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Lipid biomarkers in lacustrine sediments provide valuable information about lake history and environ-
mental change. Here we report the occurrence of a unique set of lipid biomarkers from a freshwater cra-
ter lake, El Junco, in the Galdapagos. In addition to previously reported alkadienes, botryococcenes and
lycopadienes indicative of Botryococcus braunii A, B and L races, we find highly branched C,5 isoprenoids
(HBIs) from diatoms, monomethyl alkanes likely from insect epicuticular waxes, long chain alkenols,
diols and a triol, keto-ols, hydroxy acids and keto acids. Saturated and mono-unsaturated long chain diols
from C3p—Cs6 had terminal hydroxyl groups and hydroxyl groups between the 16 and ®»20 positions.
Vicinal diols with hydroxyl groups at ®9 and ®10 were likely from the floating fern Azolla. C39-Cs¢
keto-ols, mid-chain hydroxy and keto acids had mid-chain functional groups at similar positions to the
diols, suggesting common origins. The predominance of ®20-hydroxy acids and diols, together with
20,21-dihydroxy-nonacosanoic acid is indicative of an Azolla source, while ®16 and ®18 hydroxy acids

and diols imply a microalgal source.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Lacustrine sediments provide excellent archives of historical
environmental variations due to high sedimentation rates and
quick responses to environmental changes. Biomarkers preserved
in lake sediments play a unique role in deciphering the water col-
umn in which microorganisms live and the watershed environ-
ment (e.g. Cranwell et al., 1987; Volkman et al., 1998). A wealth
of knowledge on the lipids produced by microalgae, bacteria, zoo-
plankton and other organisms has been accumulated over the last
40 years. Less is known about biomarkers in lacustrine ecosystems
than marine environments, limiting both our ability to understand
the relationships between different classes of biomarkers and
means to apply them in paleoenvironmental reconstructions.

Located at 760 m above sea level in the highlands of San
Cristobal, the easternmost island in the Galapagos archipelago,
Laguna El Junco is the only permanent freshwater lake in the
Galapagos. Far from any continents and without any river influ-
ence, this closed basin crater lake provides a unique setting for
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evaluating biomarker distributions and their responses to envi-
ronmental variations.

The sediment of El Junco is characterized by a rich variety of
biomarkers which can be traced to different origins. In a previous
work (Zhang et al., 2007) we reported biomarker evidence for the
co-occurrence of three different races of Botryococcus braunii (A,
B & L) in the water column and organic matter from sediments
of El Junco Lake. We also showed for the first time the existence
of C4o isoprenoids (lycopadienes and lycopatrienes) in suspended
particles and sediments. Biomarker indicators of the three races
were: (E)- and (Z)- C;5-C3; n-alkadienes and a Cyg triene for race
A, a series of C34Hsg botryococcenes for race B, and a C4oH7g hydro-
carbon, trans,trans-lycopadiene accompanied by minor amounts of
isomers, for race L. Concentrations of botryococcene and lycopadi-
ene varied over four orders of magnitude in a 75 cm long surface
core and such down-core variations in these lipids likely reflects
changes in lake hydrology, alternately favoring the bloom or
diminishment of B. braunii race B.

In this paper we further explore the biomarkers present in El
Junco sediments, speculate on their origin and evaluate the impli-
cations for ecological and environmental reconstructions at this
site. The lipid classes we identified include hydrocarbons (e.g.
monomethyl alkanes), highly branched isoprenoids (HBIs), n-alkyl
esters, n-alkenols, n-alkyl diols and keto-ols, hydroxy acids and
keto acids. They can variously be attributed to microalgae, bacteria,
ferns and insects.
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2. Methods
2.1. Site and samples

Located about 1000 km west of Ecuador and on the equator, the
Galapagos Islands have a semi-arid to arid climate. The only per-
manent freshwater lake, Laguna El Junco (0.30°S, 91.00°W) is lo-
cated at 760m above sea level in the highlands of the
easternmost island in the Galdpagos archipelago. The lake itself is
contained within the summit crater of an extinct volcano and is
about 300 m wide. Apart from an overflow (3 m deep and 2 m
wide) and possible seepage through the rim, the lake basin is
closed. The water depth varies with precipitation, being at its deep-
est in the rainy season (October to May). It was 6 m deep when we
sampled the lake in September 2004, and it was well mixed as indi-
cated by temperature and oxygen profiles.

Samples from four different cores were studied. Two parallel
surface cores (75 cm long) EJ7-MW1 and EJ5-MW?2 were sampled
at 3 cm and 10 cm intervals, respectively. In addition, a 3 m long
Nesje core (EJ-N) was collected by a group of scientists from the
University of Arizona. One sample from a fourth core, EJ-3 200-
201 cm, was also analyzed for this study. The sample names were
presented as core name and composite depth below the surface, for
example, EJ-N 344-345 cm indicates the sample was from EJ-N
core with the composite depth of 344-345 cm. The 75 cm long sur-
face core covers approximately the last 500 years and the bottom
of the EJ-N core has composite depth of 372 cm and represents
about 9100 yr.

Wet sediment

Freeze dry

Dry sediment

ASE (MeOH/DCM)

Solvent extract

Aminopropyl
SPE column

Neutral Lipids HF(zlltty a01d§d |5 Methylation
ydroxy-acids Silylation
Sili Keto-acids
ilica gel
chromatography
Hydrocarbons AlKkyl esters Alcohols
Chloroalkenes Diols, Keto-ols
¢ Triols, Sterols
Hydrogenation
DMDS adduction
Silylation

DMDS adduction

Fig. 1. Scheme for extracting and analyzing lipid biomarkers in El Junco sediments.

2.2. Lipid extraction, separation and identification

The method of lipid extraction was presented in Zhang and
Sachs (2007) and Zhang et al. (2007). The separation and analysis
scheme is shown in Fig. 1. Briefly, sediment samples were freeze
dried and internal standards were added prior to extraction.
Extractions were performed on a Dionex ASE-200 pressurized fluid
extractor with dichloromethane (DCM) and methanol (MeOH)
(9:1) at 10,342 kPa (1500 psi) and 150 °C. Neutral lipids were sep-
arated from fatty acids on an aminopropyl cartridge-style SPE col-
umn (Burdick & Jackson, size 500 mg/4 ml) by eluting with
DCM:isopropyl alcohol (3:1), followed by 4% acetic acid in diethyl
ether to recover fatty acids (F5) (Zhang and Sachs, 2007). Neutral
lipids were fractionated by column chromatography with 5%
water-deactivated silica gel. Hydrocarbons were eluted with hex-
ane (F1), wax esters with 10% ethyl acetate (EtOAc) in hexane
(F2), sterols/alcohols with DCM and/or DCM:MeOH (9:1) (F3),
MeOH (F4).

All fractions were analyzed using an Agilent 5890 gas chro-
matograph coupled to an Agilent 5989 mass spectrometer
(GC-MS). The GC was equipped with a DB-5 fused silica capillary
column (30m x 0.25 mm) coated with polydimethyl-siloxane
(film thickness 0.25 pm). The oven temperature began at 100 °C
and was increased to 300 °C at 4 °C/min. The ion source tempera-
ture in the mass spectrometer was 220°C and the ionization
energy was 70 eV.

2.3. Separation and identification of alkyl esters

Aliquots of F2 fractions isolated from EJ5-MW2 0-10, 10-20
and 40-50 cm intervals (composite depths 0-10, 10-20 and 40-
50 cm, respectively) were purified by silica gel TLC using hep-
tane:diethyl ether (91:9 v:v) as eluent. The bands were visualized
under UV light and those exhibiting Ry values between 0.65 and
0.80 were scraped off and extracted with diethyl ether. The ex-
tracts were concentrated and the recovered oils were analyzed
by GC-MS. Saponification of the oils was performed in 1 N KOH/
MeOH for 1 h under reflux. Thereafter the reaction mixture was di-
luted with water, acidified with 1 N aqueous HCl and extracted
with diethyl ether. The concentrated extracts were refluxed for
1 hin MeOH/HCI generated by the addition of a few drops of acetyl
chloride in MeOH, in order to esterify the acids released by sapon-
ification. The reaction mixture was then dried under reduced pres-
sure, followed by the addition of MeOH and evaporation. The
procedure was repeated three times to eliminate HCl traces. Final-
ly, aliquots of the recovered mixtures containing fatty acid methyl
esters and fatty alcohols were treated with N,N-bis trimethylsilyl-
trifluoroacetamide (BSTFA):pyridine (1:1), 200 ul at 60 °C for
15 min and then directly analyzed by GC-MS.

Standards of stearyl iso-palmitate, stearyl palmitate and palmi-
tyl stearate were prepared by reaction of the relevant alcohols and
acids in the presence of N,N’-dicyclohexylcarbodiimide and 4-
dimethylaminopyridine, according to the procedure of Neises and
Steglich (1978).

2.4. Dimethyldisulfide derivatization of unsaturated compounds

Dimethyldisulfide (DMDS; 200 pl) and 20 pl of a solution of io-
dine (60 mg) in 1 ml diethyl ether were added to a 20 pl solution of
heptane containing ~1 mg of lipids. After 48 h at 50 °C, the reac-
tion was quenched by the addition of 200 pl aqueous sodium thio-
sulfate solution (10% w/v). The heptane solution was decanted and
the aqueous phase was re-extracted twice with 200 pl heptane.
The combined extracts were evaporated under a stream of nitrogen
and analyzed by GC-MS.
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2.5. Hydrogenation

Hydrogenation of an aliquot of the hydrocarbon fraction iso-
lated from the EJ-N 344-345 cm sediment interval was performed
in heptane in the presence of a rhodium catalyst (Rh/C, 5%) at 70 °C
and 20 atm pressure for 1 h. The reaction mixture was then centri-
fuged; the supernatant was concentrated under vacuum and ana-
lyzed by GC-MS.

3. Results and discussions
3.1. Hydrocarbons

In addition to lycopadienes and lycopatrienes unique to
B. braunii race L, botryococcenes characteristic of B. braunii race
B, and C,5-C3; n-alkadienes and trienes indicative of race A (Zhang
et al,, 2007), a suite of hydrocarbons were present in the El Junco
sediment, including n-alkanes, n-alkenes, phytadienes and their
derived thiophenes, highly branched isoprenoids (HBIs), hopa-
noids, monomethyl alkanes and fernenes (Fig. 2).

3.1.1. Alkanes and alkenes

In the surface sediment, the n-alkane profile had a unimodal
distribution from C;7-Css, with a strong odd/even carbon number
predominance and Cp.x at Cp5 (Fig. 2a). In some deeper intervals
of the Nesje core (EJ-N 289-290, 294-295, 306-307, 344-345
and 351-352 cm) both C;9-C35 n-alkanes and n-alkenes exhibit
an odd/even carbon number predominance. The 289-290 cm inter-
val is characterized by the dominance of C;5 and C,; n-alkenes
(Fig. 3a), distinguishing it from the other intervals (e.g. Fig. 3b).
The predominance of alkenes over alkanes was previously noticed
in some upper sediment intervals from El Junco Lake (Zhang et al.,
2007) as well as in sediments from Lake Titicaca (Theissen et al.,
2005). In the latter case B. braunii race A was proposed as the po-
tential source of C5.1 and Cy7.1. In El Junco, C;5.1 and Cp7.; predom-
inated in the surface sediments but the characteristic
hydrocarbons produced by B. braunii race A in the same interval
were the Cyg., and Cs1., dienes (Zhang et al., 2007). Therefore the
high C;5.1/Cz5.0 and Cy7.1/Ca7.0 ratios result from the contribution
of other algae (Zhang et al., 2004, 2007).

3.1.2. Monomethyl alkanes

Monomethyl alkanes consisting of Cy (11-Me-Cyy), Coz (11-
Me—sz), C24 (11—Me—C23) and CZG (ll—Me—Czs and 13—ME—C25)
(Fig. 2b-d) are present in low concentrations in sediments from
0-50 cm in depth. The mid-chain position of branching markedly
differs from that observed in monomethyl alkanes present in tor-
banite extracts (Audino et al., 2001), precluding B. braunii as the
source. Moreover, their chain length is inconsistent with a cyano-
bacterial origin (Han and Calvin, 1970; Shiea et al., 1990 and refer-
ences cited therein). The most likely source for the El Junco methyl
alkanes is the epicuticular waxes of insects (Nelson and Blomquist,
1995 and references cited therein; Said et al., 2005), corroborated
by the observation of large insect population observed on and
around the lake during the field trip. The monomethyl alkanes
from El Junco sediments are characterized by branching points at
odd numbered carbon atoms and aliphatic chains containing pre-
dominantly odd numbers of carbon atoms (Cy;-Cys) (Fig. 2b),
which is in good agreement with methyl alkanes (C;5-Css5) from
some aquatic beetles isolated from a freshwater pond in Ontario
(Alarie et al., 1998). Contributions of insect lipids to sediments,
while unusual, have been reported in some Holocene cyanobacte-
rial mats that contained C,4-Cy45 methyl alkanes (Kenig et al., 1995)
and sediments from a freshwater lake in Tanzania that contained
C37,-C43 n-alkenes (de Mesmay et al., 2007).

3.1.3. Highly branched isoprenoids

Minor amounts of two Cys.; HBIs (Fig. 2b) characteristic of
diatoms were also present. Their structures were determined
by GC-MS after catalytic reduction and formation of DMDS
adducts and by comparison with published mass spectra. They
appear to be two diastereoisomers of 2,10,14-trimethyl-6-meth-
ylene-7-(3’-methylpentane)pentadecane (Dunlop and Jefferies,
1985), the isomerism being very likely related to the existence
of two configurations at C-7. Commonly found in marine
environments (Rowland and Robson, 1990), HBIs have also been
identified in some lacustrine sediments (de Mesmay et al., 2007;
Balascio et al., 2011). C,5.; HBI mono-enes were first reported in
epipelic diatoms isolated from the Tarmar Estuary, UK (Hird and
Rowland, 1995) and were later found in sediments from Florida
Bay (Xu et al., 2006) and in sea ice (Belt et al., 2007). Freshwater
diatoms from the Navicula genus, some of which occur in El
Junco Lake (Steinitz-Kannan et al., 1998), are reported to
produce Cps HBIs, but only those with more than one double
bond (Belt et al., 2001). The source of C,5.; HBIs in El Junco is
therefore unknown.

3.1.4. Isoprenoid thiophenes

Two isomers of C,q isoprenoid thiophenes were found in the 0-
10 cm sediment interval based on EI mass spectra (Fig. 2b), eluting
between the Cy; and Cy; n-alkanes. Such thiophenes are most likely
formed through the reaction of chlorophyll derived phytol and
hydrogen sulfide (H,S) via a phytadiene intermediate (Fukushima
et al., 1992; Rowland et al., 1993). The required reductive environ-
ment is corroborated by the existence of elemental sulfur (Sg) in El
Junco sediment (Fig. 2b).

3.1.5. Reduced squalenes

The presence of several compounds exhibiting mass spectral
ions at m/z 420, 418 and 416 suggests the occurrence of partially
reduced squalenes (squalane has m/z of 422). The most abundant
derivative, a Csg.2 squalene, is likely 2,3,6,7,18,19,22,23-octahy-
drosqualene based on a comparison of its EI mass spectrum
(Fig. 2e) with that of Cy9., trans,trans-lycopadienes (Fig. 2f). The
two mass spectra have similar fragmentation patterns in the
mid-chain and homologous fragment ions, differing by 70 amu
and corresponding to one isoprenoid unit. Methanogens and hal-
ophilic archaea are generally considered as the source of di-, tet-
ra- and hexahydrosqualenes in sediments (e.g. Evans et al., 1980;
Ferrante et al., 1986; Volkman et al., 1986; Stiehl et al., 2005). In
El Junco sediments, the slightly anoxic conditions revealed by the
presence of molecular sulfur (Sg) and phytadiene thiophenes
(Fig. 2b) imply that methanogenic archaea may have been pres-
ent. However, given the high abundance of Botryococcus lipids
in the sediment, a eukaryotic algal origin is more likely. A recent
survey of 28 axenic isolates belonging to the genus Choricystis,
inhabitants of freshwater lakes and, like Botryococcus, members
of the Trebouxiophyceae class (Senousy et al., 2004), indicates
that all synthesize significant proportions of dihydrosqualene
and trace amounts of tetrahydrosqualene in addition to squalene
(Fawley and Metzger, unpublished results). In El Junco, we
propose that B. braunii race L is a likely source of squalene deriv-
atives. In Zhang et al. (2007) we suggested that lycopadiene in El
Junco particulate matter and sediments may originate from the
enzymatic reduction of an acyclic carotenoid such as lycopene,
based on the presence of small concentrations of lycopatriene
isomers. The formation of octahydrosqualene, and possibly squa-
lane as well, would therefore reflect a lack of specificity of the
enzymatic system involved in the reduction of the lycopadiene
precursors.
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Fig. 2. Total ion chromatogram (TIC) and EI mass spectra of hydrocarbons in El Junco surface (E]J5>-MW2 0-10 cm) sediment. (a) Total ion chromatogram showing the
predominance of C4oHsg lycopadienes; (b) expanded portion of the TIC containing several peaks of branched acyclic compounds; (c-d) EI mass spectra of monomethyl
alkanes: 11-Me-tricosane (c) and 11-Me-pentacosane coeluting with its 13-Me isomer (d); (e) EI mass spectra of reduced squalene: 2,3,6,7,18,19,22,23-octahydrosqualene;
(f) EI mass spectra of trans,trans-lycopadiene marked by * in the TIC. ®: n-alkanes, O: n-alkenes, ¢>: mid-chain methyl branched C,,-C;¢ alkanes, bot: botryococcenes, Csg.»:
octahydrosqualene, f: fernenes, h1: 22,29,30-trisnorhop-17(21)-ene, h2: 17(B)-22,29,30-trisnorhopane, h3: hop-17(21)-ene is shown in Fig. 3, h4: 17(a),21(B)-hopane, h5:
17(at),21(B)-homohopane, h6: 17(B),21(p)-hopane, h7: hop-22(29)-ene, h8: 17(p),21(B)-homohopane, ph: phytadienes, sq: squalane, tmp: 6,10,14-trimethylpentadecan-2-

one, tmt: 2,6,10-trimethyltridecane.
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3.1.6. Hopene, fernene and chloroalkenes

Hopanoids and fernenes are important constituents of the
hydrocarbon fractions from deeper sediment intervals. Hopanoids,
which are commonly attributed to a prokaryote source, may also
derive from ferns, such as hop-22(29)-ene and hop-17(21)-ene
(Fig. 3a and b) (Ageta and Arai, 1983). Two fernene isomers also
are present (f in Fig. 3) that may derive from the water fern
Azolla microphylla whose remains are abundant in the sediments
of El Junco Lake (Schofield and Colinvaux, 1969).

In addition, unusual long chain chloroalkenes and chloroalkanes
appear to be present in El Junco sediments (Fig. 3). Long chain chlo-
roalkanes have been reported in halophytes (Grossi and Raphel,
2003), but never before in sediments. Details of their identification
and down-core variation in El Junco sediment will be the subject of
a subsequent paper.

3.2. Alkyl esters

Alkyl esters (Cy5-C3g) were present in appreciable concentra-
tions in near surface sediments, but their concentration decreased
rapidly with depth, disappearing below the 50-60 cm interval
(Table 1). Saturated and monounsaturated wax esters usually
co-eluted during our analyses of El Junco sediments. Their
molecular compositions were derived from both the GC-MS
analysis of fatty acids and fatty alcohols released by saponification
and the relative intensities of the [RCO,H,]" ions in summation
spectra obtained from each GC peak, as previously reported
(Cranwell et al., 1988). Both alcohols and acids exhibited ranges
between C;3 and Cyg, While iso-branching was limited to the Cig
and C;g compounds. The proportion of iso-branched and >Csg
components increased as a function of depth (Table 1).

The distribution of Cy5-Csg alkyl esters in El Junco sediment
were similar to those reported in three other freshwater lakes
(Cranwell et al., 1983; Robinson et al.,, 1986). The presence of
iso-branching in some alkyl and acyl chains is consistent with a

bacterial origin (Kaneda, 1977). All freshwater microalgae wax es-
ters exhibit straight-chain components although alkyl esters occur
in the range Cy5-C3g (Weete, 1976; Cranwell et al., 1988, 1990). In
higher plants the carbon chain lengths are typically longer (e.g. de
Leeuw, 1986; van Bergen et al., 1997; Jansen et al., 2006). Two
other possible sources of long chain alkyl esters in El Junco Lake
may be copepods (Volkman et al., 1980; Cavaletto et al., 1989)
and ciliated protozoans (Wheeler and Holmlund, 1975). Copepods
are abundant in El Junco (Zhang et al., 2007) but the connection
between the alkyl esters and copepods remains tentative. Further-
more, some bacteria may produce and accumulate high propor-
tions of wax esters under certain environmental conditions, such
as during nitrogen deprivation and/or when consuming hydrocar-
bons (Makula et al., 1975; Fixter et al., 1986).

3.3. Alcohols

3.3.1. Alkanols

Cy0-C3; n-alkan-1-ols exhibited a strong even/odd predomi-
nance and had a mean chain length centered at C,g throughout
the sediment interval (Fig. 4). This distribution suggests a terrige-
nous plant leaf wax origin, but an algal origin cannot be excluded
(Volkman et al., 1998). Alkanol abundance varied down-core:
appreciable concentrations in surface sediments (Fig. 4a), low
concentrations at 200-201 cm (Fig. 4b), and high concentrations
at EJ-N 344-345 cm (Fig. 4c).

3.3.2. Alkenols

C3p and Cs; alken-1-ols were present in the surface sediment
(Fig. 4a) and at 344-345 cm interval (Fig. 4c). DMDS adduction fol-
lowed by GC-MS analyses indicated the presence of three main Czq
alkenol adducts with molecular ions at m/z 602: two isomers co-
eluting (ca 95% of the whole) and a minor one (ca 5%) exhibiting a
slightly greater retention time. Mass fragmentation patterns estab-
lished that the minor Csy alkenol was triacont-21(®9)-en-1-ol
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Table 1

Composition of alkyl esters in a mud-water interface core (EJ5-MW2) from Lake El Junco.

Z. Zhang et al./ Organic Geochemistry 42 (2011) 823-837

Branch?/carbon number

0-10 cm depth

10-20 cm depth

40-50 cm depth

% Total esters

Dominant esters® (%)

% Total esters

Dominant ester (%) % Total esters Dominant ester (%)

n,n-25 0.1 10-15 (0.1) nd

n,n-26 2.2 11-15 (1.3) 0.8
in-27 0.3 12-15 (0.1) nd

n,n-27 59 11-16 (2.7) 21
in-28 0.7 13-15 (0.3) 0.5
n,n-28 16.5 13-15 (9.4) 5.8
in-29 1.4 13-16 (0.7) 0.8
n,n-29 22.4 13-16 (14.1) 9.2
1,i-30 Traces 1.6
i,n-30 2.7 14-16 (1.7) 4.8
n,n-30 23.0 14-16 (10.3) 13.0
in-31 1.5 15-16 (0.8) 1.5
n,n-31 113 15-16 (6.2) 6.4
i,i-32 0.6 16-16 (0.6) 4.0
in-32 2.0 16-16 (0.8) 9.6
n,n-32 5.7 15-17 (3.0) 12.2
in-33 Traces 1.1
n,n-33 1.5 16-17 (0.8) 2.5
i,i-34 Traces 2.6
in-34 0.6 16-18 (0.6) 7.1
n,n-34 1.6 16-18 (1.6) 6.4
n,n-35 Traces 1.3
1,i-36 nd 1.3
i,n-36 nd 25
n,n-36 Traces 2.9
Sii+in 9.2 37.4
S >C39 24.8 61.4

nd
11-15 (0.5) nd

nd
11-16 (1.0) 0.8 11-16 (0.8)
13-15 (0.2) nd
13-15 (3.1) 3.6 13-15(2.1)
14-15 (0.4) nd
13-16 (5.7) 44 13-16 (3.1)
14-16 (1.1) 3.8 14-16 (3.8)
14-16 (3.4) 4.9 14-16 (4.9)
14-16 (6.6) 12.5 14-16 (5.5)
15-16 (0.6) 2.3 15-16 (1.0)
15-16 (3.3) 6.3 15-16 (3.4)
16-16 (2.7) 6.2 16-16 (4.1)
16-16 (5.2) 12.0 16-16 (6.5)
14-18 (4.9) 109 16-16 (3.4)
16-17 (0.6) 1.2 16-17 (0.7)
16-17 (1.0) 2.0 16-17 (1.0)
16-18 (2.0) 4.4 16-18 (4.4)
16-18 (6.2) 9.4 16-18 (8.5)
16-18 (5.1) 6.3 16-18 (5.0)
17-18 (0.7) 1.0 18-17 (0.4)
18-18 (0.9) 2.2 18-18 (2.2)
18-18 (2.0) 2.8 18-18 (2.2)
18-18 (2.4) 2.3 18-18 (1.9)

49.2

69.3

nd: not detected.
¢ i=iso branching, n = straight chain; i and n can apply to acyl or alkyl moieties.
b Carbon numbers of acid-alcohol.

(ion fragments at m/z173 and 429 from vicinal o-cleavage),
while the two co-eluting isomers were derived from triacont-
14(®16)-en-1-ol (characteristic ions at m/z271 and 331; Fig. 5a)
and triacont-15(w15)-1-ol (characteristic fragment ions at
m/z 257 and 345; Fig. 5a), respectively. A small fragment ion at
m/z 285 (Fig. 5a) suggested the existence of a third co-eluting DMDS
adduct of triacont-13(®17)-en-1-ol. Due to co-elution of the DMDS
adducts of Cs; alkenols with unknown compounds, the position of
the double bond could not be determined in these higher
homologues. Although alkenols occurrence in numerous eustig-
matophytes (Volkman et al., 1992, 1998, 1999a; Gelin et al., 1997;
Méjanelle et al., 2003) and in some freshwater chlorophytes (Allard
and Templier, 2000) would suggest a microalgal origin, long chain
n-alkenols are relatively uncommon in sediments (Xu et al., 2007).
Short chain n-alkenols (C,q.1 and C,5.1) were reported in suspended
particles and sediments from the East China Sea and were proposed
to derive from copepods (Jeng and Huh, 2004). Given the fact that a
large amount of copepods throughout the water column of El Junco
was observed in 2004, they might be a source for the long chain
n-alkenols in this lake in addition to microalgal source.

3.3.3. Sterols

4-Desmethylsterols were the main steroidal alcohols in El Junco
surface sediments (Fig. 4a). Relatively high abundances of
cholesterol, 24-methylcholest-5-en-3B-ol, 24-ethylcholesta-5,22-
dien-3B-ol and 24-ethylcholesta-7,22-dien-3B-ol, and low concen-
trations of 24-ethylcholest-5-en-3B-ol indicates a predominantly
microalgal source (Volkman et al., 1998). Moreover, the higher
relative abundance of 5(a) H stanols (cholestanol, 24-methylcho-
lestanol and 24-ethylcholestanol; Fig. 4a) is indicative of bacterial
reduction at the water/sediment interface rather than a direct
input from microalgae (Gaskell and Eglinton, 1975; Smith et al.,
1983a; Volkman et al., 1990). In sharp contrast, the sterol fraction
from 344-345cm (Fig. 4c) was dominated by 40,23,24-

trimethyl-50-cholest-22-en-3B-ol and 4a,23,24-trimethyl-5a-
cholestan-3p-ol, commonly referred to as dinosterol and dinosta-
nol, respectively, and indicative of a dinoflagellate source (Boon
et al., 1979; Robinson et al., 1984, 1987), though some diatoms also
produce these lipids (Volkman et al., 1993). At 200-201 cm steroi-
dal alcohols occurred in low concentration and were dominated by
24-ethylcholesterol (Fig. 4b).

3.4. Long chain diols, triols and keto-ols

3.4.1. Diols and triols

Both vicinal and terminal/mid-chain diols occurred in El Junco
sediments, though the majority of them contained one hydroxyl
group at the terminal position. In the three sediment intervals
examined about 32 distinct C39-C36 diols were identified based
on the mass spectra of their TMSi ethers (Table 2). C3o diols
were dominant in the 0-10 and 344-345cm intervals, while
Cs, diols predominated in the 200-201 cm interval (Fig. 4). In
the latter interval minor amounts of Cs3g diols were also detected
(TIC peak not shown in Fig. 4). Each mass spectrum exhibited
ions at m/z [M*"-90] due to the loss of HOTMSi, and fragment
ions resulting from the cleavage around the carbon bearing the
mid-chain OTMSi group. The presence of homologous fragment
ions in almost all the spectra indicated the presence of
co-eluting isomers with the mid-chain hydroxyl group occurring
at various o positions (Table 2). Thus the spectrum of the co-
eluting Cs;.9 diols in the 344-345 cm sediment interval showed
ion pairs at m/z313/415, 327/401, 341/387 and 369/359, indica-
tive of mid-chain hydroxyl groups at w16 (1,17-dotriacontanedi-
ol), 17 (1,16-dotriacontanediol), ®18 (1,15-dotriacontanediol)
and ®20 (1,13-dotriacontanediol), respectively (Figs. 4c and 5b).

The relative proportions of the isomeric diols were calculated
based on the relative intensities of the fragment ions in the sum-
mation spectra obtained from each GC-MS peak (Table 2). The
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Fig. 4. TICs of trimethylsilyl derivatives of polar fractions (MeOH eluates from silica gel) of lipid extracts from three sediment intervals: (a) E]5-MW2 0-10 cm, (b) EJ-3 200-
201 cm and (c) EJ-N 344-345 cm. B: n- alkan-1-ols, O0: n- alken-1-ols, a: mid-chain alkyl diols, A: mid-chain alkenyl diols, V: mid-chain keto-ols, i.s. internal standard (n-
tricosan-1-ol), 1: cholest-5-en-3p-ol, 2: 5aH-cholestan-3p-ol, 3: 24-methylcholest-5-en-3B-ol, 4: 24-methylcholestan-3B-ol, 5: 24-ethylcholesta-5,22-dien-3B-ol, 6: 24-

ethylcholest-22-en-3p-ol (24-ethyl A22-coprostenol), 7: 24-ethylcholesta-7,22-dien-3-ol, 8: 24-ethylcholestan-3p-ol, 9: 24-ethylcholest-7-en-3-ol.

preferential positions of the hydroxy group in the mid-chain ap-
peared variable among different sediment intervals. While the
mid-chain hydroxyl group was mainly located at ®20 in C3p—Csg
diols at 200-201 cm, the w18 and ®w16 positions characterized
the C3,-C34 and C3p-C3; diols at 0-10 cm and 344-345 cm, respec-
tively (Table 2).

Occurring in a variety of marine and freshwater sediments
(Versteegh et al., 1997; Xu et al., 2007; Speelman et al., 2009;
Shimokawara et al., 2010), long mid-chain diols have a wide diver-
sity of sources, including the marine eustigmatophyte genus Nan-
nochloropsis (Gelin et al., 1997; Méjanelle et al., 2003; Volkman
et al, 1992), some freshwater eustigmatophytes of the genus
Vischeria (Volkman et al., 1998), marine diatoms of the genus
Proboscia (Sinninghe Damsté et al., 2003), two terrestrial Osmunda
regalis ferns (Jetter and Riederer, 1999), the aquatic fern Azolla
filliculoides (Speelman et al., 2009), and the cuticular waxes of some
terrestrial plants (Jetter et al., 1996; Jetter, 2000; Wen et al., 2006).

Two Cs3, (1,16-dotriacontenediol and 1,15-dotriacontenediol)
and one Czq (1,16-triacontenediol) monounsaturated diols were
also identified in two sediment intervals (0-10 and 344-345 cm)
(Fig. 4a, c; Table 2). The fragment ions formed by cleavage around
the carbon bearing the mid-chain OTMSi group suggested that the
double bond was located between the terminal methyl group and
C-16 in the C3q.; diol, and between C-1 and C-15 (or C-16) in the
two C3y.1 isomers. The occurrence of unsaturated long mid-chain
alkenediols has been reported in some Nannochloropsis species
(Volkman et al, 1992) and in some recent sediments (Smith

et al., 1983b; Morris and Brassell, 1988). The occurrence in both
the surface sediments and deeper zones implies favorable condi-
tions for preservation of these lipids in El Junco.

Three diols and one triol with hydroxyl groups at ®9 and ®10
(vicinal diols) occurred in relatively high concentration at 200-
201 cm, and at low concentrations at 0-10 cm and 344-345 cm
(Fig. 4). Structures were assigned based on mass spectra of their
TMSi ether derivatives which exhibited a common m/z 215 ion
resulting from cleavage of the bond between the carbons bearing
the two vicinal OSiMes groups (Fig. 6a-c). They were identified
as 9,10-heptacosanediol (Fig. 6a), 9,10-octacosanediol and 9,10-
nonacosanediol (Fig. 6b) and 1,09,w10-nonacosanetriol (Fig. 6c).
A Cy9 diol and triol were recently identified in the leaf wax of the
aquatic fern Azolla filliculoides and in Eocene sediments from the
Arctic containing Azolla remains (Speelman et al., 2009). The co-
variation of El Junco diols and triols with fernenes (Figs. 3 and 4)
suggests they may have a common source in the aquatic fern Azolla
whose fossil remains are abundant in the sediments of El Junco
Lake (Schofield and Colinvaux, 1969). The additional presence of
minor amounts of C,7 and Cyg 9,10 diols (Fig. 4b) may result from
diagenesis or a biosynthetic response of Azolla to environmental
conditions.

3.4.2. Keto-ols

A variety of C3p-Cs34 and Csg keto-ols occurred in El Junco
sediments (Fig. 4; Table 3). The mass spectra of the TMSi ethers of
the 22 keto-ols each exhibited intense ions at m/z (M-Me)",
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characteristic ions at 130 and 143, and fragment ions from C-C
cleavages B to the carbonyl group (Fig. 5c). Typically 2-5 isomers
co-eluted at each carbon chain length (Table 3), with the predomi-
nant position for the carbonyl group usually the same as that ob-
served for the mid-chain hydroxyl groups in the same sample (i.e.
at w16 for C3p at 0-10 and 344-345 cm; ®»18 for Csy, C33, C34 and
C3g at 344-345 cm, and ®18 and ®20 for C3¢-C3g at 200-201 cm).

Long chain keto-ols generally co-occur with the corresponding diols
in marine and lacustrine sediments (de Leeuw et al., 1981; Smith
et al., 1983b; Versteegh et al., 1997; Xu et al., 2007; Speelman
et al., 2009). The source of keto-ols in sediments remains debated
(Xuetal.,, 2007), particularly whether they represent primary inputs
(Jetter and Riederer, 1999) or diagenetic alteration products
(Ferreira et al., 2001; Sinninghe Damsté et al., 2003).



Z. Zhang et al./ Organic Geochemistry 42 (2011) 823-837 831

Table 2

Distribution of long chain diol isomers? in three selected sediment intervals with characteristic [fragment ions].

Chain length Positions of the mid-chain hydroxyl group
ol5 16 ol7 18 19 ®20
EJ5-MW2 0-10 cm
Cs0:0 1,16 (18) 1,15 (100)
[299, 401] [313, 387]
C30:1 1,16 (100)
[299, 399]
Cs1:0 1,17 (4) 1,16 (20) 1,15 (100) 1,14 (10)
[299, 415] [313, 401] [327, 387] [341, 373]
Cs2:0 1,17 (10) 1,16 (4) 1,15 (100) 1,13 (21)
[313, 415] [327, 401] [341, 387] [369, 359]
Cs2:1 1,16 (8) 1,15 (100)
[325, 401] [339, 387]
Cs4:0 1,19 (56) 1,18 (17) 1,17 (100) 1,16 (10)
[313, 443] [327, 429] [341, 415]
EJ-3 200-201 cm
Cs0:0 1,16 (4) 1,15 (35) 1,14 (9) 1,13 (57) 1,12 (3) 1,11 (100)
[299,401] [313, 387] [327, 373] [341, 359] [355, 345] [369, 331]
Cs1:0 1,15 (10) 1,14 (4) 1,13 (10) 1,12 (100)
[327, 387] [341, 373] [355, 359] [369, 345]
Csz:0 1,15 (7) 1,13 (100)
[341, 387] [369, 359]
Cs3.0 1,18 (6) 1,17 (19) 1,16 (11) 1,15 (4) 1,14 (100)
[313, 429] [327, 415] [341, 401] [355, 387] [369, 373]
Csa:0 1,17 (90) 1,16 (2) 1,15 (100)
[341, 415] [355, 401] [369, 387]
C36:0 1,19 (6) 1,18 (3) 1,17 (100)
[341, 443] [355, 429] [369, 415]
EJ-N 344-345cm
C30:0 1,16 (14) 1,15 (100) 1,14 (3)
[299, 401] [313, 387] [327, 373]
Cs0:1 1,16 (100)
[299, 399]
Cs1:0 1,16 (52) 1,15 (100) 1,14 (28)
[313, 401] [327, 387] [341, 373]
Cs2:0 1,17 (8) 1,16 (7) 1,15 (100) 1,13 (43)
[313, 415] [327, 401] [341, 387] [369, 359]
[P 1,15 (100)
[339, 387]
Cs3:0 1,18 (49) 1,17 (92) 1,16 (100) 1,15 (16) 1,14 (61)
[313, 429] [327, 415] [341, 401] [355, 387] [369, 373]
Cs4:0 1,19 (12) 1,18 (6) 1,17 (100) 1,16 (6) 1,15 (88)
[313, 443] [327, 429] [341, 415] [355, 401] [369, 387]

¢ For a given chain length the relative proportions of isomers (in brackets) were determined by comparing in the mass spectra the relative intensities of the fragment ions
resulting from the cleavage of the C-C bonds vicinal to the OSiMes group as shown in Fig. 5b.

3.5. Long chain hydroxy acids and keto acids

3.5.1. Hydroxy acids

A series of hydroxy acids occurred in conjunction with the ubiqg-
uitous Cy4-C34 n-fatty acids centred at either C,g or Cpg (Fig. 7a-d).
GC-MS spectra of methylated and silylated acids (F5 fraction;
Fig. 1) revealed a homologous series of C;4—C3g m-hydroxy acids,
maximizing at Cyg or Cg and exhibiting an even/odd predomi-
nance (Fig. 7). These hydroxy acids are generally considered to
originate from cutins, suberins and higher plant epicuticular waxes
(Eglinton et al., 1968), though microalgal sources exist for com-
pounds with >28 carbon atoms (Blokker et al., 1998; Volkman
et al., 1999b; Allard and Templier, 2001). The long chain (w-1)-
hydroxy acids were also observed (Cag, Cag, C30, C32 and Csy; Fig. 7)
which may derive from methylotrophic bacteria (Nichols et al.,
1985; Urakami and Komagata, 1987; Skerratt et al., 1992), symbiotic
Rhizobium (Hollingsworth and Carlson, 1989; Gil-Serrano et al.,
1994), and/or certain cyanobacteria (Volkman et al., 1998).

In addition, very long chain hydroxy acids ranging from C3¢—Czg
(excluding Css), exhibiting one mid-chain hydroxyl group, were
present in all sediment intervals examined (e.g. Fig. 7). The mass
spectra were dominated by intense fragment ions resulting from
cleavages around the carbon bearing the OSiMes group (Fig. 5d).

As with the diols, the mass spectra of hydroxy acids had homolo-
gous fragment ions indicative of co-eluting isomers (Table 4). At
344-345cm ®16 (15-OH-Czg, 19-OH-C34 and 21-OH-Cz6) and
®18 (15-OH-C3,) hydroxy acids dominated while the ®20 (11-
OH-C39, 13-OH-C3;, 15-OH-C34 and 17-OH-C36) counterparts
were dominant at 200-201 cm. This difference in the hydroxy acid
distribution between the two intervals is similar to that observed
for long chain diols (Tables 2 and 4). The dominance of ®»20-hydro-
xy acids and diols at 200-201 cm is indicative of substantial input
of Azolla lipids (Speelman et al., 2009), a premise corroborated by
the existence of the C,9 20,21-dihydroxy-nonacosanoic acid
(Figs. 6d and 7b). By contrast, the predominance of ®w16- and
®18-hydroxy acids and diols at 344-345 cm implies a microalgal
source (Versteegh et al., 1997).

3.5.2. Keto acids

Two series of keto acids were found in El Junco sediments. The
first is a series of Cyg, C39 and Csz, (®-1)-keto acids (Fig. 7). Less
abundant than the hydroxy acids, these compounds were identi-
fied as methyl esters on the basis of mass spectra containing frag-
ment ions at m/z 58 (McLafferty rearrangement), [M"-MeOH],
[M*-CH,COCH3] and [M*"-CH,COCH3-MeOH-H] (Fig. 8a). In addi-
tion, a previously unreported homologous series of long chain keto
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Table 3

Distribution® of isomers in long chain keto-1-ols in three selected sediment intervals with characteristic [fragment ions].

Chain length

Position of the mid-chain keto group

ol5 ol6 17 ol8 w19 ®20
EJMW2 0-10 cm
Cso0:0 1,16 (6) 1,15 (100) 1,14 (5)
[312, 342] [326, 328] [340,314]
Cs2:0 1,17 (17) 1,16 (15) 1,15 (100) 1,14 (5) 1,13 (18)
[326, 356] [340, 342] [354, 328] [368, 314] [382, 300]
EJ-3 200-201 cm
C30:0 1,15 (34) 1,14 (11) 1,13 (44) 1,11 (100)
[326, 328] [340,314] [354,300] [382, 272]
Cs2:0 1,15 (9) 1,13 (100)
[354, 328] [382, 300]
Cs4:0 1,17 (100) 1,15 (60)
[354, 356] [382, 328]
Cs6:0 1,19 (6) 1,18 (3) 1,17 (100)
[354, 384] [368, 370] [382, 356]
EJ-N 344-345cm
Cs0:0 1,16 (13) 1,15 (100) 1,14 (15)
[312, 342] [326, 328] [340,314]
Cs2:0 1,17 (14) 1,16 (7) 1,15 (100) 1,13 (18)
[326, 356] [340, 342] [354, 328] [382, 300]
Cs3:0 1,18 (17) 1,17 (25) 1,16 (100) 1,14 (40)
[326, 370] [340, 356] [354, 342] [382, 314]
Cs4:0 1,19 (12) 1,18 (6) 1,17 (100) 1,16 (9) 1,15 (33)
[326, 384] [340, 370] [354, 356] [368, 342] [382, 328]
Cs6:0 1,19 (100) 1,17 (20)
[354, 384] [382, 356]

2 For a given chain length, the relative proportions of isomers (in brackets) were determined by comparing in the mass spectra the relative intensities of the fragment ions
resulting from the cleavage of the C-C bonds B to the keto group according to the schema shown in Fig. 5c.

acids with the oxo-group in the mid-chain was observed. Even
numbered from C3p-Csg, these acids were characterized on the
basis of the mass spectra of their methyl esters showing pairs of

fragment ions resulting from McLafferty rearrangements (cf.
Fig. 8b). All the spectra contained several ion pairs suggesting the
presence of co-eluting isomers. Thus, the mass spectrum of the
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C34 keto acids from 344-345 cm (Fig. 8b; Table 5) exhibited ions at
m/z 354/240, 340/254, 326/268, 312/282, 298/296 and 284/310
indicative of the presence of 20-, 19-, 18-, 17-, 16- and 15-keto
acids, respectively, with 19(®16)-keto predominating. The relative
proportions of the isomeric keto acids were estimated based on the
relative intensities of these ions (Table 4) and indicated a preferen-
tial position of the keto group at @16 at 344-345 cm and ®20 at
200-201 cm.

(w-1)-Keto acids have been rarely reported in sediments
(Haugh et al., 1971; Barakat et al., 1994). To our knowledge, in liv-
ing organisms they have only been reported in Legionella (Moll
et al., 1992). These Gram-negative bacteria are known to inhabit
various anthropogenic and natural freshwater environments at
very low concentrations (Declerck et al., 2007). Given the reducing
conditions prevailing in El Junco sediments, (®-1)-keto acids are
likely to originate from biotic oxidation of the corresponding
(®-1)-hydroxy acids by anaerobic bacteria.

Similar positions of the mid-chain hydroxy and keto groups
suggest these lipids may share a common source. Reports of such
long chain keto acids in living organisms are sparse, but they do oc-
cur in the rhizomes of some higher plants (Gupta et al., 1983,
1986). In El Junco sediments mid-chain keto acids may derive from
biotic oxidation of diols through diol — keto-ol — keto acid and/or
diol — hydroxy acid — keto acid pathways.

3.6. Ecological and environmental implications

A wide diversity of lipid biomarkers in El Junco Lake implies
that multiple sources of plants, plankton, microbes and inverte-
brates contribute substantial quantities of lipids to the sediment
(Table 6). While some of them can be linked to specific sources,
others cannot. By evaluating the entire suite of lipids we can begin
to infer certain first and second order characteristics of the envi-
ronment and ecology of the El Junco Lake catchment over time.
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Distribution® of isomers in long chain mid-chain hydroxy acids in two different sediment intervals with characteristic [fragment ions].

Chain length Positions of the hydroxyl group
l5 16 wl7 ol8 19 ®20 22
EJ-3 200-201 cm
Cs0:0 15-OH (12) 14-0H (2) 13-OH (19) 11-OH (100) 9-OH (3)
[313, 343] [327, 329] [341, 315] [369, 287] [397, 259]
Cazo 15-OH (6) 13-OH (100)
[341, 343] [369, 315]
Csa:0 19-OH (3) 17-OH (4) 15-OH (100)
[313, 399] [341, 371] [369, 343]
Cs6:0 21-OH (34) 20-OH (3) 19-OH (39) 18-OH (2) 17-0H (100)
[313, 427] [327, 413] [341, 399] [355, 385] [369, 371]
EJ-N 344-345 cm
Cs0:0 16-OH (23) 15-0OH (100) 14-0H (9) 13-OH (17) 11-0H (31)
[299, 357] [313, 343] [327, 329] [341, 315] [369, 287]
Cszi0 18-OH (47) 17-OH (74) 16-OH (9) 15-OH (100) 13-OH (33)
[299, 385] [313,371] [327, 357] [341, 343] [369, 315]
Csa:0 20-OH (10) 19-OH (100) 18-OH (4) 17-OH (7) 15-OH (11)
[299, 413] [313, 399] [327, 385] [341, 371] [369, 343]
Cse:0 21-OH (100) 20-OH (3) 19-OH (21) 17-OH (4)
[313, 427] [327, 413] [341, 399] [369, 371]

2 For a given chain length, the relative proportions of isomers (in brackets) were determined by comparing in the mass spectra the relative intensities of the characteristic
[fragment ions] resulting from the cleavage of the C-C bonds vicinal to the OSiMe; group as shown in Fig. 5d.

74

OMe

1007 143

50

Relative intensity (%)

100

200 300 500 mfz

(b) WH

74

oMe
2827w
w_, 340 2™ 308
74
OMe
100
)
=
)
=
(7]
[
7]
2
£
2
= 312 M*-OMe
N Vo
@ ]
[+ ot 463 505535
100 200 300 400 500 m/z

Fig. 8. El mass spectra and fragmentation patterns of (a) 29-oxo-triacontanoic acid methyl ester and (b) co-eluting isomers of oxo-tetratriacontanoic acid methyl esters (oxo
group at positions C-15 to C-20) in the EJ-N 344-345 cm interval, dominated by the 17- and 19-oxo compounds.

Leaf wax from higher plants in the catchment is the source of
both long chain n-alkanes with an odd/even predominance and
long chain n-alkanols with an even/odd predominance. Leaf cutin
may be a source for m-hydroxy acids in the sediments.

B. braunii races A, B and L contribute alkadienes/alkatrienes,
botryococcenes and lycopadienes/lycopatrienes, respectively, to
the water column and sediments of El Junco Lake. The relatively
high abundance of alkadienes in the water column and near ab-
sence in the surface sediment leads us to hypothesize that they
may be metabolized by hydrocarbon degrading bacteria. Hydroge-
nated squalenes could be synthesized in a similar fashion to lycop-
adienes, reflecting a possible lack of specificity of the enzymatic
system involved in the reduction of the lycopadiene precursors.

Copepods are red zooplankton that graze extensively on B. brau-
nii (Zhang et al., 2007). They may contribute to the substantial

amount of wax esters in the surface sediment (Volkman et al.,
1980). The insects inhabiting the lake catchment are the likely
source of mid-chain methyl branched alkanes (C31-Cys).

Phytadienes in the sediment was formed by the biodegradation
of phytol by anaerobic bacteria (Table 6). Meanwhile the reduced
environment evidenced in the existence of elemental sulfur (Sg)
enable the formation of thiophenes through abiotic sulfurization.
Such environment may also facilitate the formation of (®-1)-hy-
droxy acids by methylotrophic bacteria.

Navicula diatoms are the likely source of HBI alkenes in El Junco
sediments. They may also contribute long, mid-chain diols as well,
though this conclusion is tentative.

Short chain alkenes and alkanes are likely from microalgal
sources. Freshwater eustigmatophytes can be potential sources of
sterols, C;,-Cyg n-alcohols and C,s-Cs, n-alkyl diols. Although a
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Table 5
Distribution® of isomers in long chain keto acids in two different sediment intervals with characteristic [fragment ions].
Chain length Positions of the oxo group?®
ol5 16 wl7 18 19 ®20
EJ-3 200-201 cm
Cs0:0 15-CO (9) 14-CO (4) 13-CO (15) 12-CO (3) 11-CO (100)
[284, 254] [270, 268] [256, 282] [242, 296] [228, 310]
Cs2.0 15-CO (17) 14-CO (10) 13-CO (100)
[284, 282] [270, 296] [256, 310]
Csa:0 19-CO (16) 18-CO (3) 17-CO (36) 16-CO (3) 15-CO (100)
[340, 254] [326, 268] [312, 282] [298, 296] [284, 310]
EJ-N 344-345 cm
Cs0:0 16-CO (13) 15-CO (100) 14-CO (10) 13-CO (28) 12-CO (18) 11-CO (47)
[298, 240] [284, 254] [270, 268] [256, 282] [242, 296] [228, 310]
Cs2:0 18-CO (37) 17-CO (100) 16-CO (7) 15-CO (18) 14-CO (13) 13-CO (12)
[326, 240] [312, 254] [298, 268] [284, 282] [270, 296] [256, 310]
Csa:0 20-CO (10) 19-CO (100) 18-CO (7) 17-CO (14) 16-CO (6) 15-CO (7)
[354, 240] [340, 254] [326, 268] [312, 282] [298, 296] [284, 310]
C36:0 21-CO (100) 20-CO (5) 19-CO (33) 17-CO (4)
[368, 254] [354, 268] [340, 282] [312, 310]

@ For a given chain length, the relative proportions of isomers (in brackets) were determined by comparing in the mass spectra the relative intensities of the characteristic
[fragment ions] resulted from MacLafferty rearrangement as shown in Fig. 5e. Due to the low resolution of their mass spectra, the distribution of the odd carbon numbered

keto acids could not be estimated.

Table 6

Possible sources of lipid biomarkers isolated from sediments of El Junco Lake.

Biomarkers

Sources

Hydrocarbons

n-C;7,-C3s alkanes and alkenes
C34:6 botryococcenes

Ca0:2 lycopadienes

Cy9:2 and Cs;.» alkadienes
Phytadienes

Sulfurized phytadienes
Hydrogenated squalenes
Fernenes

Cys.1 HBIs

Mid-chain Me-br alkanes (C;1-Cys)
Hopanoids

Alkyl esters

Dinosterols/dinostanols

n-Alkanols and n-alkenols

Long chain mid-chain diols and mid-chain hydroxy acids
Long chain mid-chain keto-ols and keto acids
w-Hydroxy acids

(w-1)-Hydroxy acids

Microalgae and higher plants
Botryococcus braunii race B
Botryococcus braunii race L
Botryococcus braunii race A
Biodegradation of phytol by anaerobic bacteria
Abiotic sulfurization of phytadienes
Botryococcus braunii race L (?)
Azolla microphylla, ferns, bacteria
Diatoms

Insect cuticules

Bacteria

Copepods or bacteria?

Dinoflagellate

Higher plants and microalgae/copepods, respectively
Microalgae (Eustigmatophytes? Diatoms?), Azolla microphylla
Biotic oxidation of diols and hydroxy acids, respectively.
Higher plant cutins, microalgae

Methylotrophic bacteria, cyanobacteria

variety of sources could contribute long mid-chain diols to fresh-
water sediment, the co-occurrence of both diols and triols as well
as mono-unsaturated diols seems to indicate that freshwater
eustigmatophytes are likely to be the major source.

Vicinal diols with 27-29 carbon atoms and hydroxyl groups at
®9 and ®10 are most likely sourced from Azolla, a floating fern,
whose fossil remains are abundant in the sediments of El Junco
Lake. Azolla is also the main source of 20,21-dihydroxy-nonacosa-
noic acid and ®20-hydroxy acids. On the other hand, ®16 and
®18 hydroxy acids and diols imply a microalgal source.

The long, mid-chain keto-ols and keto acids likely to derive
from biotic oxidation of diols and hydroxy acids, respectively, gi-
ven their similarities in chain length and the position of functional
groups (hydroxyl group and keto group position in the middle of a
chain).

4. Conclusions

Sediments from El Junco Lake contain a rich variety of unusual
lipids. Long chain n-alkan-1-ols, alken-1-ols, mid-chain terminal

diols and unsaturated diols, vicinal diols and triols, and keto-ols oc-
curred together in the three Holocene sediment intervals investi-
gated. Long chain C3p-Csg diols with one terminal hydroxyl
group and one hydroxyl group at ®15-®19 are likely from micro-
algae, as are the mono-unsaturated C3o and Cs; diols. Vicinal diols
with two hydroxyl groups at ®9 and ®10, together with one Cyg
triol indicate that they are probably derived from the aquatic fern
Azolla. C39-C36 keto-ols in surface and deep sediments may be de-
rived from living organisms or biotic oxidation.

In addition to those biomarkers featured by hydroxyl groups, a
series of acids, including n-fatty acids, hydroxy acids and keto acids
also co-occurred in El Junco sediments. Similar to those in diols,
hydroxyl groups in C3p-Csg hydroxy acids occurred at the ®16
and ®18 positions in some sedimentary intervals, and at ®20 in
other intervals. The dominance of ®20-hydroxy acids and diols at
200-201 cm is indicative of substantial lipid contribution from
Azolla, corroborated by the presence of 20,21-dihydroxy-
nonacosanoic acid. By contrast, the predominance of ®w16 and
18 in the hydroxyl acids and the diols in the deeper portion of
the core supports a microalgal origin. Long chain (®-1)-hydoxy
acids (C6-C34) could be the signature of methylotrophic bacteria,
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symbiotic Rhizobium and/or cyanobacteria. Cyg, C39 and C3; (®-1)-
keto acids most likely originated from the biotic oxidation of the
corresponding (®-1)-hydroxy acids. The discovery of long chain
keto acids with the oxo-group in the mid-chain has not previously
been reported.
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