one reaches fraction 9 that positive conclusions 

may be ventured. The fact that most of the 14c-label appears in fractions 

9-11, which correspond to the sterol-containing fractions, reveals that 

most of the recovered label remains in the muds' sterol fractions, 

viz. 87.5% for both incubations. As outlined previously, however, this 

constitutes only 45.5% and 24.5% recovery of the original label for 

the anaerobic and aerobic studies, respectively. These last two 

figurescorrelate quite nicely with the decreases in total sterol 

level observed in the previous study for PI-W-2*e (aerobic incubation) 

and PI-W-2*f (anaerobic incubation), viz. 76% and 55%, respectively. 

In other words, only 24% of 2*e's original sterol pool remained after 

ten months of aerobic diagenesis, whereas 45% of 2*f's pool remained 

after ten months of anaerobic diagenesis. These figures are virtually 

identical with those of the 14c-cholesterol incubations. This is 

encouraging in that 2*e and 2*f can actually be considered control 

studies for the aerobic and anaerobic 14c-incubations, respectively. 



More important, however, the close agreement suggests that the 

characteristics of short-term cholesterol diagenesis undoubtedly apply 

equillly well to sterol diagenesis in general and visa versa. 

Returning to the labelling patterns, the appearance of 

sign'ificant 14c-activity in fraction 13 of both incubations suggests 

that cholesterol is transformed into a polar non-sterol species. 

Analytical TLC and radio-GLC confirmed that the label resides in a 

single non-sterol species. In both cases this substance exhibited 

identical chromatographic propetties. Furthermore, the activity in 

fraction 12 of both incubations also seems to reside in this species. 

Its exact identity could not be determined, however, in that not 

enough material was available for C-GC-MS. In future studies, this 

problem could be circumvented by supplementing the 14c-cholesterol 

solution with unlabelled cholesterol, thereby insuring that detectible 

amounts of the unknown will be generated. Still, even its characteriza

ti~n ,as a non-sterol species constitutes the first positive indication 

of dispersive sterol diagenesis, specifically transformation of a 
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stenol to a more polar non-sterol species. As to the nature of the 

transformation, a number of possibilities exist: oxidation, carboxylation, 

etc. 

14c-cholestanol Genesis: 

Although most of the general lipi,d extracts• 14c-label remains 

1n the sterol fraction, viz. 87.5%, the exact state of the label still 

remains unspecified. Does it, for example, still reside completely in 

cholesterol, or is it distributed among other sterol species such as the 

c27-stanols? Given the high stanol content of the stratigraphic 
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sequence's contemporary muds and the increased stanol genesis 

observed in PI-W-2*e and f, it was felt that the label would reside 

in both the stenol and stanol fractions. Whether or not this could be 

detected after only ten months of diagenesis, however, was a matter 

of some concern, in that other investigators have experienced some 

difficulties, as discussed earlier~ Despite such misgivings, liquid 

scintillation of the muds' fractionated sterol pools, i.e., the 6
5-

stenol, Ss- and Sa-stanol bands of the preparative AgN03-TLC analysis, 

yielded very positive results. 

As illustrated in Figur.e 39, all three sterol bands of both 

incubations contained some radioactivity. In the anaerobic incubation 

(Figure 39a}, the 5s-stanol, Sa-stanol and 6
5-stenol bands contain 

3,547 dpm, 296 dpm, and 70,057 dpm, respectively. Simple addition of 

these figures yields 73,900 dpm, which also corresponds to the combined 

activity of the silica gel column's sterol fractions, viz. nos. 9-11. 

Thus, the three TLC bands of the anaerobic study account for all of 

the crude sterol fraction's label. The aerobic incubation's sterol 

bands (Figure 39b) contain 1,433 dpm, 6,884 dpm, and 31,475 dpm, 

respectively. Their total is 39,792 dpm, which also corresponds to 

complete recovery of the crude sterol fraction's label. 

Radio-GLC analysis of each sterol band for both incubations 

revealed that the 5s-stanol label resides in 5s-cholestanol, the 

5Cl-stanol label in 51l-cholestanol, and the 6
5-stenol label in 

cholesterol. Thus, 14c-cholesterol undergoes both 5Cl- and 5s-

reduction on aerobic and anaerobic incubation in a Mono Lake mud9 and 

within a very short period of time. Although the higher stanol/sterol 

ratios of PI-W-2*e and f indicated that short-term stanol genesis occurs, 
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Distribution of 14c-Activity in the Fractionated 

TMS-sterol Pools of the 4-14c-Chol--4>I-W-2* 

Diagenesis Study. 14c . d -recover1es expresse as 

per cent recovery of the 14c-label originally 

inoculated in the mud. 

a) Anaerobic Incubation 

b) Aerobic Incubation 
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the conversion of 4-14c-cholesterol to labelled 5a- and 58-cholestanol 

constitutes absolute proof that short-term stanol genesis occurs in a 
l 

Mono Lake mud. Furthermore, in light of the previous liquid scintillation 

results, 5a- and 58-cholestanol formation account for all of the labelled 

cholesterol•s non-dispersive diagenesis, both aerobically and anaerobically. 

Other cholesterol analogues such as alkylated or hydroxylated derivatives 

are not formed. In other words, stenol-to-stanol reduction constitutes 

the only non-dispersive mode of cholesterol diagenesis in the mud, at 

least over a short period of time. 

Although 5a- and 5s-stanol genesis occur both aerobically and 

anaerobicany, even a casual perusal of the two labelling patterns in 

Figure 39 reveals that the process is not identical for both incubations. 

If one calculates the relative percentage of each 14c-sterol species 

for both studies the differences become even more apparent, as 

illustrated in Table 14. First, more cholesterol remains unreduced 

after anaerobic incubation; 94.8% vs. 79.1% for the aerobic incubation. 

Thus, only 5.2% of the 14C-cholesterol undergoes reduction anaerobically, 

whereas 20.9% is reduced aerobically, indicating that stanol genesis 

occurs more vigorously in an aerobic environment. This agrees with 

the earlier finding that the stanol/sterol ratios of PI-W-2*e (aerobic 

incubation) were higher than those of PI-W-2*f (anaerobic incubation). 

Interestingly, this preference for aeroby applies to dispersive 

cholesterol diagenesis as well, in that much more 14c-label disappeared 

from the sterol pool of the aerobic incubation. 

The most obvious, and important, difference between the two 

labelling patterns in Figure 39 lies in the relative abundance of 

5a-cholestanol. As Table 14 illustrates, only 0.4% of the anaerobic 
14c-sterol fraction•s label resides in this species, whereas an 
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T A B L E 1 4 

Relative 14c-Content (%) of each 14c-sterol Component in the Fraction

ated TMS-sterol Pools of the 4- 14C-Chol-PI-W-2* Diagenesis Study. 

Anaerobic* 
Diagenesis 

Aerobic* 
Diagenesis 

58-cholestanol Scx-cholestanol Cholesterol 

4.8 0.4 94.8 

3.6 17.3 79.1 

* Total 14c-Activity in each fractionated TMS-sterol 
pool taken as 100%. 
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overwhelming 17.3% of the label appears as Sa-cholestanol in the 

aerobic study. Thus Sa-cholestanol genesis displays a marked preference 

for aeroby. Interestingly, no such preference seems to operate in 

Ss-cholestanol formation. In the anaerobic study 4.8% of the sterol 

fraction's label appears as the Ss-isomer, whereas 3.6% is present 

in the aerobic counterpart. The difference of 1.2% is slight, 

suggesting that Ss-cholestanol genesis occurs almost equally well 

aerobically or anaerobically. To really substantiate this, however, 

more labelling studies must be carried out. 

Although Ss-cholestanol genesis itself seems to be 

independent of the mud's oxygen content, the relative yields of Sa-

and Ss-cholestanol display a marked dependenc.e on the mud's oxygen 

tension. In the anaerobic study there is a definite predominance of 

the Ss-isomer. The Sa/Ss ratio is quite low at 0.08. After aerobic 

diagenesis, on the other hand, 5a-cholestanol predominates, and the 

Sa/Ss ratio is much higher at 4.81. Thus, reduction of cholesterol 

to the Sa-stanol occurs preferentially, and quite vigorously, in an 

aerobic environment; whereas reduction to the Ss-isomer occurs 

preferentially, but not as vigorously, in an anaerobic environment. 

This undoubtedly explains the abundance of 5a-cholestanol and the 

scarcity of the Ss-isomer in all of the contemporary muds described 

earlier, viz. AT-6, PI-W-2*, PI-W-1, and DS-1*. All of these samples 

were collected in Mono Lake's shallow waters, placing them in oxygen

rich environments where Sa-reduction is most vigorous. 

Although only labelled cholesterol was used as a 14c
diagenetic probe, a number of earlier observations suggest that the 

above conclusions probably apply to c28- and c29-stenol diagenesis as 
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well. First, c28- and c29-5a-stanols, like the c27-stanols, are 

quite abundant in Mono Lake•s contemporary muds and the older sediments 

of the Paoha Island Stratigraphic Series (see Table 11). Second, the 

general shapes of the individual stanol/sterol ratio vs. sediment age 

curves for the c28- and c29-sterol families are quite similar to 

that of the c27-family, indicating that stanol genesis is qualitatively 

similar for all three sterol families (see Figure 28b). Finally, the 

results of the PI-W-2*e and f incubations reveal that increased c28-

and c29-stanol genesis, like c27-stanol genesis,occur both aerobically 

and anaerobically, and to the same relative extent, i.e., more reduction 

on aerobic incubation. The only potential difficulty lies in the 

conspicuous absence of any c28- and c29-ss-stanol s in all of the Mono 
' 

Lake sediments studied. As suggested earlier, however, their absence 

may be due to a lack of detectible amounts, in that c28-and c29-stenol 

reduction is much less vigorous than that of.cholesterol. On the other 

hand, the possibility that c28- and c29-5s-stanol genesis simply do 

not occur in Mono Lake cannot be ruled out. 

Future Studies: 

By way of future labelling studies, it would be most 

interesting to use 14c-labelled c28- and c29-stenols such as campesterol 

and a-sitosterol as diagenetic probes to monitor c28- and c29-stanol 

genesis fn general, and Sa-reduction in particular. Since these 

processes are less vigorous than c27-stanol genesis, however, much 

more 14c-label and/or longer incubation periods would undoubtedly have 

to be used in order to detect 14c-stanol formation. Even with 14c-

cholesterol only a tiny amount of 5a-cholestanol was detected after 
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ten months of anaerobic incubation. 

Another interesting series of labelling studies would 

entail use of 14c-cholesterol as a probe to further examine the effect 

of anaeroby on 58- vs. 5a-cholestanol genesis. Contemporary muds from 

the lake•s deep, anaerobic waters could be collected for immediate 

analysis. If the results of the anaerobic 14C-cholesterol-PI-W-2* 

incubation constitute a general phenomenon, one might expect to see an 

overall predominance of 58-stanols in these samples. In addition, 

companion 14c-incubation studies using anaerobically incubated deep 

muds, should also be carried out to determine the quantitative aspects 

of any observed stanol genesis. Finally, muds of different depths 

could also be collected and analyzed for their stanol content. If the 

previous observation of increased 58-reduction on anaerobic incubation 

is a general phenomenon, one might expect to see an increase in their 

58/5a-stanol ratios with increasing depth, i.e., increasing anaeroby. 
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INTRODUCTION 

The waters of Mono Lake constitute an extremely hostile 

environment for most microorganisms. As discussed earlier, the 

alkalinity and salinity of the lake are extreme, with high concentrations 

of sodium, carbonate, and chloride ions. In addition, there is a 

fairly high concentration of borate ion, a species normally quite toxic 

to microorganisms. Nevertheless, the biological productivity of the 

lake is quite high at certain times of the year, as outlined earlier. 

During the summer months, heavy concentrations of algae and brine 

shrimp, specially adapted to Mono Lake, are present. When these 

populations, or 11 blooms", die, a rich deposit of organic material 

accumulates in the mud at the bottom of the lake, constituting the 

organic source debris which undergoes diagenesis. As mentioned earlier, 

this mud-water interface region is undoubtedly anaerobic for part of 

the year, except when the lake turns over and teems with microbial 

1 ife. . It is the eco 1 ogy of the mud-water interface, i.e. , its microbia 1 

population, which is the main concern of this phase of the Mono Lake 

studies. 

In conjunction with the geochemical investigations of the 

lake, it would be extremely valuable to know which classes of organic 

compounds incorporated into the mud, or unconsolidated sediment, are 
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most readily transformed into products of microbial metabolism. Further, 

an understanding of the specific impact, if any, of the bacterial 

population on the incorporation and diagenesis of .sterols would be 

extremely valuable. To these ends, the following studies we·re carried out. 



First, metabolic experiments were conducted to estimate the 

photosynthetic and heterotrophic activity of bacteria present in a 

mud sample from Mono Lake. To this end, a number of organic and inorganic 

substrates were examined for their ability to stimulate the incorporation 

of 14c-labelled amino acids into cell material both in the light and in 

the dark. As a companion study, bacterial growth experiments were also 

carried out using primary enrichment cultures from the mud and a 

variety of growth substrates. Among other things, these studies provide 

evidence for an anaerobic sulfur cycle based on the photosynthetic 

oxidation of reduced sulfur compounds and the heterotrophic reduction 

of sulfate via anaerobic respiration. 

Second, the isolation and characterization of Mono Lake's 

bacterial population was carried out using the enrichment cultures from 

the previous growth studies. Quite a diversity of microorganisms, 

encompassing nearly all metabolic types, was found. As discussed 

earlier, studies of the lake's eucaryotic biota already exist. 

Extension of these studies to encompass the procaryotic biota should 

complete the characterization of the lake's ecology. 

Third, in light of their profusion in the lake's mud, 

the role of the bacteria as possible contributors to the source 

material, or organic debris, of the lake's sediments is of paramount 

interest. Specifically, their role as contributors to the sedimentary 

record's sterol pool is of particular interest. Consequently, a number 

of the bacterial strains isolated were examined for sterols. As will 

be discussed later, the lake's bacteria do indeed play an important 

role as sterol contributors. 

Finally, the role of the bacteria as microbial catalysts 
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in the diagenesis of the sediments' organic matter, particularly 

sterols, has been examined. As outlined earlier, previous studies in

dicate that geological processing, viz. subjection of sediments to heat 

and pressure, stimulates the reduction of stenols to stanols. These 

are long-term processes, however, and cannot explain the significant 

levels of reduction present in the lake's contemporary muds. Since 

the reduction of dietary stenols by E. coli is known, as discussed 

earlier, the bacteria were selected for study as likely reducing agents. 

As will be discussed later, a number of observations do indeed implicate 

these microorganisms as catalytic agents in stanol genesis. 
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EXPERIMENTAL 

Metabolic Studies: 

The ability of various substrate~ both organic and inorganic, 

to stimulate the uptake of 14c-amino acids into cell material was used 

as an indirect measure of the metabolic activity in a mud collected at 

the same site as the contemporary mud PI-W-2* (see Figure 7}.· The 

organic substrates consisted of two organic acids, sodium acetate and 

sodium malate, and a monosaccharide, glucose. · All of these compounds 

were used at 5mM concentrations. The experiments using organic 

substrates were carried out in the dark, under aerobic (respiratory) and 

anaerobic (fermentative) conditions, and anaerobically in the presence 

of 5mf~ sodium sulfate (anaerobic respiration). Photosynthetic 

assimilation of amino acids was also monitored, using sodium sulfide 

and sodium thiosulfate as inorganic electron donors under anaerobic 

conditions. Light illumination of approximately 500 fo~tcandles was 

supplied as the energy source. 

Filter-sterilized Mono Lake water was utilized in all 

of the metabolic studies. The water was first sterilized by Millipore 

filtration and then placed in sterile 500 ml Erlenmeyer flasks specially 

equipped for continuous gassing. Each flask was sealed with a ground

glass fitting that had two cotton-filled tubes mounted in the head piece. 

One of the tubes extended down to the bottom of the flask and provided 

an inlet, whereas the second glass tube provided an outlet for the 

flask. Both tubes were connected to rubber hoses. The rubber hose 

of the inlet tube was connected to a nitrogen stream that was first 
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passed through an oxysorbent (Burrell Corp.) and a second trap 

containing methylene blue as an indicator. When the dye was in the 

leuco form, indicating that the last traces of oxygen were being 

removed from the system, the nitrogen stream was connected to the 500 

ml flask and the medium bubbled continuously for several hours to 

remove oxygen. Just before using the deoxygenated Mono Lake water, 

the rubber tubes were pinched off with metal clamps, forming a gas

tight system. In subsequent steps when the flask was opened to transfer 

Mono Lake water in the preparation of anaerobic media, a sterile 

needle, bent at an angle of approximately 45°, was placed over the edge 

of the 500 ml flask. The needle was connected to a sterile cotton 

filter and the anaerobic nitrogen stream. Thus the opened flask was 

kept under a slight positive pressure of nitrogen to minimize 

contamination from atmospheric oxygen. 

To prepare a source of microorganisms, approximately 

100 mls of heavy mud slurry were placed into 200 mls of the anaerobic, 

filter-sterilized Mono Lake water. The solution was allowed to settle 

for 2 hours under a nitrogen atmosphere and then 25 ml aliquots were 

withdrawn anaerobically and filtered through Millipore filters which 

were also kept under a stream of nitrogen to minimize contact with 

oxygen. The concentrated material on the filter pads was then quickly 

transferred to sterile, 10 ml round bottom flasks containing 8 mls 

of anaerobic medium. The flasks were kept under a nitrogen stream 

during the transfer, as described above, and then sealed with serum 

stoppers. Two needles were inserted into each stopper to allow the 

nitrogen stream to be passed through the flask. The various organic 

substrates or sulfur electron donors were then injected into each 
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vessel with a syringe. Finally, a mixture of 14c-labelled amino acids 

was injected through the serum stopper of each flask to start the 

incubations. The amino acids were all at 0.2mM concentration, with 

specific activities of 0.23 milliCurie per micromole, and were: 

glutamate, leucine, phenylalanine and valine. Duplicate incubations 

were run in the presence of oxygen for all of the substrates. 

The contents of each vessel were incubated for eight hours. 

The experiments were terminated by opening the flasks and filtering 

their contents through Mi 11 i pore filters to co 11 ect any microorganisms 

present. The filter pads were then washed several times with distilled 

water to remove any free 14c-amino acids and added to scintillation 
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vials containing Aquasol (New England Nuclear Corp.). The vials• 

radioactivity.was subsequently counted on a Packard Tri-Carb scintillation 

counter to measure the uptake of 14c-amino acids into cell material. 

Growth Studies: 

As a companion study to the above 14c-amino acid incorporation 

studies, a series of microbial growth experiments were also conducted. 

Sterile, lL Erlenmeyer flasks equipped with Klett side-arm tubes, 

normally used in bacterial growth studies, were filled with 300 ml s 

of filter-sterilized Mono Lake water and inoculated with the 

supernatant from a mud-water slurry of the contemporary mud used in 

the metabolic studies. A variety of organic substrates were added to 

the flasks: 5% (w/v) yeast extract; 5% (w/v) casein amino acids; a 

solution containing lOmM acetate, lOmM malate, and lOmM sulfate; and 

a solution of lOmM glucose. The vessels were then incubated under 

several conditions: anaerobjcally in the dark, aerobically in the dark, 



and anaerobically i~ the light. The first two conditions discriminate 

for anaerobic and aerobic respiration, respectively; whereas the 

third discriminates for bacterial photosynthesis. 
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RESULTS AND DISCUSSION 

Metabolic Studies: 

As Tables 15-17 illustrate, quite a variety of substrates 

stimulate the uptake of amino acids into the cell material of microor

ganisms from the Mono Lake mud. Table 15 contains the results of the 

phototrophic stimulation experiments using sulfide and thiosulfate as 

electron donors. These experiments were carried out in the light and in 

the dark, both anaerobically and aerobically. Table 16 illustrates 

the ability of various organic acids to stimulate amino acid uptake 

using sulfate and oxygen as terminal electron acceptors. Since these 

experiments constitute chemotrophic stimulation, they were all carried 

out in the dark, both anaerobically and aerobically. Finally, Table 

17 illustrates the ability of glucose, a typical carbohydrate, to 

stimulate amino acid assimilation in the dark using sulfate and 

oxygen as electron acceptors, both anaerobically and aerobically. 

As Table 15 indicates, the greatest amino acid uptake occurs 

phototrophically using sulfide and thiosulfate as electron donors. The 

net stimulation in 14c-uptake for each experiment may be computed by 

subtracting the uptake of its corresponding control study. Thus, 

sulfide/thiosulfate addition to the labelled mud, followed by anaerobic 

incubation in the light, yielded a net 14c-amino acid uptake of 16,780 

dpm per 100 mls of filtrate; whereas aerobic incubation in the light, 

coupled with sulfide/thiosulfate addition, yielded only 100 dpm/100 mls 

of filtrate, or virtually no net stimulation in 14c-uptake. Furthermore, 

comparison of the first two entries in Table 15 reveals that the greatest 
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Phototrophic Stimulation of 14c-Amino Acid Uptake 

in Microorganisms from a Mono Lake Mud by Inorganic 

Sulfur Compounds. 
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Electron Donora Conditionsb 
Amino Acidc 

Uptake 

[ Na2S·9H20 J 
Na2s2~3 ·7H20 

L, An 25,480 

[ Na2s · 9H20 ] 

Na2s2~3 ·7H20 
L, A 13,500 

[ Na2S·9H20 J 
Na2s2~3 ·7H20 

D, An 6,700 

No Addition L, An 8,700 

No Addition L, A 13,400 

No Addition 0, An 6,400 

a: Sulfide and thiosulfate each at 5mM 

b: !:_: Light; Q: Dark; An: Anaerobic; A: Aerobic 

c: 14c-disintegrations/min/100 mls filtra.te 

XBL 762-5697 
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phototrophic uptake of amino acids occurs anaerobically. Finally~ 

incubation of the system in the dark, coupled with sulfide/thiosulfate 

addition, results in no net uptake of amino acids, even under anaerobic 

conditions. Thus~ sulfide/thiosulfate addition definitely stimulates 

the phototrophic assimilation of amino acids, particularly under 

anaerobic conditions. This constitutes clear evidence for an anaerobic 

sulfur cycle with sulfide and thiosulfate supplying reducing equivalents 

for photosynthetic metabolism and the uptake of amino acids. The fact 

that the greatest stimulation occurs anaerobically rules out plant-like 

photosynthesis as a main contributor to the mud's photosynthetic activity, 

in that it occurs with the liberation of oxygen. Thus, bacterial 

photosynthesis~ a strict anaerobic process which generally uses sulfide 

and thiosulfate as electron donors, accounts for most of the photo

synthetic metabolism fn the Mono Lake mud. 

As Table 16 illustrates, organic acids, specifically malate· 

and acetate~ also stimulate 14c-amino acid uptake by the mud's micro

organisms. In one of the anaerobic incubations, sulfate was added as 

the terminal electron acceptor, whereas oxygen served as the acceptor 

in all of the aerobic experiments. The greatest net 14c-uptake~ 13,686 

dpm/100 mls of filtrate, occurred anaerobically with sulfate as the 

electron acceptor. In the absence of sulfate, the stimulation was 

negligible at 2,100 dpm/100 mls of filtrate. The net 14c-amino acid 

assimilation under aerobic conditions, 11,317 dpm/100 mls of filtrate, 

was also considerable, albeit less than that of the anaerobic incubation 

containing added sulfate. Consequently, anaerobic incubation, coupled 

with sulfate addition, results in the greatest stimulation of amino acid 

incorporation by the mud's microorganisms using organic acids as carbon 
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Heterotrophic Stimulation of 14c-Amino Acid Uptake 

in Microorganisms from a Mono Lake Mud by Organic 

Acids. 
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Carbon Sourcea 

Malate + Acetate 

Malate +Acetate 

Malate + Acetate 

No Addition 

No Addition 

a: Acids each at 5mM 

b: Sulfate at 5mM 

Electron Acceptorb Conditionsc 
Amino Acidd 

Uptake 

so
4
- D, An 20,083 

none D, Arr 8,500 

02 D, A 21 '117 

none 0, An 6,400 

02 D, A 9,800 

c: Q: Dark; An: Anaerobic; &: Aerobic 

d: 14c-disintegrations/min/100 mls filtrate 

XBL 762-5701 

w 
w 
N 



sources. Nevertheless, these acids also serve as good substrates in 

stimulating aerobic incorporation of amino acids. As a matter of fact, 

in the absence of added sulfate the aerobic uptake was much greater than 

anaerobic assimilation. Thus, the mud's microorganisms are capable of 

both anaerobic and aerobic respiration. Moreover, the fact that 

sulfate acts as an anaerobic electron acceptor suggests that part of 

the microbial population is capable of sulfate reduction. 

As Table 17 illustrates, glucose also serves as a good 

substrate for amino acid assimilation, both anaerobically and aerobically. 

Anaerobically, addition of glucose to the mud, coupled with sulfate 

addition, resulted in a net 14c-uptake of 12,100 dpm/ 100 mls of 

filtrate. In the absence of sulfate, however, the glucose stimulation 

was even greater at 14,800 dpm/100 mls of filtrate. Thus, sulfate 

addition does not enhance the glucose stimulation, unlike the organic 

acid stimulation. Aerobically, glucose addition also stimulated the 

uptake of amino acids, albeit less than anaerobically. In this case 

the net increase was only 5,208 dpm/100 mls of filtrate. Consequently, 

glucose serves as a better carbon source in anaerobic, chemotrophic 

metabolism and amino acid assimilation. Moreover, the fact that the 

greatest 14c-uptake occurs in the absence of sulfate reveals that glucose 

is not best used as a substrate for anaerobic respiration. This is not 

particularly surprising in that glucose is the classic substrate for 

bacterial fermentation, or glycolysis. Thus, the major catabolic fate of 

glucose in the Mono Lake mud, and probably other carbohydrates as well, 

is undoubtedly fermentation. 
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Heterotrophic Stimulation of 14c-Amino Acid Uptake 

in Microorganisms from a Mono Lake Mud by Glucose. 
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Carbon Sourcea 

Glucose 

Glucose 

Glucose 

No Addition 

No Addition 

a: 0-glucose at 5mM 

b: Sulfate at 5mM 

Electron Acceptorb Conditionsc 
Amino Acidd 

Uptake 
--

so = 
4 0, An 18,500 

none 0, An 21 ,200 

02 0, A -15,008 

none 0, An 6,400 

02 0, A 9,800 

c: Q: Dark; An: Anaerobic; ~: Aerobic 

d: 14C-disintegrations/min/100 mls filtrate 

XBL 762-5702 

w 
w 
0'1 

0 

0 

;t.~ J 

c 
~-' 

·0. 

c 
r-~-

·~ 

.... ~ ....,... 
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Growth Studies: 

Figures 40 and 41 contain the growth curves for enrichment 

cultures of the mixed microbial population isolated from the Mono Lake 

mud used in the metabolic studies. As Figures 40a and b illustrate, mi

crobial growth in the dark was monitored using four different substrates: 
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5% (w/v) yeast extract, 5% (w/v) casein hydrolysate, a solution containing 

10 mM each of malate, acetate, and sulfate; and 10 mM glucose. As Figure 

41 ·illustrates, phototrophic growth on glucose was not monitored. Figure 

40a depicts anaerobic growth in the dark, Figure 40b illustrates aerobic 

growth in the dark, and Figure 41 illustrates anaerobic growth in the light. 

As Figure 40a reveals, the mud•s microorganisms are capable 

of visible growth under dark, anaerobic conditions, at least on some 

of the substrates. Considerable growth was observed with 5% yeast 

extract and 5% casein hydrolysate, two complex substrates containing 

a variety of species. The organic acids/sulfate mixture and glucose, 

on the other hand, supported little growth. The strong response to 

yeast extract and casein hydrolysate is most significant, in that both 

of these substrates are rich in amino acids. It would appear that 

anaerobic bacterial metabolism at the mud-water interface of Mono Lake 

is strongly oriented toward the catabolism of nitrogenous compounds. 

The lack of any real growth on the organic acids/sulfate mixture is 

puzzling in that the previous metabolic experiments revealed that this 

collective substrate stimulates the uptake of amino acids into cell 

material. This may signify that sulfate-reducing bacteria, if present, 

are not of the ordinary type. Consequently, these organisms may prove 

especially difficult to isolate from Mono Lake•s muds. 

As Figure 40b illustrates, the mud•s microorganisms are 



F I G U R E 4 0 

Growth of Microorganisms from a Mono Lake 

Mud on a Variety of Substrates. 

a) Anaerobic Conditions 

b) Aerobic Conditions 

Key to Substrates: 

v 5% (w/v) yeast extract 

x 5% (w/v) casein amino acids 

• IOmM each of malate, acetate, 
and sulfate 

o IOmM glucose 
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F I G.U R E 4 1 

Photosynthetic Growth of Microorganisms from 

a Mono Lake Mud on a Variety of Substrates. 

Key to Substrates: 

~ 5% (w/v) yeast extract 

x 5% (w/v) casein amino acids 

• lOmM each of malate, acetate, 
and sulfate 
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indeed capable of aerobic, chemotrophic growth, as suggested by the 

metabolic studies. Again, yeast extract and casein hydrolysate served 

as excellent growth substrates, whereas glucose stilt remained a poor 

substrate. Unlike the anaerobic incubations, however, moderate growth 

was observed with the organic acids and sulfate. Interestingly, the 

general shapes of most of the aerobic growth curves also differ from 

those of the anaerobic curves. Specifically, in those curves where 

growth is indicated, the slopes of the exponential growth phases for 

the aerobic curves are greater, indicating that chemotrophic bacterial 

growth occurs most vigorously under aerobic conditions. 

Figure 41 depicts the growth of microorganisms enriched for 

photosynthetic growth. Heavy microbial growth was again observed on 

5% yeast extract. Unlike the previous enrichments, however, 5% casein 

hydrolysate served as a poor substrate. Growth on the organic acids/ 

sulfate mixture fared little better. Preliminary examination of the 

dense microbial population in the 5% yeast extract medium revealed an 

abundance of purple non-sulfur bacteria, or Athiorhodaceae. A uni

cellular green alga and two diatoms were also observed in these 

enrichment cultures, but have proven difficult to isolate in pure 

culture. Interestingly, two strains of filamentous blue-green algae 

were isolated from a water sample overlying the source mud. Both are 

Oscillatoria type organisms. 
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EXPERIMENTAL 

Bacterial Media: 

The impracticality of maintaining a sufficient supply of. 

Mono Lake water as the growth medium for the isolation studies prompted 

the development of a number of artificial media. They consist of two 

major components: a mineral base which appears in all of the media 

and an organic base or inorganic electron donor which varies from 

medium. to medium. The ionic compositionof the mineral base was 

designed to simulate that of Mono Lake (see Table 2}. As will be 

discussed later, the various artificial media supported microbial growth 

as well as the lake's water. 

The composition of the artificial media used in the isolation 

studies is as follows: 

( 1 } Mineral Base: 

Component Conc_entration {g/1} 

NaHC03 30 

NaCl 30 

KCl 3 

Na2B4o7 · 10H20 3 

K2HP04* 0.4 

NaN03 0.15 

MgC1 2 0.075 

CaC1 2 0.033 

Citrate 0.06 

EDTA (pH 7.8} 0.01 
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** Trace Metals 1 ml/1 

K2HP04 was deleted from the mineral base of the anaerobic media. 

** Trace metals (stock solution): 

Components Concentration {g[l) 

cuso4 · 5H 0 2 0.07 

H3B03 2.86 

MnC1 2 · 4H 0 2 1.8 

ZnS04 0.22 

Mo03 0.015 

(2) Organic Base or Inorganic Electron Donor: 

a. Rich Medium for Heterotrophic Bacteria (g/1): 

Yeast Extract 

Peptone 

b. Specific Carbon Source Medium: 

Carbon Source 

Yeast Extract 

Peptone 

10 

10 

lOmM 

0. 5 g/1 

0. 5 g/1 

c. Photosynthetic Medium (purple non:sulfur bacteria): 

75% Ethanol 10 mls (13.5mM) 

Sodium Acetate 13.5mM 

Na2S · 9H20 0.01 g/1 

Yeast Extract 0.1 g/1 

d. Photosynthetic Medium (purple sulfur bacteria}: 

Na2S · 9H20 0.1 - 2.0 g/1 
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e. Medium for Dissimilatory Sulfate Reducing Bacteria: 

Carbon Source 

Na2so4 
Yeast Extract 

Preparation of Media: 

lOmM 

lOmM 

0.5 g/l 

Anaerobic Media: Immediately following their preparation, the mineral 

and organic (or 'sulfide} bases (500 mls each} were autoclaved separately 

in two steps. First, the two media were heated at 260°F for ten 

minutes to expel o2 from the liquid. The autoclave was then turned off 

and opened when the media had cooled to approximately 220°F. Dry, 

powdered Na2s • 9H2o (0.10 grms} was added to the rich organic base {2a}. 

Addition of K2HP04 to the organic base, rather than the mineral base, 

raised its pH to approximately 8, keeping most of the sulfide in 

solution and making it an effective o2-trapping reagent for the final 

medium. 

Following the addition of sulfide, the media were autoclaved a 

second time for 15 minutes at 260°F. After cooling to 220°F the media 

were removed and immediately mixed in an aseptic room. A round, 1-liter, 

long-necked flask was found to be ideal as the dispenser. The combined 
' 

bases (still more than 200°F} were then poured, by hand, into 12 ml 

screw-cap tubes, taking care to completely fill the tubes. The poured 

·medium was approximately 180°F after being poured. These precautions 

were ·found to be sufficient to sterilize the media and keep them 

anaerobic enough to support the growth of the anaerobic, heterotrophic 

bacteria and photosynthetic bacteria of Mono Lake. 
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It was found that the sulfide could be added only to the 

organic base and not to the mineral base. Otherwise, a precipitate 

formed in the mineral base that was found to be toxic to many of the 

bacterial strains. Any precipitate that formed during the mixing of 

the bases was allowed to settle and carefully excluded from the 

prepared medium. 

When specific carbon sources were added to the organic 

base (2b), certain precautions were necessary. A number of the 

substrates, e.g., carbohydrates and ethanol, are heat labile and were, 

therefore, filter-sterilized instead, ·immediately prior to their 

addition to the autoclaved·medium, i.e., min~ral and organic bases. 

Also, in the experiments utilizing several different carbon sources, 

the substrates were added to the screw-cap tubes separately from 

sterile stock solutions prior to mixing of the autoclaved mineral 

and organic bases. This precaution prevented the cooling of the two 

bases, thereby minimizing contamination and aeration. 

Aerobic Media: Basically the same procedure used in preparing the 

anaerobic media was also used in preparing the aerobic media. The only 

departures were: (l) the mineral and organic bases were autoclaved 

separately in a sin~ operation, and (2) no sulfide was added. The two

step autoclaving procedure was deemed unnecessary in that o2 did not 

have to be excluded from the aerobic media. Sulfide was not added in 

that it functions as an electron donor only in anaerobic, phototrophic 

bacterial enrichments. 

Agar Media: All of the enrichments eventually utilized the above 

media supplemented with agar. The same procedures described above were 

followed, except that 2% (w/v) Difco agar was added to the organic base 
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before autoclaving of the media. Mixing of the agar and the mineral 

base prior to autoclaving was avoided, in that it resulted in excessive 

breakdown of the agar on heating. 

Enrichment Procedures: 

The enrichment, or isolation, studies were designed to 

isolate four major classes of bacteria: (1) strict anaerobic 

heterotrophs; (2) strict aerobic heterotrophs; (3) facultative anaerobes; 

and (4) photosynthetic bacteria. Two major types of enrichment, 

aerobic and anaerobic, were carried out. As will be discussed shortly, 

the isolation of the anaerobic and photosynthetic bacteria both fall 

under the heading of anaerobic enrichment, whereas the aerobic bacteria 

were isolated via aerobic enrichment. Isolation of the facultative 

anaerobes entailed preliminary anaerobic enrichment followed by aerobic 

enrichment. 

Primary Enrichments: All of the preliminary enrichments, or i sol at ions, 

were made using the liquid media, aerobically or anaerobically prepared. 

Two types of enrichment were carried out: (1) non-selective enrichment 

using the rich organic base as the source of energy and nutritional 

requirements; and (2) selective enrichment using a specific carbon source 

or electron donor and growth conditions favoring the development of 

certain types of bacteria. 

In all cases, the primary inoculum consisted of a small 

amount of mud or mud-water slurry from Mono Lake. Mud samples were 

stored in anaerobic Brewer jars until needed for inoculation. For the 

strict and facultative anaerobic enrichments, the sterile screw-cap 

tubes which had been completely filled with anaerobic media were 
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carefully opened and 0.5 mls of the mud suspension were inoculated into 

the bottom of each tube with a sterile pipette, allO\'Iing an equal 

volume of sterile medium to be displaced. In this way each tube 

remained completely filled and, therefore, anaerobic. To further 

insure anaeroby, a nitrogen stream. was passed over the lip of the tube 

during the transfer and.the tube was quickly and tightly sealed 

following the inoculation. The tubes were then incubated at room 

temperature. The heterotrophic enrichments were carried out in the 

dark, whereas the phototrophic enrichments were illuminated with light 

cf approximately 250 foot cnadles. Each of the photosynthetic 

enrichments was additionally supplemented with 5 x 10-5M filter

sterilized dichlorophenylmethylurea (DCMU) to inhibit the growth of 

eucaryotic and blue-green algae during enrichment. 

For the aerobic enrichments, the sterile aerobic media 

were added to sterile screw-cap tubes as described above. Unlike the 

anaerobic enrichm~nts, however, the nitrogen stream was omitted,. the 

tubes were not completely filled with media, and the caps were not 

tightly sealed, permitting o2 to enter. 

Secondary Enrichments: Two different methods were utilized in the 

secondary enrichments of the anaerobic and aerobic strains generated 

in the preliminary enrichments. The anaerobic enrichments were carried 

out using the shake-tube method, whereas the aerobic enrichments 

utilized the agar-plate-streaking method. Both of these methods 

proved quite successful in the preliminary isolation of individual 

bacterial colonies. 

The shake-tube method utilized in the anaerobic enrichments 

may be described as "follows. Open glass cylinders were fabricated by 
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cutting the bottoms off 20 ml Pyrex test tubes. Each tube was then sealed 

at one end with a No. 2 rubber stopper. The open end was covered with 

aluminum foil and the tubes were autoclaved. An equal number of No. 2 

rubber stoppers were also autoclaved separately. Hot agar medium, pre

pared as described previously, was poured into the sterile stoppered 

cylinders until they were completely filled~ A sterile rubber stopper 

was then placed in the open end of the tube, displacing some of the hot 

agar medium and forming a loose but air-tight seal. The surface of the 

sealed tube was rinsed with 70% ethanol and carefully wiped off to 

preclude contamination of the area around the lip of the tube. 

The filled tubes were allowed to cool to 50°C in an 

incubator. When the tubes \'/ere ready to be inocula ted, they were 

removed and placed in a water bath at 48°C. Tubes were worked up six 

at a time, while the others were left in the incubator. The loose

fitting rubber stopper was aseptically removed from one of the tubes 

and approximately 0.5 mls of the liquid agar medium were poured off 

into a container to be discarded. Approximately 0.2 mls of inoculum 

from a primary liquid enrichment were then added to the agar medium 

with a sterile Pasteur pipette. The stopper was reinserted and the 

tube was inverted several times to mix the inoculum. From the mixed 

tube approximately 0.2 mls were inoculated into a second tube and so on 

until the sixth tube was inoculated. Immediately after each tube 

was inoculated it was filled to the top with sterile, liquid agar medium 

from a special tube set aside for that purpose. The filled tube was 

then restoppered and placed in an ice bath to lower its temperature 

and harden the agar. The agar solidified in less than one minute. As 

the agar cooled, the gel which formed contracted, drawing the loose-



fitting stopper into the tube, thereby forming a tight seal. As before, 

the outside of the tube around the lip was rinsed with 70% ethanol to 

preclude contamination. 

The above inoculation procedure yielded serial dilutions of 

the primary anaerobic enrichments, resulting in a greater probability 

of single colonies forming. Depending on the growth conditions, i.e., 

the composition of the medium and the presence or absence of 

illumination, bacterial growth was observed in the agar deeps after 

three days to one month. Well-separated colonies generally appeared 

in tubes 4-6. 

As stated earlier, an agar-plate-streaking procedure was 

developed for the secondary aerobic enrichments. Liquid agar medium 

was poured into sterile, plastic petri dishes and allowed to solidify. 

Using sterile wooden applicators, small aliquots of the liquid primary 

enrichments were inoculated and streaked over the agar film. The petri 

dishes were then ~overed and incubated at room temperature in an 

aseptic room. Unfortunately, bacterial growth never appeared in the 

primary aerobic enrichments, despite numerous attempts to stimulate 

aerobic growth. Consequently, there were no aerobic bacteria to 

streak onto the agar plates. 

Secondary enrichment of the facultative anaerobes,'however, 

entailed use of the agar-plate-streaking method, with some modifications. 

These enrichments were carried out anaerobically in a glove-box in 

which the air had been replaced with nitrogen. Aliquots from the 

primary anaerobic enrichments were streaked onto agar plates using 

sterile wooden applicators. The plates were then covered and incubated 

in the glove-box. Bacterial growth was generally visible within one 
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week. In most cases well-separated colonies appeared at the end of the 

streak. Whenever confluent growth occurred, however, another plate was 

restreaked using a dilute inoculum. Fortuitously, every colony isolated 

in this fashion proved to be a facultative anaerobe. In retrospect, 

it seems that low concentrations of o2 in the nitrogen supply inhibited 

the growth of obligate anaerobic bacteria. 

Final Enrichments: The final step in the isolation of the anaerobic 

bacteria from the agar deeps was accomplished as follows. Tubes contain

ing distinct colonies were opened at one end by removing one of the 

rubber stoppers. The agar plug was then pulled from the tube, still 

attached to the other stopper. A sharp scillpel was used to slice the 

gel irito thin sections which were then cut into small pieces 

approximately 3 millimeters square. Both the scalpel and the agar plug 

had been sterilized by rinsing with 70% ethanol. Before transfering 

the ·small piece of agar containing an isolated colongy, the agar and 

scal~l were again rinsed with alcohol. The tip of the scal~l was then 

used to pick up the agar piece and transfer it to a screw-cap tube 

filled with fresh, liquid anaerobic medium. The agar section was 

then crushed against the side of the tube to release the bacteria 

trapped inside. The agar acted as a protective capsule, shielding 

the anaerobic bacteria fnom o2 and the bactericidal action of the ethanol. 

Approximately eight out of ten colonies isolated in this way were found 

to be pure. This method proved to be far better for the isolation of 

anaerobic bacteria than any other method tried. The anaerobic strains• 

purity was initially determined via macroscopic examination of each 

colony's morphological properties, e.g., size, color, etc. Subsequent 

microscopic examination of individual bacterial cell properties, e.g., 
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size, shape, motility, etc., was used as a check. 

Since the primary and secondary aerobic enrichments 

failed to turn up any sign of strict aerobes, final purification of 

these enri.chments, using the agar plate method developed for aerobic 

enrichment, was impossible. This procedure was extremely useful, 

however, in the final purification of the facultative anaerobes. 

Distinct colonies from the secondary anaerobic enrichments, i.e., 

the anaerobically incubated agar plates, were streaked onto fresh 

agar plates with sterile wooden applicators. These plates were then 

maintained aerobically at room temperature in an aseptic room. Single 

colonies were selected from the plates and restreaked·onto a second 

set of plates to insure that they were pure colonies. Generally, 

only two transfers were necessary to produce pure colonies. As 

before, macroscopic and microscopic examination of the colonies 

revealed them to be pure. 

Maintenance Cultures: 

Once the collection of Mono Lake bacteria was established, 

a method of maintaining the many strains had to be devised, in that 

viable cells had to be on hand for the subsequent characterization 

studies, as well as the other phases of the bacterial studies. 

Maintenance cultures of the axenic strains were prepared as follows. 

Individual colonies from each of the photosynthetic and anaerobic final 

enrichn~nts were transfered to fresh, anaerobic agar deeps using the 

same method utilized in their preliminary enrichment. Tubes containing 

photosynthetic strains were stored under banks of fluorescent lights, 

whereas the agar deeps containing strict anaerobes were stored in the 
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dark. Maintenance cultures of the facultative anaerobes were 

prepared by streaking individual colonies from the final enrichments 

onto aerobic agar slants prepared in screw-cap test tubes~ Both 

the facultative and strict anaerobes fared quite well on an agar 

medium composed of 2% (w/v) Difco agar and general Mono Lake medium, 

i.e., mineral base plus the rich organic base (2a}; whereas the 

photosynthetic strains subsisted on an agar medium supplemented with 

the mineral base and photosynthetic medium 2c. After seve~l months 

of observation, it was found that the strains had to be transferred 

to fresh agar media every two months to ensure their continued 

viability. 

Growth Kinetics: 

The growth kinetics of several axenic strains of Mono Lake 

bacteria, as well as a mixed culture, were monitored. For reasons 

which will be discussed later, only facultative anaerobes were 

selected for study. To this end, starter cultures of each of the 

strains were generated by inoculating sterile lL Erlenmeyer flasks 

containing 300 mls of general Mono Lake medium with cells from the 

appropriate bacterial slants. Once these cultures attained heavy 

growth, 3 ml aliquots of each were transferred aseptically to sterile 

lL Erlenmeyer flasks equipped with Klett-tube. sidearms and containing 

300 mls of the general medium. The growth kinetics were measured by 

monitoring the optical density of each culture with a Klett-Summerson 

Photoelectric Colorimeter equipped with a blue filter. Plotting the 

optical density vs. time yielded profiles of the various strains' 

growth kinetics. 
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RESULTS AND DISCUSSION 

·I 

Introduction: 

In con~rast to-the relative simplicity of the eucaryotic 

biot~, Mono Lake's bacterial populatiori is quite diverse. A total of 

forty-six bacterial strains were isolated from the· mud· used as the 

microbial source. Most of-the major metabolic classes of bacteria 

are represented: twenty-seven .of the strains are facultative anaerobes; 

twelve are strict anaerobes; and seven are photosynthetic bacteria. 

Only two major metabolic classes could not be isolated: strict aerobes 

and dissimilatory sulfate reducers. For the sake of simplicity Mono 

Lake • s bacteria wi 11 hereafter be referred to as Monobacteria. · 

Given the diversity of metabolic-types and the ]arge 

number of strains isolated, exhaustive characterization of each strain 

was deemed beyond the scope of this study. It was felt th~·t a. survey 

study of Mono Lake's bacterial population would best further the two 

major aims of the bacterial stu~ies: 1) a~ assessment of Monobacteria's 

contribution, if any, to Mono Lake's sedimentary sterol pool; and 

2) an examination of Monobacteria's role as a catalyst in sedimentary 

sterol diagenesis, particularly stanol genesis. It was feared that a 

preoccupation with bacterial taxonomy might blunt the general thrust 

of the bacteriological inquiry by bogging it down. Consequently, only 

four main characters were used as taxonomical criteria: sensitivity 

to the Gram reaction, morphological parameters such as cell shape and 

size, motility, and halophilicity. Although these characters were more 

than adequate for distinguishing most of the strains, it is felt that 

354 



0 0 

some of the strains isolated are probably identical, and further work 

is required before an exact tally of Monobacteria is known. Nevertheless, 

such characterization is capable of yielding not only a thorough 

qualitative picture of the lake•s bacterial population, but also a 

rough quantitative description as well. 

Facultative Anaerobes: 

Easfly the largest class of Monobacteria are the facultative 

anaerobes, i.e., bacteria capable of both aerobic and anaerobic 

respiration. These strains are listed in Tables 18 and 19, where they 

have been separated on the basis of halophilicity. Their nomenclature 

reflects the fact that they were isolated on the basis of growth on a 

variety of carbon sources: ACE= acetate~ ALA_= 1-alanine, ARG = 1-

arginine, CYT = cytosine, FUM = fumarate, GAL = 0-galactose, GLU = 0- . 

glucose, GLUT = 1-glutamate, GLY = 1-glycine, LAC = lactose, MALT = 

maltose, MAN = 0-~annose, NIC = nicotinic acid, SER = 1-serine, 

sue= sucrose, THR = 1-threonine, and URA =uracil. The letters 11A11 

and 11 B11 refer to the fact that two distinct strains were isolated on 

each carbon source. 

Strict Halophiles: Eleven strains, or 41% of the facultative anaerobes, 

were found to be strict halophiles, and are listed in Table 18. They 

exhibited absolutely no growth in media lacking the salts of the mineral 

base described previously. In other words, Mono Lake•s extreme salinity 

is an absolute requirement for their growth. Unlike extreme halophilic 

bacteria (genus Halobacterium), which typically reside in super-saturated 

salt ponds and highly saline lakes like the Great Salt Lake, however, 

these strict halophiles require much lower salt concentrations, and 
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T A B L E 18 

FACULTATIVE ANAEROBIC MONOBACTERIA: 
STRICT HALOPHILE$ 

Gram Cell a Strain Sensitivity Parameters Motility 

ACE A R, 3X5J,J 

ALA A R, lx3JJ 

CYT A R, 1X3J,J 

CYT B + R, 2x5JJ 

FUM A R, 2x5ll + 

GAL A R, 0.5X2J,J 

GAL B C-B, 1 X3J,J 

GLUT A + R, 3x5JJ + 

SER B R, 2X5J,J 

URA A + R, 3X4J,J + 

URA B R, 2x3JJ 

a: R: Rod; C-B: Coccal-bacillus 

XBL 762-5698 



should be classified, therefore, as moderate halophiles. 

A general survey of Table 18 reveals that most of the 

strict halophiles are similar to each other, at least on the basis of 

the four taxonomic characters listed. With regard to Gram-stain 

sensitivity, eight of the strains are Gram negative, whereas only 

three are Gram positive, viz. CYT B, Glut A, and URA A. Relative to 

cell shape, all of the strains are rods, except for GAL B, which is a 

coccal-bacillus. The range in cell sizes is fairly small. The 

smallest cell is GAL A at 0.5 x 2JJ and the largest are ACE A and GLUT 

A at 3 x 5JJ. Relative to other bacteria, these cell dimensions are 

typical of most eubacteria, or true bacteria. Finally, most of the 

strict halophiles are non-motile. Only three strains are motile, 

viz. FUM A, GLUT A, and URA A. 

In addition to the above properties, a number of the strict 

halophiles also possess some unique identifying features. First, 

the three motile strains have either polar or peritrichous flagellation. 

Both GLUT A and URA A are peritrichous, whereas FUM A is polar. 

Interestingly, there seems to be a correlation between Gram sensitivity 

and the mode of flagella insertion. Both of the peritrichous strains, 

viz. GLUT A and URA A, are Gram positive, whereas the polar strain, 

FUM A, is Gram negative. In a broad taxonomic sense, this is most 

encouraging in that eubacteria with polar flagellation are almost 

invariably Gram negative, whereas peritrichously flagellated eubacteria 

inclijde both Gram-positive and Gram-negative strains. 1 

One of the strict halophiles, ACE A, is able to use 

nitrate as a terminal election acceptor in anaerobic respiration. 

Addition of NaN03 to an anaerobically-growing liquid culture of ACE A 
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resulted in gas formation, presumably N2. This is reminiscent of 

denitrification in Pseudomonas and Bacillus, two bacterial genera 

which can use nitrate as a physiologically useful terminal electron 

acceptor by reducing it beyond the level of nitrate to molecular 

"t 2 n1 rogen. Interestingly, of all of the facultative anaerobes, both 

strict and facultative halophiles, only ACE A was found capable of 

such metabolic versatility. 

Another strict halophile, SERB, forms a heavy slime layer. 

which is clearly visible when the cells are grown on agar plates. 

Microscopic examination of India ink-stained cells revealed that each 

cell forms a capsule, or slime layer. Although its structure was not 

analyzed it is probably simple in composition, like most capsule

forming bacteria, generally consisting of either a single polysaccharide 

or a simple polypeptide composed of one amino acid. 3 Like most capsule-

forming bacteria, e.g., Aerobacter aerogenes, the function of SERB's 

capsule is probably one of protection, conferring resistance to 

phagocytic engulfment by phagotrophic protozoa, etc. 

Finally, microscopic examination of another strict halophile, 

GLUT A, revealed that it is a sporeformer. Interestingly, it shares 

a number of general properties with the endospore-forming eubacteria. 4 

The typical habitat for most sporeformers is soil. In the case of GLUT 

A, soil takes the form of mud .. It is Gram positive, a typical feature 

of spore-forming bacteria. Like virtually all sporeformers, GLUT A's 

cells are rod-shaped. Moreover, it is motile and possesses peritrichous 

flagellation. This is particularly significant in that the mode of 

flagella insertion in motile sporeformers is always peritrichous. 

Like virtually all endospore-forming bacteria, GLUT A is also a 
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chemoheterotroph, using organic compounds both as carbon and energy 

sources. The fact that it is a facultative anaerobe suggests that 

GLUT A is most akin to the genus Bacillus, a large group of rod-shaped, 

spore-fermi ng strict aerobes and facultative anaerobes. 

Facultative Halophiles: Sixteen strains, or 59% of the facultative 

anaerobes, were found to be facultative halophiles, and are listed in 

Table 19. Unlike the strict halophiles they are capable of growth in 

low-salt media, though they grow much more vigorously in the high-salt 

media. In other respects, however, the facultative halophiles closely 

resemble the strict halophiles, at least on the basis of the four 

taxonomic characters cited. Like the strict halophiles, most of the 

facultative strains are Gram negative. Only three strains are Gram 

positive: AD A, MALT A, and sue B. With regard to cell shape, most of 

the strains are rod-shaped. Only MAN Band NIC A are coccal bacilli. 
I 

As a whole, thtir cell sizes are also quite similar to those of the 

strict halophiles, although the range of sizes is even smaller. None 

of the strains, for example, are as small as the strict halophile 

GAL A, a rod of 0.5 x 2p. With regard to motility, most of the strains 

are immotile, like the previous group. Only four strains are motile: 

Ad A, AD B, LAC A, and MALT A. Of these AD A and MALT A possess 

peritrichous flagellation, whereas AD B and LAC A have polar flagella. 

Encouragingly, the general relationship between Gram sensitivity 

and the mode of flagella insertion observed for the motile, strict 

halophiles still holds true. Both of the polar strains are Gram 

negative, whereas the peritrichous strains are Gram positive. 

Despite their halophilic versatility, the facultative 

halophiles are much less diverse than the strict halophiles, both 

359 



T A B L E 1 9 

FACULTATIVE ANAEROBIC MONOBACTERIA: 
FACULTATIVE HALOPHILES 

Gram Par;~!~ersa Strain Sensitivity 

AD A + R, 3X4ll 

AD B R, 2x3ll 

ARG A R, 1 X3ll 

FUM B R, lx2ll 

GLU A R, 1 x2ll 

GLUT B R, 2x4ll 

GLY B R, 1 X3ll 

LAC A R, 2x4ll 

MALT A + R, 3x5ll 

MANA R, 2X3}.1 

MANB C-B, 1 X3ll 

NIC A C-B, lx3}.1 

SER A R, 1 X3ll 

sue A R, 1x3ll 

sue B + R, 3x5ll b 

THR A R, 1 X2ll 

a: R: Rod; C-B: Coccal-bacillus 

b: Many chains 
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morphologically and metabolically. None of the strains, for example, 

can use nitrate as an alternate electron acceptor in anaerobic respiration, 

like the strict halophile ACE A. Only one strain, sue B, is even 

remotely distinctive. Unlike any of the other facultative anaerobes, 

both strict and facultative halophiles, many of its rod-shaped cells 

aggregate in chains. The formation of such chains is reminiscent of 

certain groups of rod-shaped eubacteria, notably members of the genera 

Bacillus and Lactobacillus. 5 In addition, microscopic examination of 

India ink-stained cells of sue B revealed that they possess a capsule, 

or slime layer, which is indistinguishable from that of the strict 

halophile SER B. 

Grm>~th Kinetics: As a prelude to the upcoming discussion of the sterol 

content of Monobacteria,. the growth kinetics of the various facultative 

anaerobes selected for sterol analysis were monitored. The following 

bacteria were studied: 1} the enrichment culture of mixed facultative 

anaerobes which served as the source of the twenty-seven axenic strains; 

2} the facultative halophiles GLY B, MAN A, and NIC A; and 3} the 

strict halophiles CYT B and FUM A. Their growth curves are depicted in 

Figure 42. 

As Figure 42a illustrates, the mixed culture displays 

typical bacterial growth kinetics. Its growth curve may be divided into 

four regions: 1) the lag phase (0-8. hrs}, in which the growth rate 

is zero because the inoculum•s dormant cells are adjusting to the rich, 

new medium; 2) the phase of exponential growth, or logarithimic phase 

(8-12 hrs), in which the growth rate reaches a constant maximal value; 

3) the maximum stationary phase (12-37 hrs}, in which the growth rate 

again falls to zero due to the accumulation of toxic metabolites in 



F I G U R E 4 2 

Growth Kinetics of Monobacteria. All cells 

grown on general Mono Lake medium. Optical 

density of growing cultures monitored with a 

Klett-Summerson Photoelectric Colorimeter 

equipped with a blue filter. 

a) Mixed Population of Facultative 
Anaerobes 

b) Individual Facultative Anaerobes 
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the medium and/or the approaching exhaustion of a nutrient; and 4) the 

death phase (after 37 hrs), in which the viable population declines 

and the growth rate takes on a negative value. Although the curve's 

general shape is typical of most bacteria, both the lag and stationary 

phases are unusually long. E. coli, for example, would exhibit a lag 

phase of "'2.5 hrs on a complex medium similar to that used for the mixed 

culture of Monobacteria. 6 Thus, the facultative anaerobes are 

relatively slow-growing bacteria. This is not particularly surprising 

in that the previous growth curve studies indicated that all Monobacteria 

have long lag phases (see Figures 40 and 41). On the other hand, the 

mixed culture has an unusually long stationary phase of 26 hrs, 

suggesting that Monobacteria compensate for their initial sluggishness 

by being hardier in the long run. 

The growth curves for the individual strains are depicted 

in Figure 42b. Beginning with the initial growth phases, viz. lag and 

exponential growth, each of the strains exhibits distinct growth 

kinetics. GLY Band MAN A have the longest lag phases, "'13 and 15 hrs, 

respectively. FUM A and CYT B have intermediate values of "'9 and 11 

hrs, respectively. NIC A, on the other hand, has a very short lag 

phase of "'2.5 hrs, reminiscent of E. coli. The slopes of their exponen

tial growth phases are also different, indicating that the strains have 

different maximal growth rates. The steepest slopes are exhibited by 

GLY B and CYT B, indicating that they are the fas~est growing strains. 

MAN A's and FUM A's slopes are similar and intermediate in steepness. 

The lowest maximal growth rate is exhibited by NIC A. 

Differences in the strains' growth kinetics are equally 

conspicuous in the final stages of growth, viz. the stationary and death 

364 



phases. CYT Band FUt~ A reach stationary growth first {19 hrs), 

followed by NIC A {20hrs), GLY B {22 hrs), and MAN A {26 hrs). The 

duration of CYT B • s stationary phase is shortest at 9 hrs; whereas 

those of MAN A, GL.Y B, and FUM A are roughly equivalent and slightly 

longer at 10 hrs. NIC A1 s stationary growth is longest at 16 hrs. 

Finally, the various strains display different death-phase kinetics. 

CYT s•s growth begins to decay after 28 hrs, closely followed by FUM 

A at 29 hrs. GLY B has an intermediate value of 32 hrs, whereas 

NIC A and MAN A remain in stationary growth until 36 hrs after 

inoculation. The death rates are also different. MAN A and NIC A, 

whose slopes are identical, have the highest death rates. GLY s•s 

death rate is quite similar. FUM A•s decay rate is intermediate in 

value, whereas CYT s•s death rate is easily the lowest. 

Thus, despite a number of similarities, the individual 

strains• growth kinetics are clearly different, substantiating that 

th~y are indeed distinct strains. The question arises as to what 

survival advantage{s), if any, the differences in growth confer. A 

number of observations may be ventured. Consider CYT s•s growth 

kinetics, for example. Although its stationary phase is shortest, 

it displays the highest maximal growth rate and the lowest death rate. 

NIC A, on the other hand, exhibits the slowest maximal growth and the 

highest death rate, but also possesses the shortest lag period and the 

longest stationary phase. Thus, both CYT B and NIC A have net positive 

growth characteristics, which seem to outweigh the bad features, 

v undoubtedly conferring them with survival superiority over the other 

strains. GLY 8 and FUM A seem to be intermediate in survival fitness . . 
MAN A, on the other hand, seems to be relatively unfit. It exhibits 

the longest lag phase, enjoys only an intermediate maximal growth 
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rate and a moderately long stationary phase, and shares the fastest 

death rate with NIC A. 

Strict Anaerobes: 

The second major class of Monobacteria are the strict 

anaerobes, those strains incapable of growth in an aerobic environment. 

Unlike certain bacteria, e.g., microaerophiles, exposure to even small 

amounts of oxygen is lethal to these strains. 7 The twelve strains 

isolated are listed in Table 20, along with a number of their properties. 

As to nomencl at'ure, 11 ML 11 simply signifies Mono Lake. 

Unlike the facultative anaerobes, quite a number of the 

strict anaerobes are Gram positive. As a matter of fact, the majority 

of the strains, specifically 67%, are G(+). Only three are Gram 

negative. Interestingly, one of the strict anaerobes, ML-7, is Gram 

variable. During active growth it registers Gram positive, but on 

reaching stationary growth it becomes Gram variable. This is typical 

of many endospore-forming bacteria. 8 Unfortunately, ML-7 does not 

sporulate. 

Like the facultative anaerobes, most of the stri.ct anaerobes 

are immotile. As a matter of fact, only two strains, ML-2 and ML-3, 

exhibit any motility. In both cases the mode of flagella insertion is 

peritrichous. This is particularly interesting in that both bacteria 

are also Gram positive. Thus, like the G(+), motile facultative 

anaerobes, only the G(+), motile strict anaerobes possess peritrichous 

flagellation. Since all of the G{-) strains are immotile, polar 

flagella insertion does not appear in any of the strict anaerobes. 

All of the strict anaerobes possess rod-shaped cells, like 
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T A B L E 2 0 

STRICT ANAEROBIC MONOBACTERIA 

Gram Cell a Strain Sensitivity Parameters Motility 

ML-1 + R, 2x3pb 

ML-2 + R, 2x4p + 

ML-3 + R, 3x5p + 

ML-4 + R, lx2p 

ML-5 + R, 0.5x5lJ c 

ML-6 R, lx2lJ b 

ML-7 + ' - R, 2x3lJ 

ML-8 + R, lx3ll b 

ML-9 + R, 1 X3lJ c 

ML-10 R, 1 x3lJ 

ML-11 R, 
. d 
lx2p 

ML-12 + R, 3x5lJ 

a: R: Rod c: Many long chains 

b: Many short chains d: Globular clusters (3x5lJ) 

XBL 762-5696 



most of the facultative anaerobes. Their cell dimensions are also quite 

similar to those of the facultative strains. Despite this apparent 

uniformity, however, the strict anaerobes possess considerable 

structural diversity, unlike the facultative anaerobes. Many of the 

strains, actually 50%, display a marked tendency to aggregate in chains 

or clusters. The individual cells of ML-1, ML-6, and ML-8 all form 

short chains; whereas the cells of ML-5 and ML-9 exist as long chains. 

Of the strains which form short chains, ML-8 is the most distinctive 

in that it also possesses very irregularly shaped cells, which are 

only approximately rod-shaped. Of the long-chain formers, ML-5 is most 

unique in that there is no evidence of cross walls in its chains. 

Furthermore, its chains are very thin and 11 Snake-like 11 in appearance. 

Of the strict anaerobes which aggregate, only ML-11 forms small 

globlular clusters 3 x 5~ in size. Interestingly, its rod-shaped cells 

seem to branch off the globular clusters. 

Of the strict anaerobes which do not display any marked 

tendency to aggregate, two strains, ML-10 and ML-12, exhibit some struc

tural variation. In addition to individual rod-shaped cells of l x 3~, 

cultures of ML-10 also contain many long, non-septate cells. Compared 

to the chains of ML-5, however, these chain-like cells are much 

shorter and not unusually thin or 11 Snake-like 11 in appearance. Along 

with its large rod-shaped cells {3 x 5~), cultures of ML-12 also contain 

many long, slender filaments. 

The remainder of the strict anaerobic Monobacteria (viz. 

ML-2, ML-3, ML-4, and ML-7) all possess a distinguishing feature of 

their own. They are all endosporeformers like GLUT A of the facultative 

anaerobes. They bear a strong resemblance to the bacteria of the genus 
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Clostridium, which encompasses the anaerobic endospore-forming 

eubacteria. 9 Like many clostridia, ML-2 and ML-3 are also rod-shaped 

arid Gram positive. 

Of the endospore-forming strict anaerobes, ML-7 is easily 

the most unique. When grown on a rich medium of yeast extract or 

casein hydrolysate, it emits a strong odor of propionic acid, 

indicating that it ferments organic substrates into propionic acid. 

This is reminiscent of two bacteria: Clostridium propionicum, which 

ferments only amino acids to propionic acid; and the genus 

Propionibacteriu~. \·Jhich ferments carbohydrates to propionate. 10 

Whether or not ML-7 ferments carbohydrates and/or amino acids has 

yet to be determined, however. Nevertheless, in light of its other 

properties, sporulation in particular, it is clear th.a.tML-7 is more 

closely related to C. propionicum than the bacteria of the genus 

Propionibacterium, which do not sporulate. 

Photosynthetic bacteria: 

Seve~l types of photosynthetic bacteria have been isolated 

from the Mono Lake mud. The collection, which comprises seven strains 

to date, is listed in Table 21. The nomenclature is quite straight

forward. 11 PB 11 simply refers to photosynthetic bacterium. The two 

major metabolic classes of photosynthetic bacteria., photoheterotrophs 

and photoautotrophs, are represented. As outlined previously, these 
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were isolated by supplementing the growth medium with: 1} an organic 

carbon source and an organic electron donor; or 2) a reduced inorganic 

electron donor, respectively. PB-1, for example, was isolated using 

ethanol and acetate as the electron donor and carbon source, respectively; 



T A B L E 2 1 

PHOTOSYNTHETIC MONOBACTERIA 

Carbon Source 
or Gram Cell b 

Strain Electron Donora Sensitivity Parameters Motility 

PB-1 ethanol-acetate - s' 5\l + 

PB-2 ethanol-acetate - s' 5\l + 

PB-3 acetate - . s' 3\l + 

PB-4 malate - s' 6\l + 

PB-5 ethanol-acetate - R, 2x3ll + 

PB-6 sulfide - R or C, 2ll 

PB,-7 sulfide - c' 2ll 

a: Ethanol-acetate each 13.5mM; Acetate 13.5mM; Malate lOmM; Sulfide 0.01 g/1 

b: ~: Spirillum, ll length; ~: Rod; C: Coccus, ll diameter 

XBL 762-5700 

w ......., 
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whereas PB-6 was isolated using Na2s as an inorganic electron donor. 

Unlike the previous classes of Monobacteria, the 

photosynthetic strains are highly colored. This was expected in that 

photosynthetic bacteria normally contain photosynthetic pigments of 

various colors. 11 Colonies of PB-1 through PB-4 appear deep red in 

color, with no brownish or yellowish tints present. Those of PB-5, 

however, are brown to brownish-red in color. Finally, both PB-6 and 

PB~7 yield red to peach-red colonies. 

With regard to growth rate, all of the photosynthetic 

strains exhibit much slower growth than both the facultative and strict 

anaerobes. None of the strains grow very quickly on any of the media 

used to isolate them. Nevertheless, the photoheterotrophs isolated on 

the ethanol-acetate medium (PB-1, PB-2, and PB-5) possess the fastest 

growth r~tes. The autotrophic strains, PB-6 and PB-7, grow very slowly 

using sulfide as the electron donor. Furthermore, none of the strains 

are capable of growth in low salt-containing media, indicating that 

the photosynthetic Monobacteria, like the strict anaerobes, are all 

strict halophiles. 

Although most photosynthetic bacteria use sulfide as 
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their electron donor12 , most of the phototrophic Monobacteria, specifically 

PB-1 through PB-5, do not use it. Three of these photoheterotrophs 

use ethanol instead. The two photoautotrophs (PB-6 and PB-7), 

however, require sulfide as a source of electrons for photosynthetic 

growth. Moreover, they both store the oxidized sulfide, or sulfur, 

intracellularly, unlike certain photosynthetic bacteria which deposit 

the sulfur externally in the form of sulfur granules. 13 Microscopic 

examination of their cells revealed the presence of oily, refractile 



intracellular inclusions which correspond to sul~ur inclusions. 

As Table 21 illustrates, the collection, as a whole, 

exhibits unique Gram sensitivity and motility characteristics. Unlike 

the facultative and strict anaerobes, all of the photosynthetic 

strains are Gram negative. This agrees nicely with the general 

observation that all photosynthetic bacteria are Gram-negative 

eubacteria. 14 Interestingly, a greater percentage of the strains are 

motile, specifically 71%. Actually only two of the strains~ PB-6 and 

PB-7, are immotile. Furthermore, in keeping with the general 

observation that G(-) and motility mean polar flagellation, all of the 

motile strains, viz. PB-1 through PB-5, possess polar flagella. 

Morphologically, the photosynthetic bacteria are quite 

diverse. Four of the strains (viz. PB-1 through PB-4) are spirilla, 

ranging in length from three to six microns. Both PB-1 and PB-2 

are long, slender spirilla 5~ in length, with many globular inclusions. 

Interestingly, a photolithotrophic coccus, which'could not be separated, 

often appeared with these two strains during the preliminary enrichments. 

Of the four spirilla, PB-3 is easily the smallest at 3~. It's cell is 

also much 11 blunter 11 than those of PB-l and PB-2. PB-4, on the other 

hand, is the longest spirillum at 6~. It is also more slender than the 

other spirilla. Of the remaining strains, one bacterium, PB-5, is 

definitely a rod of 2 x 3~. The exact shape of PB-6 was difficult to 

determine, in that it resembles either a rod of ~2~ in length or a 

coccus of 2p in diameter. PB-7, on the other hand, is definitely a 

coccus of 2p in diameter. 

Any absolute classification of the photosynthetic Monobacteria 

into established taxonomical groups would be pointless, in that 
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these bacteria are all strict halophiles, unlike the well-known 

photosynthetic bacteria. If one excludes their halophilicity, however, 

a number of taxonomic designations may be ventured. As outlined 

previ.ously, strains PB-1 through PB-4 are all pht.oheterotrophs in 

that they use organic carbon compounds as their carbon sources. Given 

their red color, spiral cell-shapes, polar flagellation, and the fact 

that sulfide is not involved as a photosynthetic electron donor, 

these strains closely resemble the purple non-sulfur bacteria 

(Athiorhodaceae), specifically the genus Rhodospirillum. 15 As a 

matter of fact, PB-3, the smallest spirillum, is indistinguishable 

from the bacterium Rhodospirillum rubrum. 

Although PB-5 is also a photoheterotroph and resembles 

the purple non-sulfur bacteria, it cannot be compared to the genus 

Rhodospirillum, in that its cell is not spiral-shaped. Instead, it 

resembles the strains of the genus Rhodopseudomonas,which encompasses 

the rod-shaped purple non-sulfur bacteria. 16 As a matter of fact, 

PB-5 is indistinguishable from the bacterium Rhodopseudomonas 

spheroides, at least on the basis of the taxonomic characters examined. 

Unlike the previous strains, PB-6 and PB-7 are 

photoautotrophs, in that they use co2, rather than organic compounds, 

as their carbon sources. Furthermore, given their red color and the 

use of sulfide as the photosynthetic electron donor, they probably 

belong to the group of purple sulfur bacteria, or Thiorhodaceae. 17 

The fact that sulfur is stored intracellularly suggests close affinity 
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to the subgroup of Thiorhodaceae which deposits sulfur internally, 

encompassing the genera Thiospirillum, Thiocystis, Thiocapsa, and Chromatium. 

The fact that PB-6 1 s and PB-7•s cells are cocci, immotile and medium-sized, 



rules out the spiral-shaped Thiospirillum, the motile Thiocystis, 

and the giant-sized Chromatium. Only the spherical, immotile strains 

of the genus Thiocapsa remain as likely relatives of PB-6 and PB-7. 

Conclusions: 

Mono Lake•s bottom mud is certainly populated by a wealth 

of bacteria which encompass most of the major metabolic classes of the 

eubacteria. Their halophilicity, both strict and facultative, sets 

them apart from other bacteria. In other respects, however, these 

unique microorganisms closely resemble their eubacterial relatives. 

The members of the largest class of Monobacteria, the facultative 

anaerobes, closely resemble the genera Pseudomonas and Bacillus. The 

ability of ACE A to use nitrate as a terminal electron acceptor in 

anaerobic respiration, for example, is reminiscent of a number of 

strains in both genera, e.g., Bacillus licheniformis and Pseudomonas 

aeruginosa18 ; whereas the ability of GLUT A to sporulate suggests that 

it
1 
is akin to the genus Bacillus. A number of the strict anaerobes, 

the second major class of Monobacteria isolated, closely resemble 

the genus Clostridium. One of these, ML-7, is quite similar to 

Clostridium propionicum in particular, in that it forms propionic acid 

as a fermentation end-product. 

The various members of the final, and most colorful, group 
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of Monobacteria, the photosynthetic strains, resemble two major subgroups 

of photosynthetic eubacteria: the photoheterotrophic Athiorhodaceae, 

or purple non-sulfur bacteria, and the photoautotrophic Thiorhodaceae, 

or purple sulfur bacteria. Most of the purple non-sulfur type strains 

resemble the genus Rhodospirillum. As a matter of fact, one of these 
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strains, viz. PB-3, is indistinguishable from Rhodospirillum rubrum. 

One of the purple non-sulfur strains (PB-5), however, is closer to 

the genus Rhodopseudomonas and is actually indistinguishable from the 

bacterium Rhodopseudomonas spheroides. Of the strains which resemble 

Thiorhodaceae, all are closely related to the genus Thiocapsa, which 

is noted for its intracellular storage of sulfur. 

In spite of its extensiveness, the Monobacterial collection 

encompasses only a tiny fraction of the known classes of bacteria. This 

is not particularly surprising in that the Mono Lake mud from which the 

bacteria were isolated constitutes only a single environment, which 

could hardly be expected to accommodate the growth of all bacterial

types, particularly those with exotic nutritional requirements such 

as chemoautotrophic bacteria, etc. Nevertheless, the conspicuous 

absence of certain major.classes of bacteria, despite numerous attempts 

to isolate them, is most noteworthy. Leading the list are the strict 

aerobes and the dissimilatory sulfate reducers. 

Given the earlier observations that the rate of sterol 

diagenesis in Mono Lake's shallow muds is quite rapid and that it occurs 

most vigorously under aerobic conditions, one might have expected 

to find a wealth of strict aerobic Monobacteria acting as diagenetic 

catalysts. If one considers the source mud's environment, however, 

their absence is easily rationalized. Although Mono Lake's muds, 

particularly shallow ones like the source mud, are exposed to oxygen 

during most of the year, they are anaerobic at certain times. On the 

whole, such conditions would tend to favor the growth of facultative 

anaerobes at the expense of strict aerobes, even to their complete 

exclusion. The marked predominance of facultative anaerobes in the 
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Monobacteria collection seems to bear this out. Thus, the absence of 

strict aerobes is not all that surprising. 

The absence of anaerobic sulfate-reducers, however, is quite 

unsettling in that the muds are rich in sulfide, usually an indicator 
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of sulfate-reducing bacteria. Consequently, it is felt that dissimilatory 

sulfate reduction plays a significant role in the ecology of the bottom 

muds. Furthermore, other strict anaerobes were isolated. One possible, 

but dubious, ex~anation is that the sulfide is due to some other 

organism. Two other possibilities, which seem more reasonable are 1) As 

suggested earlier, sulfate reduction by Monobacteria may be different 

than that of other bacteria, thereby requiring different enrichment 

procedures; or 2) The process is similar to that in other bacteria, 

but Mono Lake•s sulfate reducers have additional growth requirements 

which the artificial media and/or enrichment procedure do not completely 

satisfy. Both possibilities suggest that special media and enrichment 

techniques may be necessary before sulfate-reducing Monobacteria can be 

isolated. 

One final gap in the Monobacteria collection bears some 

mention. Although quite a number of bacterial-types are represented 

in the photosynthetic group, they are all related to the purple bacteria. 

Relatives of the green sulfur bacteria are conspicuously absent, despite 

repeated efforts to isolate them. Unlike the sulfate reducers, however, 

this can only be attributed to their absence in the source mud, in that 

they should have appeared in the enrichments which yielded PB-6 and 

PB-7, the two photoautotrophs. Two possible explanations for their 

absence come to mind. First, given the rich organic content of Mono 

Lake•s muds, specifically the source mud, it is reasonable to assume 
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that photosynthetic bacteria best able to capitalize on this ''richness", 

i.e., photoheterotrophs, would predominate over strict photoautotrophs 

such as the green sulfur bacteria, even to their complete exclusion 

from the mud's microflora. The marked predominance of photoheterotrophs 

among the phototrophic Monobacteria seems to support this theory. 

The second, and somewhat more ingenious, explanation 

for the absence of green sulfur bacteria stems from differences in 

light absorption by purple and green bacteria. As a whole, the 

photosynthetic pigments of purple bacteria absorb light of significantly 

greater wavelengths than those of green bacteria. 19 This is quite 

significant in that the wavelength of sunlight which penetrates through 

a lake's water column increases with depth, until only light in the 

red or infrared region persists in the deep waters. Photosynthetic 

organisms such as eucaryotic and blue-green algae,·which reside near a 

lake's surface, effectively appropriate the shorter-wavelength light 

for their own use, allowing only the longer wavelengths to penetrate 

the underlying waters and the mud-water interface. Thus, purple bacteria 

are. ideally suited for photosynthetic growth at the bottom of lakes in 

general, and Mono Lake in particular, whereas the green sulfur bacteria 

seem to be completely unfit for growth in this region. 

Future Studies: 
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By way of a final comment, all of the above observations on 

Monobacteria, both positive and negative, point to one thing; specifically 

the need for further studies. Although the preliminary taxonomic 

effort has yielded much general information about the bacteria and 

the.ir relative niches in the procaryotic kingdom, exhaustive, detailed 



taxonomic studies remain to be carried out before their exact relation 

to other bacteria is fully understood. Moreover, detailed biochemical 

investigations of their unique properties must be carried out. It 

would be extremely important to know, for example, how the facultat-ive 

halophiles are able to tolerate both high and low salt concentrations. 
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In addition to further examination of the e~s~ng strains of Monobacteria, 

work must also be directed at expanding the collection. The lake's 

waters and deep muds still remain to be analyzed for their bacterial 

content. Only after such studies are conducted will a complete 

picture of Mono Lake's bacterial population emerge. 
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EXPERIMENTAL 

Introduction: 

An exhaustive analysis of the sterol content of the entire 

Monobacteria collection would fill a thesis in itself. The aim of this 

research is rather to determine what contribution, if any, the bacteria 

make to the source sterols of Mono Lake•s sediments. As outlined 

earlier, previous studies have already demonstrated that the lake•s 

eucaryotic biota, i.e., brine shrimp and algae, contribute a variety 

of sterols to the bottom muds. Thus, an examination of the procaryotic 

biota should complete the picture. 

For reasons which will be discussed later, the collection 

of facultative anaerobic Monobacteria was selected for analysis (see 

Tables 18 and 19). Initially, a mixed culture of these bacteria was 

examined for sterols. Subsequently, five distinct strains wer.e 

selected for study: 1) NIC A, 2) GLY B, 3) FUM A, 4) MAN A, and 

5) CYT B. As demonstrated previously, they are morphologically 

distinct strains and constitute a cross-sectional sampling of the 

collection of facultative anaerobes. 

Bulk-culturing of Monobacteria: 

A considerable amount of each strain had to be cultured in 

order to carry out the sterol analyses. The bulk-culturing was carried 

out as follows. First, starter cultures had to be generated. For the 

five axenic strains, a small amount of each strain was aseptically 

removed from the agar slant in which it was stored and inoculated 
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into a sterile 3-liter Fernbach flask fitted with a cotton plug and 

containing 1 liter of sterile liquid medium. The medium consisted of 

the mineral base described earlier and a rich organic base composed 

of 0.5% (w/v) yeast extract and casein hydrolysate, or case amino acids. 

In the case of the mixed culture, an inoculum was first generated by 

inoculating a sterile flask containing 1 liter of the medium with a small 

a 1 iquot of Mono Lake mud. . Once bacteria 1 growth was abundant, a sma 11 

inoculum was transferred to a Fernbach flask as described above, 

yielding a starter culture. 

Before transferring the six starter cultures to larger 

vessels, the cells were allowed to reach stationary growth. This 

necessitated monitoring the strains• growth kinetics. To this end, 3 

mls of each of the starter cultures were transferred, immediately 

following inoculation of the Fernbach flask, to a sterile 1-liter 

Erlenmeyer flask equipped with a Klett-tube sidearm and containing 300 

mls of medium.' Each of the bacterial suspensions were kept thoroughly 

mixed via magnetic stirring. Bacterial growth was then measured by 

monitpring the optical density of each suspension at irregular time 

intervals using a Klett-Summerson Photoelectric Colorimeter equipped 

with a blue filter. Plotting the optical density vs. time yielded a 

growth curve from which the onset of stationary growth could be 

determined. Once the cells in one of the Erlenmeyer flasks attained 

stationary growth, the entire contents of the companion Fernbach flask 

were transferred to a sterile, 15-liter carboy vessel fitted with a 

cotton plug and containing 12L of the same medium. As before, 

magnetic stirring was used to keep the culture well-mixed. When the 

cells again reached stationary growth, they were harvested via 
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·· centrifugation, yielding a bacterial pellet. The pellet was then -

washed with distilled water and lyophilized, preparatory to analysis. 

It was found that 24 liters of medium, or two carboys, yielded 6-10 

grams (dry wt) of each strain, enough material to permit sterol 

analysis. 

Analytical Schema: 

The analytical schema utilized in the isolation and 

characterization of Monobacteria's sterols is illustrated in Figure 43. 

Even a cursory examination of the schema·reveals that it is more 

involved than the procedure used in the sediment studies (see Figure 9). 

In the sediments only free sterols were isolated. In biological 

organisms, however, sterols exist in both free and derivatized form, 

e.g., sterol-esters, sterol-cel1 membrane complexes, etc. As a matter 

of fact, in many organisms, e.g., higher plants and animals, most of 

the sterol pool exists in derivatized form. Consequently, examination 

of only the free sterol content of Monobacteria could yield only 

partial, and perhaps insignificant, information. 

The analytical schema was designed to permit the isolation 

and characterization of three major fractions of Monobacteria's total 

sterol pool: 1) the free sterol fraction, 2) the sterol-ester fraction, 

and 3) the bound-sterol fraction. Consequently, following a brief 

description of the extraction procedure, the discussion of the schema 

will be divided into three sections. 

Extraction: The procedure used to extract the bacteria is identical 
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to that used in the sediment studies. Specific amounts of each lyophilized 

bacterium, 6-10 grams, were exhaustively extracted with toluene/methanol 



F I G U R E 4 3 

Analytical Schema for the Analysis of 

Sterols in Monobacteria. 
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(3:1 v/v), yielding the general lipid extract. Unlike the sediments, 

the amount of residue was constant for the strains examined and 

constituted a significant percentage of the original sample, 44.7% (dry 

wt. general lipid extract vs. dry wt. lyophilized bacterium). The 

general lipid extract contained the free sterol and sterol-ester 

fractions. The remaining cell debris, or bacterial pellet, was dried 

under nitrogen and set aside for subsequent analysis of the bound-sterol 

fraction. 

Free Sterol Analysis: Column chromatography of the general lipid extract. 

using the same system developed for the sediment studies, yielded a 

fractionated extract. Unlike the fractions from the sediment extracts, 

the bacterial fractions contained very little pigmentation (Table 22). 

This is quite reasonable in that the bacteria studied are not 

photosynthetic. 

Nevertheless, analytical TLC of the fractionated extract. 

using the same system described earlier, revealed the presence of 

quite a nu~ber of species. Figure 44 depicts a typical TLC chromatogram 

of the fractionated extract for one of the bacterial strains, NIC A. 

The pattern is quite similar to that obtained for the sediments. 

Again, fractions 9-11 were found to contain sterols. Combination of 

these fractions yielded the crude sterol fraction. 

Since analytical TLC revealed the presence of extraneous 

species in the crude sterol fractions of the various strains, 

trimethylsilylation and preparative TLC were again used to clean~up 

each fraction. As Figure 45 illustrates for NIC A, several bands 

appeared in the TLC chromatogram. Removal of the TMS-sterol-silic~ gel 

band, followed by ether extraction and resilyation, yielded a purified 
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T A B L E 2 2 

FRACTIONATED EXTRACT (NIC A) 

Fraction No. Solvent (150 ml) Color (concentrated) 

1 n-heptane clear 

2 II II 

3 II II 

4 5% EtOAc/heptane " 

5 II II 

6 10% EtOAc/heptane faint yellow 

7 II clear 

8 20% EtOAc/hepta.ne II 

9 II faint yellow 

10 EtOAc clear 

11 " " 
12 Methanol " 
13 II faint green 

XBL 7511-8747 



F I G U R E 4 4 

Analytical TLC Chromatogram of Monobacterium 

NIC A•s Fractionated General Lipid Extract. 

Silica gel plate developed for 10 em using 

chloroform: ethyl acetate (3:1 vol/vol). 

Cholesterol and cholesteryl-stearate used as 

standards. Chromatogram visualized by 

spraying with a 0.1% solution of ethanolic 

Rhodamine 6G. 
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F I G U R E 4 5 

Preparative TLC Chromatogram of Monobacterium 

NIC A•s Free TMS-sterol Fraction. Silica gel 

plate developed for 10 em using benzene: 

n-heptane (1:1 vol/vol). TMS-cholesterol used 

as standard. Chromatogram visualized by 

spraying with a 0.1% solution of ethanolic 

Rhodamine 6G. 
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F I G U R E 4 6 

Mass Spectra of Monobacterium MAN A's Purified 

Free TMS-sterol Fraction. Spectra generated 

using DRAWMS Computer Program. Each of the 

spectra correspond to a peak in the GLC chromat

ogram of MAN A's Free TMS-sterol fraction 

pictured in Figure 53a. 

A. Spectrum of GLC Peak A (TMS-cholesterol). 

B. Spectrum of GLC Peak D (TMS-stigmasterol). 

C. Spectrum of GLC PeakE (TMS-s-sitosterol). 
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TMS-sterol ether band. 

The analytical GLC and C-GC-MS analyses of the TMS-sterol 

ether band were carried out as described previously for the sediments. 

GLC examination revealed the presence of several sterols in the 

free sterol fractions of the various bacterial strains (see Appendix 

D). C-GC-MS was used to confirm the GLC identifications. The mass 

spectra of the free sterols found in one of the bacterial strains, 

MAN A, are illustrated in Figure 46. 

Sterol-ester Analysis: Unlike the fractionated extracts of the Mono 

Lake sediments, the general lipid extracts of the bacteria were found 

to contain sterol-esters. Analytical TLC of the silica gel column 

fractions of each extract revealed the presence of esters in column 

fractions 4-6 (Figure 44). These fractions, which constitute the 

sterol-ester fraction, were combined and evaporated, preparatory to 

alkaline hydrolysis to liberate the sterols. 

The hydrolysis step constitutes the only major procedural 

departure from the analytical schema used in the sediment studies. A 

0.12% KOH{aq.}/EtOH solution was used in the hydrolysis. It was 

prepared by first making up a 30% solution of aqueous KOH. Prior 

fusion of the KOH was found to be necessary, in that GLC examination of 

a stock KOH blank revealed fatty acid contamination. A 120 ml aliquot of 

the 30% KOH solution was then added to 1 liter of redistilled absolute 

ethanol, yielding the 0.12% KOH(aq.)/EtOH solution. Forty mls of 

the ethanolic KOH solution were added to a 750 ml Erlenmeyer flask 

containing the sterol-ester fraction dissolved in 2 ml of redistilled 

benzene. The solution was .then stirred and inc~bated at 65°C for 24 hrs. 

Following the incubation, the contents of the flask were 
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Preparative TLC Chromatogram of Monobacterium 

NIC A's Esterified TMS-sterol Fraction. Silica 

gel plate developed for 10 em using benzene: 

n-heptane (1:1 vol/vol). TMS-cholesterol used 

as standard. Chromatogram visualized by 

spraying with a 0.1% solution of ethanolic 

Rhodamine 6G. 
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cooled to room temperature and 200 mls of distilled water were added. 

This s·ol uti on was then transferred to a 1-1 iter separatory funnel , 

and 200 mls of redistilled diethyl ether were added. After vigorous 

shaking of the funnel, the ether and ethanolic KOH, or aqueous, layers 

were separated, yielding ether and aqueous fractions. The aqueous 

fraction was extracted with the same amount of ether two more times. 

The extracted aqueous fraction was then set aside, while the three 

ether extracts were pooled and concentrated into a single ether fraction. 

Further purification of the ether fraction was deemed 

necessary. Consequently, the ether fraction was evaporated, 

trimethylsilylated, and subjected to preparative TLC as described 

earlier. As Figure 47 illustrates for NIC A, only two bands were 

observed. Removal of the TMS-sterol ether band and resilylation 

yielded the purified TMS-sterol ether band of the sterol-ester fraction. 

Again, analytical GLC and C-GC-MS were used to characterize the 

sterol-ester fraction. 

Bound Sterol Analysis: The third major class of sterols analysed in 

Monobacteria consists of the bound sterols, i.e., sterols bound to the 

cell debris, or bacterial pellet. Each strain•s pellet was dried 

under nitrogen and carefully weighed. Specific amounts of each pellet, 

6-8 grms, were added to a 500 ml Erlenmeyer flask containing 200 mls 

of the ethanolic KOH solution and a magnetic stirring bar. The flasks 

were then covered with a loose-fitting aluminum foil plug and incubated 

at 65°C, with constant stirring, for 24 hrs. 

As before, the hydrolysis mixture was cooled, diluted 

with water, and exhaustively extracted with diethyl ether, yielding 

ether and aqueous fractions. The ether fraction was then evaporated, 
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F I G U R E 4 8 

Preparative TLC Chromatogram of Monobacterium 

NIC A•s Bound TMS-sterol Fraction. Silica 

gel plate develdped for 10 em using benzene: 

n-heptane (1:1 vol/vol). TMS-cholesterol used 

as standard. Chromatogram visualized by 

spraying with a 0.1% solution of ethanolic 

Rhodamine 6G. 
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trimethylsilylated, an? subjected to preparative TLC purification. 
I 

As Figure 48 illustrates for NIC A, several bands appeared, including 

a TMS-sterol ether band. Subsequent removal and resilylation of 

the band yielded a purified sterol fraction of the bound-sterol pool 

which was ready for GLC and C-GC-MS characterization. 
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RESULTS AND DISCUSSION 

As suggested earlier, Monobacteria do indeed play a role 

as sterol contributors to the organic content of Mono Lake•s sedimentary 

record. Before proceeding to a discussion of their sterol content, 

however, it might be wise to briefly redescribe the various strains 

analyzed. The culture of mixed facultative anaerobes, which was used 

in the preliminary analysis, also served as the enrichment culture 

from which the collection of facultative anaerobes was isolated. The 

five axenic strains selected for sterol analysis are the following: 

1) CYT B, a Gram-positive, immotile, strictly halophilic, rod-shaped 

bacterium of 2 x 5~; 2) FUM A, a Gram-negative, motile, polarly 

flagellated, strictly halophilic, rod-shaped bacterium of 2 x 5~; 3) 

GLY B, a Gram-negative, immotile, facultatively halophilic, rod-shaped 

bacterium of 1 x 3~; 4) MAN A, a Gram-negative, immotile, facultatively 

halophilic~ rod-shaped bacterium of 2 x 3~; and 5) NIC A, a Gram

negative, immotile, facultatively halophilic, coccal-bacillus of 1 x 

3~. On the basis of these taxonomic characters and the differences 

in their growth kinetics (Figure 42), which were discussed previously, 

these strains are clearly distinct. 

Sterols in Monobacteria: 

The GLC chromatograms for the bacteria are depicted in 

Figures 49-54 (Appendix D). Only the free sterol fraction of the 

mixed culture (Figure 49) was analyzed, in that it constituted a 
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preliminary study~ For all of the axenic strains, however, all three 

major sterol fractions (viz. free sterols, sterol-esters, and bound 

sterols) were examined (Figures 50-54). 
I 

Even a casual perusal of the 

chromatograms reveals considerable diversity, both qualitative and 

quantitative. 

As Figure 49 illustrates, the mixed culture of facultative 

anaerobes contains a healthy sterol fraction, 7.7 ppm (expressed as 

[total sterols/dry wt bacteria] x 106). Three major components are 

present in the following order of abundance: (3-sitosterol, cholesterol, 

and campesterol. The,GLC-blanks of the two solutions which comprised 

the bacterial medium, viz. the organic and mineral bases, are also 

included in Figure 49 to illustrate that the bacteria·•s sterols are 

real, and not contaminants from the medium. Thus, Monobacteria, 

specifically the facu.ltative anaerobes, do indeed contribute sterols to 

Mono Lake•s sedimentary record. In the lake•s contemporary muds, 

where viable bacteria flourish, both viable and non-viable bacteria 

contribute to the muds• sterol pools. In the underlying sediments, 

however, particularly the older ones where bacteria no longer exist, 

the bacterial sterols are exclusively chemical fossils of non-extant 

organisms. 

Perusal of the axenic strains• GLC chromatograms (Figures 

50-54) revealsthat five different sterols appear in the bacteria: 

cholesterol, B-sitosterol, campesterol, brassicasterol, and stigmasterol. 

The latter two species do not appear in the mixed culture (Figure 49). 

This is easily explained, however, in that they only constitute minor 

components in the strains where they appear. Consequently their 

presence in the mixed culture is simply masked by the three major sterols. 
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Interestingly, all of the ·bacterial sterols are t. 5-stenols; stanols 

are conspicuously absent. This absence is not particularly surprising, 

however, in light of the earlier observation that stanols are extremely 

rare in living organisms. Perusal of the various chromatograms also 

reveals that the stenols are most abundant in the strains• free sterol 

pools. As a matter of fact, all of the strains contain free stenols. 

Examination of the bound-sterol chromatograms, on the other hand, 

reveals thatmost of the bacteria do not contain bound sterols, e.g., 

membrane-bound complexes. Finally, perusal of the sterol-ester 

chromatograms reveals that even fewer strains possess esterified 

sterols. 

A detailed examination of the bacteriais sterol pools is 

facilitated by listing the GLC data, both qualitative and quantitative, 

in tabular form {Table 23). The total sterol levels for the various 

sterol fractions of each bacterium are again expressed as the ratio: 

(tqtal sterols/dry wt bacteria) x 106, or ppm. Each fraction's 

principal sterols are listed in their order of abundance, with the 

most abundant listed first. 

As mentioned previously, most of the sterol diversity, both 

qualitative and quantitative, resides in the bacteria•s free sterol 

fractions. Quantitatively, there is quite a range in the values of 

the free sterol levels, 0.22 - 3.68 ppm. MAN A and GLY B contain 

the highest levels at 3.68 ppm and 3.15 ppm, respectively. The 

closest strain is FUM A at 1.45 ppm, followed by CYT Bat 0.97 ppm. 

NIC A is leanest in free sterols at 0.22 ppm,an almost insignificant 

amount. Qualitatively, CYT Band GLY Bare the .. richest .. strains, 

in that they both contain all five stenol components. FUM A and MAN A, 
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T A B L E 2 3 

Results of the Quantitative GLC Analyses of the 

Sterol Content of Monobacteria. Total sterol 

levels expressed as the ratio: (total sterols/ 

dry wt sediment) x 106, or parts per million 

{ppm). Principal sterols listed in order of 

relative abundance, with most abundant listed 

first. 
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a: f: Free sterols; f: Sterol-esters; != Bound sterols 

b: Parts per million: (total sterols/dry wt bacterium) x 106 

c: A: Cholesterol;!: Brassicasterol; C: Campesterol; 

0: Stigmasterol; f: s-sitosterol 

XBL 763-5728 
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the 11 leanest 11 strain, in that it contains only two free stenols. 

The bacteria's sterol-ester and bound-sterol fractions may 

be discussed jointly, in that they are generally devoid of any sterols. 

Only one of the strains, NIC A, contains any esterified sterols, and 

it is only a trace of s-sitosterol. The bound-sterol fractions do 

contain more sterols, albeit not much more. CYT B contains 0.24 ppm 

in the form of cholesterol, stigmasterol, and brassicasterol. The 

only other strain found to contain any bound sterols is FUM A, 

which contains only a trace of cholesterol. 

Comparison of the sterol results with the strains• 

morphological characters and- growth properties reveals a number of 

possible correlations. First, the only bacteria which contain bound 

sterols, CYT B and FUM A, are also strict halophiles, suggesting that 

the presence of bound sterols, e.g., membrane-bound complexes, eliminates 

halophilic versatility. Second, the two strains which contain the most 

complex free sterol fractions, CYT B and GLY B, also share the greatest 

maximal growth rate, suggesting that sterol diversity confers rapid 

exponential growth. Finally, NIC A, which is leanest in sterols, both 

quantitatively and qualitatively, also displays the worst growth kinetics, 

suggesting that the lack of sterols means poor growth in general. Thus, 

Monobacteria's sterols may be important in determining halophilic 

versatility and growth vigor. At this stage, however, these observations 

are .highly tentative. Before any definite conclusions can be formulated, 

a wider sampling will have to be taken. More of the facultative anaerobes 

will have to be analyzed for their sterol content, not to mention the 

other classes of Monobacteria. 
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Chemotaxonomic Considerations: 

Even a casual ·perusal of Table 23 reveals that the stenols 

are ~nevenly distributed throughout the various strafns, both 

quantitatively and qualitatively, suggesting that the sterol molecule 

may be utilized as a chemotaxonomic tool in classifying Monobacteria. 

Use of the quantitative differences in the strains' sterol ·levels as 

a taxonomic tool, however, would not be particularly advantageous in· 

that such differences may be slight and therefore, become lost in 

statistical variation. GLY B's and MAN A's free sterol fractions, for 

example, differ by only 0.53 ppm. Furthermore, quantitative GLC 

analysis is generally quite tedious, particularly if many components 

appear in the GLC chromatogram. Qualitative differences, on the other 

hand, are easily observed. Thus, use of qualitative differences in the 

bacteria's sterol fractions constitutes the best chemotaxonomic 

criterion; whereas ~uantitative differences should only be used if no 

qualitative disparities are observable. 

CYT B and GLY B are easily distinguished from the other 

strains in that their free sterol fractions both contain five stenols. 

They can also be differentiated from each other in that the stenols' 

relative orders of abundance are different. ·rn CYT B, cholesterol is 

the major component, whereas a-sitosterol predominates in GLY B. Also, 

stigmasterol is the least abundant free sterol in CVT B, whereas bras

sicasterol is least abundant in GLY B. The most obvious difference 

between the two strains,. however, resides in their bound-sterol fractions. 

GLY B contains no bound sterols, whereas CYT B contains cholesterol, 

stigmasterol, and brassicasterol. 

FUM A is readily distinguished from both CYT B and GLY 8, 
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in that its free sterol fraction contains only three stenols. Moreover, 

it contains cholesterol in its bound fraction, whereas GLY B is devoid 

of·bound stenols. Interestingly, FUM A bears some resemblance to CYT B 

in that the relative order of its free stenols is identical with that 

of the first three components of CYT B's free sterol fraction. 

Moreover, cholesterol is the major bound sterol in both strains. They 

are easily distinguished, however, in that CYT B contains two additional 

components in both fractions. Nevertheless, extreme,analytical care 
! 

would have to be exercised if sterol content were the only taxonomic 

criterion, in that some of these additional components are present in 

trace.amounts. Fortunately, the strains are distinct on the basis of 

other properties. CYT B, for example, is Gram positive and immotile, 

whereas FUM A is Gram negative and motile. 

Despite superficial similarities to some of the other 

strains, MAN A can also be distinguished from the rest on the basis 

of its sterol content. Unlike most of the strains, it contains no 

stenols in both the sterol-ester and bound-sterol fractions. The only 

other strain which shares this feature is GLY B. As stated previously, 

however, GLY B contains five free stenols, whereas MAN A contains only 

three, lacking campesterol and brassicasterol. On the basis of their 

free-sterol content, MAN A and FUM A are somewhat similar, in that both 

bacteria contain three free stenols. This constitutes no problem, 

however, in that the third component in both fractions is different: 

camp~sterol in FUM A and stigmasterol in MAN A. Furthermore, the 

relative order of the two common stenols is different. In FUM A 

cholesterol predominates, whereas s-sitosterol predominates in MAN A. 

NIC A stands out in that it contains the fewest sterols. Its 
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total sterol pool consists of only two stenols, cholesterol and 13-

sitosterol. Both are present as free stenols. ·· Interestingly, its 

free sterol fraction bears some resemblance to those of CYT B and 

FUM A, in that cholesterol and 13-sitosterol constitute the most and 

second most abundant sterols, respectively, in all three strains. 

Fortunately, the other two strains contain additional stenols. NIC A's 

most distinguishing feature, however, is the presence of s-sitosterol 

in its stero.l-ester fraction. None of the other strains contain any 

esterified sterols. 

Use of the sterol molecule as a chemotaxonomic probe 

for differentiating the five strains of. facultative. anaerobes might 

seem a bit superfluous, in that the strains have already been shown to 

be distinct on the basis of morphological characters and growth 

properties alone. Admittedly, most of the strains (viz .. CYT 8, FUM A, 

and NIC A) are easily distinguished from each other on the basis of the 

four taxonomic characters described previously, viz. Gram sensitivity, 

cell parameters, halophilicity, and motility. GLY Band MAN A, on 

the other hand, cannot be completely differentiated from each other. 

Both are rods, Gram-negative, immotile., and facultatively halophilic. 

The only disparity, a difference of 1~ in their cell widths, is 

virtually insignificant. As outlined previously,.however, their sterol 

fractions differ. GLY B, for example, contains five free stenols, 

whereas MAN A contains only three, indicating that these .strains are,· 

in fact, distinct. Thus, use of the sterol molecule as a tax~nomic 

tool can be extremely valuable in differentiating metabolically and 

morphologically related bacteria, particularly those isolated from a 

single ecosystem like Mono Lake's mud. 
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Concluding Remarks: 

Relative to procaryotic taxonomy in general, the fact 

that the sterol molecule may be used as a chemotaxonomic probe in 

diff~rentiating otherwise identical bacteria is most significant. As 

discussed earlier, the classical, or morphological, approach to 

taxonomy is often inadequate for classifying procaryotes, both blue

green algae and bacteria, in that morpholoigical differences, if they 

exist, may be too subtle tq detect. Consequently, taxonomists have 

turned to chemotaxonomy. Unfortunately, the sterol molecule has not 

been utilized as a chemotaxonomic probe in procaryotic speciation, 

primarily because it was believed to be completely absent in procaryotes. 

Even after its recent isolation in certain species of blue-green 

algae and bacteria, albeit in trace quantities, the1 general consensus 

among bacteriologists still seems to be that it is present to some 

extent in the more complex blue-green algae but missing in bacteria. 

Thus the findings of this study constitute a dual breakthrough: 1) the 

unambiguous isolation and characterization of significant sterol 

quantities from bacteria; and 2) a demonstration of the sterol 

molecule's utility as a chemotaxonomic probe in differentiating closely

related bacteria, including two otherwise indistinguishable strains. 

For all its impact, however, this study constitutes only a 

beginning. The remainder of the facultative anaerobes remain to be 

analyzed for their sterol content. Moreover, sterol analyses of the 

strict anaerobes and photosynthetic bacteria should also be undertaken. 

Such studies would provide the following information: 1) an accurate 

assessment of Monobacteria's role as sterol contributors to Mono Lake's 

sedimentary record; 2) a thorough test of the sterol molecule's 
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utility as a chemotaxonomic probe in differentiating closely-related 

bacteria; and 3) a determination of whether or not sterols display a 

phylogenetic distribution in Monobacteria. 
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F I G U R E S 4 9 - 54 

GLC Chromatograms of the Purified TMS-sterol 

Fractions of. Monobacteria. GLC traces in 

Figure 49 generated on a J x R column: 3% 

J x R on Gas Chrom Q (100-120 mesh) packed 

in a 10• x 1/8" stainless steel column. 

Maintained isothermally at 265°C. Chromat-

ograms in Figures 50 - 54 generated on a 

QF-1 column: 1% QF-1 on Gas Chrom Q (100-120 

mesh) packed in a 10' x 1/8" stainless steel 

column. Maintained isothermally at 210°C. In 

all cases, helium carrier gas flow rate at 

20 ml/min. 

Key to GLC Peaks: 

A. TMS-cholesterol 

B. TMS~brassicasterol 

C. TMS-campesterol 

D. TMS-stigmasterol 

E. TMS;....s-sitosterol 
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Figure 49: GLC Chromatogram of the Free TMS-sterol Fraction of a 
Mixed Population of Monobacteria. GLC blanks of the 
growth medium are also included. 
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Figure 51: GLC Chromatograms of Monobacterium FUM A. 
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Figure 52: GLC Chromatograms of Monobacterium GLY B. 
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Figure 53: GLC Chromatograms of Monobacterium MAN A. 
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Figure 54: GLC Chromatograms of Monobacter1um NIC A. 
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EXPERIMENTAL 

Introduction: 

The final stage of the bacterial studies entailed an 

examination of Monobacteria•s role as a catalyst in sterol diagenesis. 

As discussed earlier, the results of the 4-14c-cholesterol-PI-W-2* 

diagenesis study suggested, albeit indirectly, that the mud•s 

bacteria were responsible for the extensive sterol diagenesis 

observed, particularly the stanol genesis. In an attempt to directly 

M b t · • 1 · t 1 d · · · 14c assess ono ac er1a s ro e 1n s ero 1agenes1s, a compamon -

labelling study was set up using 4-14c-cholesterol and the mixed 

culture of facultative anaerobes described previously. Before 

describing the experiment, however, it should be pointed out that it 

constitutes only an exploratory study aimed at determining whether or 

not Monobacteria is capable of mediating stenol-to-stanol diagenesis. 

An exhaustive examination of the many strains isolated would constitute 

a major research project in itself. 

14c-Incubation: 

Three liters of sterile Mono Lake medium, the same type 

used in the previous bulk-culturing studies, and 0.06 ~C of filter

sterilized 4-14c-cholesterol were added to a sterile ?~liter flask 

fitted with a cotton plug. The system was then inoculated with 3 mls 

of a stationary culture of the mixed facultative anaerobes and 

incubated aerobically at room temperature, with continuous magnetic 

stirring, until the bacteria completed stationary growth (~35 hrs). 
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At this point the cells were harvested via centrifugation, as described 

previously for the bulk-culturing studies. Following several 

distilled water rinses, the bacterial pellet was lyophilized 

preparatory to sterol analysis. 

Analysis: 

The same analytical schema utilized in the 14c-chol-PI-W-2* 

diagenesis experiment was also used in this study (see Figure 37}. 

Solvent extraction of the dried bacterial pellet, using the solvent/ 

sonic extraction procedure developed for the stratigraphic sequence 

studies, yielded a general lipid extract. The volume of the extract 

was adjusted to 100 mls using redistilled toluene, and a 1 ml aliquot 

was taken for 14c-counting using a Packard Tri-Carb scintillation 

counter. The remainder of the extract was then concentrated to 2 mls 

using a rotary evaporator, preparatory to further work-up. 

The general lipid extract was fractionated into 13 fractions 

on a silica gel column, and 1% aliquots of each fraction were set aside 

for. scintillation counting. Analytical TLC of the fractionated 

extract revealed which column fractions contained sterols. These 

fractions were combined, yielding a 14c-labelled crude sterol fraction. 

A 1% aliquot of the fraction was then set aside for liquid scintillation. 

The remainder of the crude sterol fraction was purified via trimethyl

silylation and preparative TLC, yielding a purified TMS-sterol ether 

fraction. Once again, a 1% aliquot was set aside for liquid 

sci nti 11 at ion. 

The purified TMS-sterol ether fraction was fractionated 

into 65-stenol, 5a-stanol, and 5B-stanol fractions via AgN03-silica 
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gel TLC, as described earlier. Again 1% aliquots of each fraction 

were taken for liquid scintillation. Finally, the remainder of each 

fraction was resilylated and examined via radio-GLC and C-GC-MS. 
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RESULTS AND DISCUSSION 

Dispersive Cholesterol Diagenesis: 

Liquid scintillation of the general lipid extract from the 

4-14c-chol-Monobacteria incubation yielded 2.97 x l04dpm, or 22.5% 

recovery of the original label, 1.32 x l05dpm. Thus, after only 

thirty-five hours of bacterial growth 77.5% of the 4-14c-cholesterol 

has disappeared from the mixed culture•s general lipid pool; whereas 

ten months of aerobic incubation of the 14c-labelled mud (PI-W-2*) 

resulted in a loss of 72%. Thus, bacterial diagenesis easily accounts 

for the extensive dispersive cholesterol diagenesis opserved in the 
14c-chol-P~W-2* study. The fact that a greate~ lo~s; is observed in 

the bacterial incubation after a much shorter period of time is 

reasonable, in that the concentration of facultative anaerobes in the 

mud is much lower. On the other hand, the loss is not appreciably 

higher, even in the vigorously growing bacterial culture, -suggesting 

that other factors in the mud, e.g., its mineral content, may contribute 

to in situ dispersive sterol diagenesis. 

Non-dispersive Cholesterol Diagenesis: 

Liquid scintillation of the fractionated extract yielded 

the 14c-labelling pattern in Figure 55a. Comparison with the pattern 

obtained for the aerobic mud incubation (Figure 38b), reveals that the 

patterns are virtually identical, at least qualitatively. No 14c

activity appears in fractions 1-6, indicating that the bacteria also do 

not transform the 14c-cholesterol into hydrocarbons or esters. Again, 
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Distribution of 14c-Activity in the 4-14c-Chole

sterol-Monobacteria Diagenesis Study. 
14c-recoveries expressed as per cent recovery 

of the 14c-label originally inoculated in the 

mud. 

a) Monobacteria's Fractionated General Lipid 
Extract. 

b) Monobacteria's Fractionated TMS-sterol Pool. 
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the negligible activity of fractions 7 and 8, 422 dpm, corresponds to 

trace amounts of labelled cholesterol. The sterol fractions, nos. 

9-11, contain 2.6 x 104dpm, accounting for the bulk of the general 

lipid extract's 14c-activity, specifically 87.5%. Relative to the 

bacterial incubation's original activity, however, this constitutes 

only 19.7% recovery, which is slightly lower than the mud incubation's 

24.5% recovery. Interestingly, the activity in fractions 12 and 13 

(3.3 x 103dpm, or 11.1% recovery) corresponds to the same unknown 

polar non-sterol species observed in both the aerobic and anaerobic 
14c-mud incubations. Thus, the facultative anaerobic Monobacteria 

are responsible for this cholesterol diagenesis product as well. 

With regard to the mechanism of non-dispersive sterol 

diagenesis in general, the above findings are most illuminating. The 

negative observation that the facultative anaerobes do not degrade 

cholesterol to hydrocarbons is particularly significant. If short-term, 

non-dispersive cholesterol diagenesis involved hydrocarbon formation, 

three steroidal hydrocarbons, ~3 • 5-cholestene, cholestane and coprostane, 

constitute the most likely initial diagenesis products, corresponding 

to dehydration and reduction of the sterol nucleus. The absence of 

the sterene in the bacterial incubation, coupled with its absence 

in both 14c-chol-PI-W-2* incubations, indicates that Monobacteria do 

not mediate sterol-to-sterene diagenesis. Moreover, the absence of 

sterenes in Mono Lake's sedimentary record argues that sterene 

formation, if it occurs at all, is necessarily a long-term process, 

unlike stanol genesis. The same applies to sterane formation. This 

is particularly significant in that other investigators have 

demonstrated that the oldest surviving steroid species in sediments are 

427 



steranes, particularly in ancient Precambrian sediments, where they 

constitute the only steroidal remnants, as discussed earlier. 

The fact that Monobacteria do not degrade cholesterol to cholestane 

or coprostane, coupled with the absence of steranes in the Mono 

Lake stratigraphic sequence, argues that sterane genesis is 

necessarily a long-term process. Moreover, it strongly suggests that 

sterane genesis, like sterene formation, is mediated by non-biological 

forces, presumably geological processing. Mechanistically speaking, 

sterane genesis undoubtedly constitutes the terminal step in non

dispersive sterol diagenesis. More will be said about this later. 

14c-cholestanol Genesis: 

Liquid scintillation of the AgN03-TLC bands of the bacterial 

incubation's fractionated 14c-sterol pool, coupled with analytical 

radio-GLC, revealed that their activity resides completely in 5a-

cholestanol, 5a-cholestanol and cholesterol. These results are 

depicted in Figure 55b. Like the aerobic mud incubation, most of 

the activity, 1.69 x 104dpm,remains in the cholesterol band, whereas 

the 5a- and 5a-cholestanol bands contain 1.51 x 103dpm and 7.59 x 

l03dpm, respectively. Thus, 65% of the 14c-sterol fraction's activity 

resides in cholesterol, whereas 5.8% and 29.2% reside in 5s- and 5a-

cholestanol, respectively. This constitutes definitive proof that 

Monobacteria, specifically the facultative anaerobes, mediate c27-

stanol genesis. 

Comparison of the above 14c-recoveries with those of the 

aerobic 14c-chol-PI-W-2* incubation (Table 24) reveals that the 

bacteria not only mediate cholestanol genesis but also that they do it 
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Relative 14c-Content (%) of each 14c-sterol Component in the Fraction

ated TMS-sterol Pools of the Monobacteria and PI-W-2* Aerobic9 

4- 14c-Cholesterol Diagenesis Studies. 

Contemporary* 
Mud {PI-W-2*) 

Monobacteria* 

58-cholestanol 5a.-cholestanol Cholesterol 

3.6 17.3 79.1 

5.8 29.2 65.0 

* Total 14c-Activity in each fractionated TMS-sterol 

pool taken as 100%. 
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quite vigorously. First, the bacterial study's 14c-stanol 

percentages are significantly higher than those of the mud. Its 

513-value is 61% greater, whereas the 5n-percentage is up by 69%. This 

increased reduction is quite reasonable in that the mixed bacterial 

culture constitutes a much denser population of Monobacteria than that 

of the mud. More important, however, the preference for Sa-reduction 

observed in the mud is also expressed by the aerobically-cultured 
14 . . 

bacteria. As a matter of fact, their Sn/513- C-cholestanol ratios 

are quite similar: 4.81 for the mud and 5.03 for the bacteria. Thus, 

the facultative anaerobic Monobacteria easily account for all of the 

c27-stanol genesis in the contemporary mud PI-W-2*. In light of the 

results of the sedimentary studies, which were summarized earlier, it 

is probable that Monobacteria are responsible for the sediments' 

extensive c28 and c29-stanol genesis as well. 

The above findings, coupled with the previous observations, 

reveal much about the probable mechanism of non-dispersive sterol 

diagenesis in Mono Lake's muds. The fact that increased c27 -stanol 

genesis but no sterene or sterane formation occurred, in both the 

PI-W-2* and Monobacterial incubations, is particularly noteworthy. 

It strongly suggests that bacterially mediated stenol-to-stanol 

reduction constitutes the initial step in non-dispersive sterol 

diagenesis. Thus, reduction of the source stenols' double bonds 

occurs preferentially to dehydroxylation of their 313-0H, etc. The 

finding that bacterial reduction accounts for all of PI-W-2*'s c27-

stanol genesis is equally revealing. It strongly suggests that the 

extensive short-term stanol genesis in Mono Lake's muds is due 

completely to biological processing. Geological diagenesis, e.g., 

430 



0 u __ ) 0 {~ 6 ''J ·,.; 2 5 J I. 
l~··· 

"' 

clay mineral catalysis, does not seem to be involved at all. More 

will be said about this later. 

Future Studies: 

Although this bacterial diagenesis study has demonstrated 

that 'Monobacteria indeed plays an important role in sterol diagenesis, 

particularly stanol genesis, a number of studies remain to be 

carried out before its role as a diagenetic catalyst is ful1y understood. 

Virtually nothing is yet known about its mediation of dispersive 

sterol diagenesis. ,For example, the fate of the 14c-label lost from 

the bacterial incubation•s general lipid pool remains a complete 

mystery. Perhaps more important, however, much still remains to be 

lea'rned about Monobacteria•s mediation of non-dispersive sterol 

diagenesis, specifically stanol genesis. One series of studies 

might entail incubation of 14c-cholesterol with the individual axenic-

strains of the facultative anaerobes, which were isolated from the 

mixed culture used in this study. Such studies would determine 

whether or not all of these strains are capable of stenol reduction. 

Furthermore, incubation studies using 14c-labelled c28- and c29-

stenols should really be carried out to confirm whether or not the 

facultative anaerobes are capable of c28- and c29-stanol genesis as 

well. Finally, the other major classes of Monobacteria, viz. the 

strict anaerobes and photosynthetic strains, should also be tested 

for·their ability to reduce 14c-stenols. 

Over and above these reasearch proposals, a higher level 

of inquiry remains yet unexplored, namely a detailed, biochemical 

investigation aimed at elucidating the mechanism of stanol genesis 
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itself. Such a study would probably entail the·use of intact cells 

and cell-free extracts of Monobacteria. Use of cell-free extracts 

would involve cell disruption and fractionation of the cellular 

debris via ultracentrifugation, for example, followed by localization 

of the site(s) of stenol reduction. Ultimately, jsolation of the 

enzyme(s) and possible cofactor(s) involved in the reduction should 

also be carried out. Any one of these investigations, however, could 

easily fill an entire thesis in itself. 
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Introduction: 

The sterol diagenesis studies described in this thesis, as 

11 th d t d b St 1 t 1 1 and Egl1"nton et a1. 2•3, were we as ose con uc e y ee e a . 

designed primarily to elucidate the mechanism of non-dispersive 

sterol diagenesis. As outlined earlier, this process includes any non

destructive, post-depositional transformations sedimentary sterols 

undergo, viz. dehydration, reduction, etc. Dispersive, or destructive, 

sterol diagenesis still remains to be studied in detail, des~ite evidence 

that it accounts for much of the diagenesis of sedimentary sterols. 

Two 'obvious reasons come to mind: 1) The products of dispersive sterol 

diagenesis leave the sedimentary lipid pool, making them difficult · 

to track down; and 2) Extensively degraded sterols may bear little or no 

resemblance to intact sterols, making them relatively useless as. 

geochemical probes. 

On the basis of these diagenesis studies, the probable 

mechanism of non-dispersive sterol diagenesis in sediments may be 

pieced together (Figure 56). The process is complex and long-term, 

beginning immediately on deposition of sterol-containing organic debris 

into Earth•s sedimentary record and continuing for millions of years. 

All of the studies indicate, either directly or indirectly, that 

stenols constitute the source sterols, i.e., those sterols which 

undergo deposition into sediments and incur the post-depositional 

transformations, or diagenesis. For lake and marine sediments, the 

stenols• source is the organic debris of extant and non-extant organisms, 

both procaryotic and eucaryotic, which occupied: 1) the water column 

overlying the sedimentary column; 2) the contemporary muds at the mud

water interface; and 3) in most cases the region surrounding the water 
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Proposed Mechanism for Non-dispersive Sterol 

Diagenesis in Earth's Sedimentary Record. 
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column, i.e., its drainage basin. At the top of the sediment column, 

viable bacteria which reside in the contemporary muds, as well as 

previously extant organisms from the water column, contribute to the 

muds• sterol pools. In the underlying sediments, however, where viable 

bacteria no longer persist, the s.tenols are all chemical fossils of 

previously extant organisms. 

A representative source stenol is depicted at the top of 

Figure 56. For reasons of simplicity only part of the sterol nucleus, 

viz. rings A and B, is depicted for the stenol, as well as its diagenesis 

products. This is reasonable in that the most characteristic diagenetic 

changes entail reduction of the source stenols• ~5 -double bonds and/or 

dehydration of their 38-0H groups. Lest confusion arise, however, it 

should be re-emphasized that a complex mixture of distinct stenols 

undergoes deposition. Although all of them contain the characteristic 

3S-0H and ~5-unsaturation, some also contain additional functional 

groups. A number of common sedimentary stenols, e.g., brassicasterol 

d · l 22 . . 0 f h M L k an . st1gmastero , possess ~ -unsaturat1on. ne o t e ono a e 

stenols, ergosterol, has a ~ 7 -double bond as well. Consequently, their 

diagenesis to stanols and steranes, for example, also entails reduction 

at these sites. 

Sedimentary Steroids: 

The fact that most of the steroids depicted in Figure 56 

are known geolipids lends considerable credibility to the proposed 

mechanism of non-dispersive sterol diagenesis. Although the source 

( . stenols have not been explicitly labelled as known geolipids, they 

certainly appear in sediments. As a matter of fact, they have been 

detected in quite a number of sedimentary systems, along with mixtures 
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of stanols. 4-7 In Mono Lake•s stratigraphic sequence, for example, 

stenols appear in samples ranging from contemporary muds (0-500 yrs 

BP) to older Recent sediments, e.g., D5B (217,000 yrs BP) (see Table 

ll ) ~ 

The stanol molecule constitutes the most recently discovered 

sedimentary steriod. As noted previously, stanols have been isolated 

from a number of sedimentary systems in recent years, 'invariably as 

mixtures of 5a- and 58-stanols. They have been detected in contemporary 

muds as young as 0-500 yrs BP. Actually, the results of the Mono 

Lake diagenesis studies described in this thesis indicate that they 

are formed almost immediately following the incorporation of source 

stenols into the lake•s muds. Thus, the 103 year figure listed in 

Figure 56 is not meant to indicate that stanol genesis occurs only 

after one thousand years of sediment maturation, but rather to 

emphasize that extensive stanol genesis has already occurred by this 

time. 

Despite their rapid formation~ stanols are fairly stable to 

diagenetic alteration. As discussed earlier, Steel and Henderson 

isolated a mixture of 5a- and 5s-stanols from the Green River Shale 

(60 x 106yrs BP). 8 Significantly, no stenols were detected, suggesting 

that stanol genesis is complete by ~60 x 106 years. Thus, th~ 106 

year figure included in the time-scale of Figure 56 serves the dual 

purpose of providing a rough estimate of stanol stability and 

indicating the duration of stanol genesis. 

As mentioned earlier, steranes constitute the oldest 

steroidal chemical fossils detected in Earth•s sedimentary record. They 

have been isolated from Precambrian sediments as old as 2.7 billion 
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years (Soudan Shale), generally as mixtures of c27-, c28-, and c29-

steranes.9 Moreover, they constitute the only steroidal species found 

in these samples. It would be incorrect to presume, however, that one 

billion years is required for sterane genesis, in that they have been 

isolated in much younger sediments, notably the Green River Shale 

(60 x 106 yrs BP). 10 Thus, the 109 year figure is included in the time

scale of Figure 56 mainly to emphasize the fact that sterane genesis 

appears to be more or less complete after approximately one billion 

years of sediment maturation. 

Of the steroids implicated in the mechanism of non-dispersive· 

sterol diagenesis, only the sterenes are not known geolipids. They 

are conspicuously absent, for example, in the ancient Precambrian 

samples where steranes have been detected, presumably due to the 

double bond's susceptibility to hydrogenation. As will be discussed 

shortly, however, sterenes are formed on simulated geological processing 

of sediments, suggesting that they are important intermediates in non

dispersive sterol diagenesis. 

Biological and Geological Diagenesis: 

As the time~scale in Figure 56 illustrates, two general 

modes of diagenesis have been implicated in non-dispersive sterol 

diagenesis: biological and geological processing. The first type 

entails biological mediation of stanol genesis by bacteria which 

reside at the mud-water interface and in the surface muds. Bacterial 

diagenesis begins immediately on the incorporation of organic debris 

into surface muds and continues as long as viable bacteria persist in 

the muds, or until sediment compaction occurs. During this stage of 
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sediment maturation, bacterial activity ceases, undoubtedly as a 

result of the excessive pressures and heat gene.rated during compact,ion. 

One thousand years is listed as the approximate cut-off point for 

biological diagenesis. This figure is of course only a rough order

of-magnitude estimate, and is based on the results of the sterol 

analyses of Mono Lake's contemporary muds. If anything it is probably 

a conservative estimate. As will be discussed shortly, the point at 

which sediment compaction occurs in a given sedimentary system will 

depend largely on its sedimentation rate. Since different systems, 

notably lakes, exhibit different rates, the exact time of compaction 

and, therefore, the duration of bacterial processing will differ. The 

main purpose of the 103 year estimate is to illustrate that biological 

diagenesis is extremely short-lived compared to geological diagenesis. 

On the other hand, bacterial processing can be quite vigorous, at 

least as far as stanol genesis is concerned. In one of the contemporary 

Mono Lake muds studied (PI-W-1, 0-500 yrs B.P.), for example, more than 

50% of the sterol pool was already reduced. 

In addition to terminating biological processing, sediment 

compaction undoubtedly also signals the beginning of the second mode 

of diagenesis, geological processing. As outlined earlier, it entails 

the mediation of geological forces like heat and pressure as diagenetic 

agents in sterol diagenesis. Any hydrogen necessary for reduction 

processes is available from reduced chemical species such as H2s or 

geothermal cracking of the ubiquitous geopolymer kerogen. Given the 

nature of the forces which mediate geological diagenesis, it is 

necessarily a long-term process, unlike biological diagenesis. It 

cannot be used to explain the extensive short-term sterol diagenesis 
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observed in contemporary sediments. Before the requisite pressures 

and heat can be generated via sediment compaction, considerable 

ov~rlying sediment must be deposited. Even in lakes with sedimentation 

rates as high as 2.5 - 10 ft/103 yrs, for example, this means a long 

wait. Nevertheless, considerable geological processing is evident by "' 

106 years, as will be discussed shortly. Moreover, the process is 

undoubtedly quite long-lived, continuing into antiquity through 

lithification of compacted sediments, during which tremendous pressures 

and heat are generated. 

Despite their radical differences, the two general modes of 

diagenesis should not be considered as being mutually exclusive, but 

rather complementary. Biological diagenesis, specifically bacterial 

processing, begins immediately on the incorporation of organic debris 

into the sedimentary record and continues until sediment compaction 

occurs, accounting for most, if not all, of the short-term diagenesis 

of source molecules, notably stenols. Geological diagenesis then 

takes over and continues through sediment lithification into Earth's 

ancient past, accounting for the long-term diagenesis of sterols, as 

well as other molecules. Thus, it takes over the diagenesis begun 

by biological forces, using the diagenesis products of biological 

processing, as well as any remaining source molecules, as the substrates 

for its own diagenesis. 

Dia9enesis Pathways: 

The results of the various diagenetic simulation studies 

strongly suggest that three distinct pathways are involved in non

dispersive sterol diagenesis, depending on the mode of diagenesis 
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involved. As Figure 56 illustrates, these alternate routes fit 

together quite nicely, yielding a general mechanism of non-dispersive 

sterol diagenesis. The characteristic difference in each pathway lies 

in the initial mode of stenol diagenesis. Two routes entail geological 

processing, whereas the third entails biological diagenesis, 

specifically bacterial processing. 

Bacterial Diagenesis: One pathway is suggested by the bacterial 

diagenesis studies described in this thesis. As discussed earlier, 

Monobacteria mediate stanol genesis, but are incapable of converting 

sedimentary sterols into steroidal hydrocarbons, notably sterenes and 

steranes. Thus, bacteria are capable of reducing the source stenols' 

double bonds, wherever they occur, but cannot eliminate the 38-0H. 

Contrary to what on·e might have expected, the hydroxyl group is quite 

resi.stant to bacterial diagenesis. Even the impetus offered by the 

stenols' 65-double bonds to form stable conjugated 63•5-dienes is 

not enough to stimulate dehydration. 

Despite their inability to convert stenols to steroidal 

hydrocarbons, the diagenesis studies indicate that bacteria can be 

quite versatile as diagenetic agents, at least with respect to stenol

to-stanol reduction. Monobacteria not only mediate both 5a- and 58-

stanol genesis but also do it both aerobically and anaerobically. 

Moreover, the bacteria exhibit considerable specificity as diagenetic 

agents. Although stanol genesis occurs both aerobically and 

anaerobically, it occurs far more vigorously in an aerobic environment. 

As outlined earlier, aerobic incubation of a Mono Lake mud inoculated 

with 4-14c-cholesterol resulted in 20.9% reduction, whereas anaerobic 

incubation yielded only 5.2% reduction. Companion diagenesis studies 

442 



0. !Q·... . ' U.,. . A (-.. ,.I . , • ~ ,... 9 
" t f , ~1~ frJ \.J ~~a~ ~ ;) 

with a mixed culture of Monobacteria revealed.the same trend, 

confinning that the bacterial "catalysts" do indeed prefer aeroby. 

The most dramatic manifestation of Monobacteria•s specificity 

as diagenetic agents, however, entails their preference for 5a- or 56-

stanol genesis depending on whether aeroby or anaeroby prevails. The 

aerobic 14c-cho~-mud incubation yielded a 5a-/5s-14c-stanol ratio of 

4.81, whereas the anaerobic counterpart yielded a ratio of only 

o~os. The companion bacterial studies yielded similar values, 

substantiating that aerob~cally growing bacteria favor Sa-reduction of 

6 ~stenols, whereas anaerobically cultured bacteria favor 5s-reduction. 

Thus, one might expect 5a-stanols to predominate in shallow, aerobic 

lake muds and 5e-stanols to predominate in deep, anaerobic muds. This 

was certainly the case in the shallow, contemporary Mono Lake muds 

studied, where 5a-stanols predominated over the 5e-isomers. 

Although c28- and c29-stanol genesis were not directly 

monitored using 14c-labelled stenols as diagenetic probes, the results 

of the other sedimentary studies strongly suggest that the above 

observations apply to these processes as well, as discussed earlier 

(see Figure 28b and Table 13). Unlike c27 -stanol genesis, however, 

both c28- and c29-stanol genesis occur much less vigorously, at least 

in Mono Lake. Significantly, Hanya and Ogura observed the same trend 

in Lake Biwa•s sediments, suggesting that it is .a general phenomenon. 11 

In the absence of definitive 14C-diagenesis studies, however, the 

question arises: can this be explained in terms of bacterial diagenesis? 

Examination of the source stenols• structures suggests a solution 

(see Figure 27). As noted earlier, most of the c28 ~ and c29-stenols 

are more unsaturated than the c27 -stenol cholesterol. Although all 
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of the source stenols, including cholesterol, possess a5-unsaturation, 

most of the c28- and c29-stenols contain one or two additional double 

bonds·. Thus, reduction of cholesterol to 5a- and 58-cholestanol 

requires the expenditure of only two hydrogens, or reducing equivalents, 

by Monobacteria, whereas reduction of the c28- and c29-stenols generally 

requires addition of four and six hydrogens. Thus, the bacteria must 

expend more energy, or reducing power, to saturate these stenols, 

particularly brassicasterol, stigmasterol, and ergosterol. Nevertheless, 

it seems clear that Monobacteria are more than equal to the task. 

Based on the above findings, it is clear that bacterial 

reduction of sedimentary stenols to 5a- and 5s-stanols constitutes 

the initial step in one pathway of non-dispersive sterol diagenesis. 

The subsequent fate of the stanols still remains to be determined 

experimentally. However,as Figure 56 illustrates, it is likely that 

they undergo dehydration via geological processing to form sterenes. 

Subsequent reduction, again via geological diagenesis, would then 

yield mixtures of 5a- and 5s-steranes, the end products of non-dispersive 

sterol diagenesis. There is some indirect evidence to support this 

route. As will be discussed subsequently, subjection of a Mono Lake 

sediment to heat and pressure catalysis resulted in increased stanol 

and sterane formation, suggesting that these catalytic forces mediate 

the diagenesis of stanols to steranes via sterene intermediates. 

Heat/Pressure Catalysis: A second diagenesis route is suggested by the 

geological simulation studies of Steel et a1. 12 As outlined earlier, 

incubation of two Mono Lake sediments in a high pressure bomb resulted 

in the conversion of sedimentary stenols to stanols. Unlike bacterial 

stanol genesis, however, only the thermodynamically more stable 5a-
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stanols were generated. This is quite reasonable in that geological 

forc~s such as heat and pressure are completely subject to the 

constraints of thermodynamics, whereas biological processes often 

appear to violate thermodynamics. Monobacteria•s mediation of the 

energetically 1 ess-favored. 5s-stanol genesis, particularly under 

anaerobic conditions, is a classic example. It is undoubtedly a 
manifestation of biological specificity, a characteristic property of 

living organisms which arises as a result of substrate specificity in 

enzymatic catalysis. Abiotic chemical processes such as hydrogenation, 

which are involved in geological diagenesis, are, on the other hand, 

normally incapable of such specificity. 

Thus, geologically mediated 5a-stanol genesis,. using heat 

and pressure catalysis, constitutes the initial step in an alternate 

pathway of sterol diagenesis. Unlike bacterial stanol genesis, however, 

it is not a short-term process, in that considerable sediment maturation 

must occur before the necessary pressures and heat develop. The 

subsequent diagenesis of the geologically produced stariols, however, is 

undoubtedly the same as that already described for the bacterial stanols. 

As a matter of fact, the mechanism proposed for the diagenesis of the 

bacterial stanols is based on the results of this diagenes·is study by 

Steel et al. In addition to finding higher levels of 5a-stanols, 

they also noted that the geologically altered sediments contained 

increased levels of 5a-steranes. Thus, sedimentary steranes un

dpuptedly arise from stanol diagenesis, at least in Mono Lake. 

Although sterene production was not actually observed, the fact that 

stanol-to-sterane diagenesis occurs strongly suggests that sterenes 

are formed as inter·mediates via dehydration of the stanols. Their 
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absence, however, combined with the presence of 5a-stanols, indicates 

that double bonds are much more sensitive to geological processing 

than hydroxyl groups. Interestingly, the very same -trend was observed 

for bacterial diagenesis, as outlined earlier. 
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Geothermal Processing: A third, and final,diagenesis pathway is suggested 

by the geological diagenesis studies of Rhead et a1. 13 As outlined 

earlier, incubation of 4-14c-cholesterol with a sample of Green River 

Shcile at 200°C.resulted in a 35%conversion ofthe 14c-stenol to 

labelled steroidal hydrocarbons. The major diagenesis products 

coniisted of c27-sterenes, but large amounts of 5a- and 58-cholestane 

were also detected. Most important, no stanols were detected. From 

these findings, the third diagenesis route illustrated in Figure 56 

may be reconstructed. The initial step entails geothermal conversion 

of sedimentary stenols to a mixture of sterenes via dehydration and/or 

partial hydrogenation coupled with double bond shifts. Subsequent 

geothermal diagenesis of the sterenes to Sa- and 58-steranes completes 

the process. As to the source of the hydro~en needed for the 

reduction processes, a number of sources are probably involved, as 

outlined earlier. One inviting possibility entails geothermal cracking 

of the geopolymer kerogen with the liberation of hydrogen. 

Concluding Remarks: 

Le~t confusion arise concerning the mechanism of non-dispersive 

sterol diagenesis depicted in Figure 56, a number of points should be 

clarified. Although each diagenesis study cited in this discussion 

treats only one mode of sterol diagenesis, it should not be presumed 

that the various pathways depicted in Figure 56 are necessarily 
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mutually exclusive. The diagenetic simulation experiments were 

simply de·signed to probe the effect(s) of individual diagenetic agents. 

like biological and geological processing, the various diagenesis 

routes are best viewed as complementary processes. The fact that they 

eventually converge, despite differences in their initial steps~ 

tends to support this view. Stated in slightly different terms, it is 

most unlikely that only one type of diagenetic force mediates sterol 

diagenesis in any given sedimentary system. The results of the Mono 

lake diagenesis studies, for example, clearly implicate both bacterial 

and heat/pressure processing in this system's sterol diagenesis, and 

strongly suggest that geothermal processing is involved as well. The 

exact mechanism of non-dispersive sterol diagenesis operating in a 

given sedimentary domain, however, will of course depend on its 
' unique biological and geochemical poise. This in turn suggests that 

the relative contributions of the various diagenetic forces will vary 

from system to system. Nevertheless, the fact remains that more than 

just one pathway is probably involved in most, if not all, sedimentary 

systems. 

One final possible source of confusion comes to mind. Although 

the sterol diagenesis studies cited in this thesis implicate only 

three distinct pathways, it should not be presumed that the mechanism 

depicted in Figure 56 is exhaustive. Other diagenetic forces, both 

biological and geological, may well be involved in non-dispersive 

sterol diagenesis. Although bacterial processing easily accounts for 

all of the short-term diagenesis in Mono lake's contemporary muds, 

for example, other diagenetic agents, e.g., clay mineral catalysis, 

may also mediate short-term sterol diagenesis in other systems. 
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Needless to say, more diagenetic simulation studies, aimed specifically 

at probing the mediation of other diagenetic agents, will have to be 

carried out before all of the factors in non-dispersive sterol 

diagenesis are understood. 

, 
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