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Abstract

Micro-scale analytical techniques permit correlation of chemistry with morphology of individual Proterozoic acritarchs
(organic-walled microfossils), and thus provide new approaches for elucidating their biological affinities. A combination of
micro-Fourier transform infrared (FTIR) spectroscopy and laser micro-Raman spectroscopy was used to investigate the organic
structure and composition of individual acritarchs. Well preserved Neoproterozoic acritarchs from the Tanana Formation, Aus-
tralia (ca. 590-565 Ma), and Mesoproterozoic acritarchs from the Roper Group (1.5-1.4 Ga), Australia, and Ruyang Group,
China (1.4-1.3 Ga, age poorly resolved but certainly >1000 Ma and <1625 Ma) have thermal maturities that range from imma-
ture to oil window. FTIR spectra ofanarium conoideurfrom the Tanana Formation contain intense aliphati¢iGtretching
bands in the 2900 cm region relative to the €C aromatic ring stretching band at 1600TmiThis FTIR spectrum is consistent
with the FTIR spectra obtained from algaenans isolated from extant chlorophyte and eustigmatophyte microalgae. FTIR spectra
of Leiosphaeridiasp. from the Tanana Formation contain a less intense aliphati¢ €retching band relative to the<C
aromatic ring stretching band. By comparison, the spectra acquired from the Mesoproterozoic acritarchs were dominated by
C=C aromatic ring stretching bands at 1600¢melative to moderate-weak GHerminal groups (1345 cnd), C—H aliphatic
stretching (3000-2700 ch), and G=0 (1710 cn1t), although some differences in biopolymer composition occurred between
species. Curve-fitting of the aliphatie-€l, stretching region provides greater insight into the aliphatic structures of the acritarchs.
The CH/CHgs intensity ratio can be used to assess the relative chain length and degree of branching. Organic material in the
Tanarium conoideuroonsists of straight long chain hydrocarbons, while the other acritarchs contain hydrocarbons consisting of
short chains that are highly branched. In this study it was found that Raman spectroscopy does not provide additional information
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about biopolymer composition of Proterozoic acritarchs, but rather offers complementary data regarding the aromaticity and
degree of saturation of the macromolecular structure of acritarch cysts.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to the Neoproterozoic (600 Ma). However, recent
morphological studies of acritarchs from the Mesopro-
Acritarchs are organic-walled, acid-resistant micro- terozoic (1.5-1.4 Ga) Roper Group in northern Aus-
fossils of unknown biological affinities, ranging in age tralia suggest an earlier diversification than previously
from the Proterozoic through to nearly the present. known (Javaux et al., 2001). Morphological and ultra-
Conventionally, acritarchs have been interpreted as structural details of these well preserved acritarchs
the cysts of eukaryotic algae, but the group probably differentiate them from prokaryotic microfossils and
also includes prokaryotic sheaths, heterotroph protists, reveal a moderate degree of both protistan diversity
vegetative parts of cells or multicellular organisms and cellular complexity (Javaux et al., 2001, 2003,
(Butterfield, 2004), and even animal egg cases (Van 2004a,b). However, the biological affinities of these
Waveren, 1992). microfossils have not been determined below the level
During the last three decades several attempts haveof domain.
been made to establish links between acritarchs and Palaeontologists have long wished to link diagnos-
modern phytoplankton taxa (Wall, 1962; Downie et tic organic molecules directly to individual microfossil
al., 1963; Staplin et al., 1965; Tappan, 1980; Martin, taxa, in part because this might establish the system-
1993; Sarjeant and Stancliffe, 1994; Colbath and atic relationships of otherwise problematic fossils. Iso-
Grenfell, 1995). Colbath and Grenfell (1995), for lating pure monospecific assemblages is difficult and
example, suggested that only the Prasinophyceae, atime-consuming, but a new approach, described here,
division of green algae, had a record extending back consists of applying micro-scale analytical techniques
to the Proterozoic, with other algal groups appear- to very small samples, including individual micro-
ing in the Silurian or later. However, fossil evidence fossils. Specifically, we have developed methods to
and molecular clock analyses (Su et al., 2004) both apply micro-Fourier transform infrared (FTIR) spec-
indicate amuch earlier origin of photosynthetic eukary- troscopy and micro-laser Raman spectroscopy to indi-
otes, suggesting broader candidate affinities for Pro- vidual acritarchs.
terozoic acritarchs. Eukaryotic diversification began no
later than the late Paleoproterozoic and by the end of 1.1. Previous studies on Organic Geochemistry of
the Mesoproterozoic multiple crown group phyla must Acritarchs
have existed (Douzery et al., 2004; Knoll, 1996; Anbar
and Knoll, 2002), as shown by the presence of multi- A number of studies have investigated sporopol-
cellular red algae in-1.2 Ga chert from Arctic Canada  lenin occurrence in spores and pollen (for example,
(Butterfield, 2000). More recently, in palynological Brooksand Shaw, 1971), butfew have focused onresis-
studies of Neoproterozoic acritarchs from the Aus- tant biopolymers in fossil algae. Acritarchs are com-
tralian Centralian Superbasin (Grey, 1998; Arourietal., posed of organic material thatis mechanically resistant;
1999, 2000), affinity to green algae (including prasino- however, its chemical composition is poorly known,
phytes) has been shown for a few acritarch species.being chemically inert, except to oxidation and car-
Ultrastructural studies (Talyzina and Moczydlowska, bonization. Kjellstrom (1968) estimated by interpre-
2000) on Lower Cambrian acritarchs also revealed an tation of micro-FTIR spectra, that certain particularly
affinity to Chlorococcalean green algae for a leiosphere ubiquitous acritarchsLgiosphaeridiaspp.) probably
and a prasinophyte affinity frasmanitesp. contained saturated fatty acid derivatives similar to
Until recently, evidence for morphological and tax- those from spores and pollen grains. Moldowan and
onomic diversification of acritarchs has been restricted Talyzina (1998) and Talyzina et al. (2000) detected
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dinoflagellate specific biomarkers, dinosteranes and also assess the possibility of using laser Raman spec-
4a-methyl-24-ethylsteranes, inthe pyrolysates of Early troscopy to obtain useful information pertaining to
Cambrian mixed acritarch concentrates. However, even biopolymer composition of microfossils. By compari-
these careful analyses tell us only that biomarker- son with biomarker analyses, micro-FTIR and micro-
producing dinoflagellates and cyst-producing cells Raman techniques have the great advantages of being
lived in the same environment. We know of no reports applicable on a very small sample (such as one micro-
these biomarkers from older, individually analysed fossil), of providing data on the chemical composition

acritarchs. of microfossils with previously described morphology
Arouri et al. (1999) analysed two Neoprotero- and ultrastructure, and of avoiding contamination prob-
zoic acritarchs Multifronsphaeridium peloriumand lems. Thus, the techniques used in this study extend the

the informally designated Species A, by Scanning approach of Arouri et al. (1999, 2000) in relating fossil
Electron Microscopy (SEM), Transmission Electron morphology directly to chemical composition.
Microscopy (TEM), micro-FTIR spectroscopy, py-
GC/MS, and thermal desorption MS. The macromolec-
ular structure oMultifronsphaeridium peloriumand 2. Experimental
Species A consisted of shontalkylpolymethylenic
chains, probably linked via ether/ester bonds, with 2.1. Samples
possibly a small aromatic content. They concluded
that the ultrastructural and molecular results show  Acritarch microfossils were isolated from three drill
evidence for a phylogenetic relationship between these cores (Urapunga 5, 6; Amoco 82/3) in the Roper Group,
acritarchs and Chlorophyceae (see Versteegh andAustralia (1.5-1.4 Ga), two outcrop sections in the
Blokker, 2004, for commentary). In a further study, Ruyang Group, China1.4-1.3 Ga, age bracketed by
Arouri etal. (2000) analysed arange of Neoproterozoic radiometric dates of 1625 and 1000 Ma; C-isotopic pro-
acritarchs Tanarium sp., Hocosphaeridium scaber- file suggests an age greater than 1250 Ma; Xiao et al.,
facium Alicesphaeridium medusoidymChuaria 1997), and one drill core (Observatory Hill #1) in the
circularis, Leiosphaeridiasp., and Tasmanitessp.) Tanana Formation, Australia (ca. 590-565 Ma). The
by micro-FTIR spectroscopy, py-GC/MS, and laser palaeoecological distribution, morphology and wall
Raman spectroscopy. They concluded that little chem- ultrastructure of the acritarchs used in this study have
ical data was obtained by micro-FTIR spectroscopy been described for Roper and Ruyang samples by
and py-GC/MS and this was consistent with a pol- Javaux et al. (2001, 2003, 20044a,b) and for the Tanana
yaromatic biomacromolecule of high recalcitrance. In specimens by Arouri et al. (1999, 2000) and Grey
addition, they interpreted their Raman spectra to show (1998).
a signal attributable to significant carbon ordering
characteristic of polyaromatic structures. However, 2.2. Sample preparation
the correct interpretation of their Raman spectra is that
the macromolecular network consists of low thermally The drill core was demineralised with HF/HCI
matured disorderedsp? carbon. These results led acid treatment followed by settling and decanta-
the authors to the conclusion that the acritarchs aretion to extract the acid insoluble acritarch. Sin-
composed of a polyaromatic biopolymer indicating gle acritarchs were handpicked from kerogen isolate
a genetic relationship with dinoflagellates. Such under a steromicroscope using a micropipette. The
studies form a basis for our microchemical analyses acritarchs were soaked in dichloromethane for 30 min
of the older acritarchs that provide our earliest well toremove extraneous surface contaminants. Acritarchs
characterized evidence for eukaryotic diversification. isolated from the Ruyang Group includ8huiy-
The aims of this paper are to develop a micro- ousphaeridium macroreticulaturAcritarchs isolated
FTIR spectroscopic method tailored to micro-scale from the Roper Group includé&atka squamifera
characterization of Proterozoic acritarchs, to elucidate Leiosphaeridia tenuissima_eiosphaeridia jacutica
their cyst wall biopolymer composition, and, thus, to and Leiosphaeridia crassdFig. 1). Acritarchs iso-
establish their biological affinities. In this study, we lated from the Tanana Formation includanarium
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P(a).

Fig. 1. Light photographs of analyzed species. (a) and (c)—(e): microfossils from the Roper Group, Australia; (b): microfossil from the Ruyang
Group, China. (apatka squamifergb) Shuiyousphaeridium macroreticulatu(o) Leiosphaeridia jacutica(d) Leiosphaeridia tenuissimée)
Leiosphaeridia crasseScale bar in (a) is 1am for (a) and (d); 4Gum for (b); 20pm for (c); 10nm for (e).

conoideurmandLeiosphaeridiasp. (Fig. 2b, Arouri et IFS66 Fourier transform infrared spectrometer cou-

al., 2000, p. 80). pled to a Bruker microscope accessory housing a
dedicated liquid nitrogen cooled (77 K), narrow-band
2.3. Microscopy and TAl assessment mercury cadmium telluride detector. The microscope

was fitted with an IR/visible Cassegrainiand bbjec-
Thermal Alteration Index (TAI) observations were tive (hnumerical aperture = 0.4). Acritarch samples were
made using an Olympus BH2 microscope. The TAI placed on potassium bromide slides. Interferograms

scale of Batten (1996) was used as the standard. were acquired in the transmission mode within the
range 4000-900 cmt by accumulating 256 scans at

2.4. Micro-Fourier transform infrared (FTIR) a spectral resolution of 4 cm. Spectral bands were

spectroscopy assigned with reference to the literature (for example,

Painter et al., 1985; Solomon and Carangelo, 1987).

Micro-analytical techniques have been applied to ~ The aliphatic GHy stretching zone (3000-

two or three specimens of each taxon. Micro-FTIR 2700cnt!) was studied by curve-fitting analysis
spectroscopic analyses were performed using a Brukerusing a commercially available data-processing pro-
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Fig. 2. Representative micro-FTIR spectra of Neoproterozoic acritarchiBaifayium ‘conoideunand (b)Leiosphaeridissp. Refer to Table 2
for band assignments.

gram (GRAM/32 software). The aliphatic region was The methylene to methyl ratio was determined from
baseline-linearized using an interactive procedure of the integrated absorbance from the curve-fitted bands
the program by connecting the left and right points of at 2920 and 2955 cnt. This ratio (1) can be consid-
the interval with a straight line. Positions and number ered an estimate of the length of aliphatic chains and
of bands were established from the second derivative of a branching index (Lin and Ritz, 1993). The ratio of
the spectrum. A mix Gaussian/Lorentzian functionwas aliphatic hydrogen contentto aromatic carboni(Byy;
used for peak shapes. The parameters were fitted to the2) provides a measure of aromaticity—that is, the pro-
experimental envelope by a least squares iterative pro- portional abundance of aromatic carbon. The ratio of
cedure. In order to determine goodness of fit criteria, the carbonyl CO groups to the aromatic carbon content
the following aspects were considered: standard errors of the acritarchs is given by (CO4E 3).

of parameters (chi-squared), local poor fits (indicative

of an incorrect choice of the number of component 2.5. Laser micro-Raman spectroscopy

peaks or errors in their half-widths) and the degree of

coincidence of the second derivative (original and fit- Raman spectra were acquired on a Renishaw Raman
ted spectrum). In this work, the parameters investigated Microprobe Laser Raman Spectrometer using a charge
were the following: coupled detector. The collection optics are based on
a Leica DMLM microscope. A refractive glass 50
CH, _ intensity 2920 cm* band (1) objective lens was used to focus the laser onto a
CHs " intensity 2955 cm? band 2 um spot to collect the backscattered radiation. The
) ] ] 514.5nm line of a 5W Af laser (Spectra-Physics
Ha . Intensity 3000-2700 crt region @) Stabilite 2017 laser) orientated normal to the sample
Car intensity 1600 cm? band was used to excite the sample. Surface laser powers
of 1.0-1.5mW were used to minimize laser induced

. . 1
@: fntens!ty 1710cm™ band 3) heating of the acritarchs. An accumulation time of
Car ~ intensity 1600 cm? band 30s and 10 scans were used which gave adequate
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signal-to-noise ratio of the spectra. The scan rangesleaving the more robust and selectively preserved
were 1000-1800 crit in the carbon first-order region.  macromolecular structures. Therefore, it is relevant to
Acritarchs were deposited on clean aluminum micro- compare these selectively preserved biopolymers with
scope slides and irradiated with the laser to obtain non-hydrolizable biomacromolecules isolated from
spectra. extant microorganisms.
Several criteria have been proposed to differentiate
eukaryotic from prokaryotic fossil cells (Javaux et al.,

3. Results 2003 and references therein). Previous TEM and SEM
studies (Javaux et al., 2001, 2003, 2004a,b) indicate
3.1. TAl assessments that some Mesoproterozoic acritarchs display complex

surface ornaments, wall structures and/or multi-layered

Table 1 lists the acritarch genera studied here, along wall ultrastructures unknown in prokaryotic cells but
with drill hole information, stratigraphic location, and ~ similar in general to those of extant protists. The chem-
TAI, as determined from the scale of Batten (1996). ical composition of the acritarch cyst might also reveal
Most palynomorphs, including acritarchs, show eukaryotic attributes, but in addition, biopolymer com-
sequential colour and structural changes in responseposition may elucidate the finer-scale systematic affini-
to increasing depth of burial related to the thermal ties of microfossils, when morphology and ultrastruc-
history of the enclosing sediment. The acritarchs used ture are inadequate for the task.
in this study show sequential colour changes from
yellow to orange—brown (Table 1) corresponding to 3.2. General IR Characteristics of the Acritarchs
a TAl range from 1/2 to 4, approximately equivalent
to a vitrinite reflectance of 0.2-0.75% (Senftle and Typical peak assignments and intensities observed
Landis, 1991; Traverse, 1988). These thermal maturity by micro-FTIR spectroscopy for each acritarch sample
indicators show that the organic matter in the acritarchs are given in Table 2.
ranges from immature to oil window (mature). The The one acritarch that contains abundant aliphatic
low thermal maturity of these acritarchs makes them structures, as indicated by the very strong aliphatic
ideally suited for microchemical analysis. Neverthe- C—Hy bands (strong methylene stretching and bending
less, while morphologically well preserved, these band at 2930-2860 and 1450Th respectively) is
acritarchs have undergone some degree of diagenesisTanarium conoideurfrom the Neoproterozoic Tanana
potentially removing more labile components and Formation (Fig. 2a). The spectrum shows absorptions

Table 1
Acritarch genera studied here, along with their drill hole information, stratigraphic location, and TAl as determined from the scale of Batten
(1996)

Acritarch Stratigraphy Drill hole Acritarch colour TAI Degree of EquilivantRy
maturation
Shuiyousphaeridium  Ruyang Group SYG 6 section Orange-brown 3-4 Early to mid 0.5-0.75
macroreticulatum to brown mature
Satka squamifera Roper Group A82/3161.7m Orange—brown 3-4 Mid mature 0.6
Leiosphaeridia Roper Group U6 230.8m Yellow-light brown 2-3 Immature to early 0.3-0.5
tenuissima mature
Leiosphaeridia Roper Group U6 230.8m Yellow-light brown 2-3 Immature to early 0.3-0.5
jacutica mature
Leiosphaeridia crassa Roper Group U6 230.8m Yellow-light brown 2-3 Immature to early 0.3-0.5
mature
Tanarium conoideum  Tanana Formation  Observatory Hill Yellow 1/2-2  Immature 0.2-0.3
#1233.0m
Leiosphaeridiasp. Tanana Formation  Observatory Hill Yellow 1/2-2  Immature 0.2-0.3

#1233.0m




Table 2

Typical peak assignments and intensities observed by micro-FTIR spectroscopy for each acritarch sample

Wavenumber  Assignment Tanarium Leiosphaeridia  Leiosphaeridia  Leiosphaeridia  Leiosphaeridia ~ Shuiyousphaeridium  Satka

(cm™1) conoideum  sp. tenuissima jacutica crassa macroreticulatum squamifera

3350-3450 ©H stretch w S M M M M M

2920 Antisymmetric S M w w w w w
methylene CH
stretch

2850 Symmetric S M W W W W W
methylene CH
stretch

1710 Carbonyl €0 W S Shoulder Shoulder Shoulder W W
stretch

1600 G=C aromatic Np S S S S S S
ring stretch

1532 Aliphatic COOH Np Np Shoulder Shoulder Shoulder Shoulder S

1450 Methylene CH S S Np Np Np Np w
bend

1345 Terminal methyl Np Np S S S S S
CHs

1275 C-O stretching Np S W W W W
aliphatic ethers

900-700 =C—H aromatic Np Np

deformation

W, weak; M, moderate; S, strong; and Np, not present.

144
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centered at: a low broad absorption at 3468¢m
assigned to alcoholic OH, phenolic OH, and/or
carboxylic OH; strong narrow aliphatic absorptions
centered at 2920 and 2850 chassigned to asym-
metric stretching vibrations from GHand symmetric
stretching vibrations from C§ methylene groups,
respectively; a weak absorption centered at 1710%cm
assigned to the vibration of carbonyt=O; moderate
absorptions of deformation bending of gldnd ChH
centered at 1450cn}; and minor absorptions of
ether (G-O) bonding between 1200 and 1000¢h

A strong methylene stretching and bending band
(2930-2860 and 1450 cm, respectively) and a weak
methyl band indicate a long-chain linear aliphatic
structure. The observation of abundant aliphatic struc-
tures of cell wall organic material for this acritarch is
consistent with that of algaenans isolated from green
microalgae (for example, Gelin et al., 1999 and refer-

ences therein). This representative spectrum acquired

from Tanarium conoideunis in disagreement with
that spectrum obtained from tA@narium conoideum
acritarch in Fig. 4 of Arouri et al. (2000). The spectrum
in Fig. 4 of Arouri et al. (2000) shows little to no vibra-
tion of organic material, and in addition the spectra
are heavily dominated by water and carbon dioxide,

suggesting instrument or sample preparation problems.

The FTIR spectrum obtained from analyses of
Leiosphaeridiasp., differs substantially from that of
Tanarium conoideunSpectra obtained froffanarium
conoideumshow a greater aliphatic character than
the Leiosphaeridiasp. even though these microfossils
are isolated from the same core interval. This clearly
shows that the inferred differences in biopolymer
composition are controlled by the biological source
rather than thermal maturity. A representative micro-
FTIR spectrum obtained from a sindleiosphaeridia
sp. acritarch from the Tanana Formation is shown in

Fig. 2b. The spectrum shows absorptions centered at:

a strong broad absorption at 3468 chassigned to
alcoholic OH, phenolic OH, and/or carboxylic OH;
strong narrow aliphatic absorptions centered at 2920
and 2850cm! assigned to asymmetric stretching
vibrations from CH and symmetric stretching vibra-
tions from CH methylene groups, respectively; a
moderate absorption centered at 1710 ¢rassigned

to the vibration of carbonyl €0; a strong absorption

of olefinic CG=C centered at 1600cm; moderate
absorptions of deformation bending of ghHand

215

CHz centered at 1450cmt; and a strong broad
absorption of aliphatic ether (@) bonding centered
at 1090 cnm?. Closer inspection of the line-shape and
relative magnitude of the aliphatic—€ly stretching
region, 3000—-2700 cnt, shows a slight shoulder at
2960cnt! (asy G-H str of methyl groups) and a
low width of the band centered at 2920th) which
indicates a substantial contribution of polymethylenic
chains with a low degree of branching.

Representative micro-FTIR spectra acquired for
three leiospheres in the Mesoproterozoic Roper
assemblagelLgiosphaeridia crassalL. jacutica L.
tenuissim® are similar and for brevity the spectra
acquired fromL. jacutica and Satka squamiferare
shown in Fig. 3a and b, respectively. The spectra show
absorptions centered at: a strong broad absorption at

(a) 8=CH,

6=C-H
v C=C
vCOOH
OCH
(b) ’
v C=0
v OH
vasCH2
v JV
v C=C

()

vasCH> vC=0

0=C-H

3000 2000

Wavenumbers (cm')

1000

Fig. 3. Representative micro-FTIR spectra of Mesoproterozoic
acritarchs: (a).eiosphaeridia jacutica(b) Satka squamiferaand

(c) Shuiyousphaeridium macroreticulatuRefer to Table 2 for band
assignments.
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3379cnt! assigned to alcoholic OH, phenolic OH,
and/or carboxylic OH; medium aliphatic absorptions
centered at 2920 and 2850 chassigned to asym-
metric stretching vibrations from GHand symmetric
stretching vibrations from Ci methylene groups,
respectively; a slight absorption centered at 1710tm
assigned to the vibration of carbonyO for the spec-
trum acquired fronSatka squamifera strong absorp-
tion of aromatic GC centered at 1600 cnd; a weak
absorption of aliphatic carboxyl COOH at 1532¢th
for the spectrum acquired frorBatka squamifera

a moderate absorption of deformation bending of
terminal methyl CH groups centered at 1345 crh
and a weak absorption centered at 760 érassigned

to =C—H aromatic out-of-plane vibration. A slight
shoulder appears at 2960 th(asy G-H str of methyl
groups) for both spectra; however, this shoulder is
more pronounced in the spectrum acquired from
jacutica, which indicates a substantial contribution of
branched polymethylenic chains. Notable differences
between thelLeiosphaeridiaand Satka squamifera
spectra include the higher contribution of aliphatic
functionality and carbon-oxygen functional groups
in the latter. The aromatic nature of these acritarchs
could reflect biology or thermal maturity (oil window
compared to immature from the Tanana Formation).
However, it is interesting to note that tBatka squam-

C.P. Marshall et al. / Precambrian Research 138 (2005) 208-224

760cm ! assigned to=C—H aromatic out-of-plane
vibration. A noticeable shoulder appears at 2960tm
(asy G-H str of methyl groups) and the width of
the band centered at 2929 this very broad, which
indicates a substantial contribution of branched poly-
methylenic chains. Strong methyl bands and com-
paratively weaker methylene bands indicate chain
branching. In addition, a noticeable shoulder appears
at 2955 cm! (antisymmetric GH stretch of methyl
groups) and the width of the band centered at
2920cnt! is very broad, which indicates a substan-
tial contribution of branched polymethylenic chains.

In general, micro-FTIR spectra obtained from the
Mesoproterozoic acritarchs document a biopolymer
with a macromolecular structure of aromatic rings
bridged by short branched aliphatic chains. Differences
among taxa occur in the relative abundance of aliphatic
carbon, degree of branching, and oxygenated function-
alities.

3.3. Aliphatic chain length and branching
determined by the CHCHg ratio

The aliphatic GHy stretching vibrational bands
in the infrared spectra can be used to assess the chain
length and degree of branching of aliphatic side groups
within the organic matter of the acritarch cyst wall. If

ifera, isolated from a more mature interval than the CH,/CHjs increases, the aliphatic chains are becoming
leiospheres, has a different composition that is more longer or less branched. Conversely, if the aliphatic
aliphatic and carbon-oxygen abundant, suggesting chains are short or more branched, thex@HHs ratio
that biological differences underpin observed spectra. will be low. An example of the expanded aliphatic
A representative micro-FTIR spectrum obtained C—Hy stretching vibration regions in the curve-fitted
from a singleShuiyousphaeridium macroreticulatum spectra ofTanarium conoideunand Leiosphaeridia
from the Ruyang Group is shown in Fig. 3c. The sp.isshowninFig. 4. Five Gaussian/Lorentzian bands
spectrum shows absorptions centered at: a strongcan be fitted in the aliphatic-@Hy stretching region
broad absorption at 3362 crth assigned to alcoholic ~ (3000-2700 cm?). These bands are assigned to the

OH, phenolic OH, and/or carboxylic OH; weak to

following aliphatic structures: 2955 cm attributed

medium broad aliphatic absorptions between 2700 and to antisymmetric CH stretch, 2920 cm! attributed

3000cnTt with a noticeable shoulder at 2960t
and maxima centered at 2920 and 2850 ¢mssigned
to asymmetric stretching vibrations from g@Hand
symmetric stretching vibrations from GHmethy-

to antisymmetric CH stretch, 2890 cm! attributed
to CH stretch, 2870cm" attributed to symmetric
CHjs stretch, and 2850 cnt attributed to symmetric
CHy stretch. Table 3 lists CHCH3z obtained from

lene groups, respectively; a slight absorption centered curve-fitting of the expanded aliphatic-Elx stretch-

at 1710cm! assigned to the vibration of carbonyl
C=0; a strong absorption of aromatic=C centered
at 1600cnT!; medium absorption of deformation
bending of terminal methyl Cilgroups centered
at 1345cm!; and a weak absorption centered at

ing vibration of the FTIR spectra acquired from the
Neoproterozoic and Mesoproterozoic acritarchs.

It is clear from Table 3 that the organic matter in
the Tanarium conoideuntyst wall has the highest
CHy/CHj3 ratio (11.10), followed byl eiosphaeridia
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3050 3000 2950 2900 2850 2800

(@) Wavenumbers (cm')

2750

3050 3000 2950 2900 2850 2800

(b) Wavenumbers (cm™)

Fig. 4. An example of the expanded aliphatie-ly stretching
vibration regions (3000—2700cm) and the curve-fitted spec-
tra of acquired from the Neoproterozoic acritarchs Taparium

conoideunand (b)Leiosphaeridiasp.

sp. (2.47) andSatka squamiferg2.40). In contrast
CHy/CHs values are<2.0 for the other acritarch sam-
ples. These results suggest that the acritdestarium
conoideumcontains a biopolymer that consists of

Table 3

Alistof the CH,/CHjs ratios obtained by curve-fitting of the expanded
aliphatic C-Hy stretching vibration region of the FTIR spectra
acquired from the Neoproterozoic and Mesoproterozoic acritarchs

2750

Acritarch

CH/CHg ratio

Tanarium conoideum
Leiosphaeridiasp.

Leiosphaeridia tenuissima
Leiosphaeridia jacutica
Leiosphaeridia crassa
Shuiyousphaeridium macroreticulatum
Satka squamifera

1110

247
1.88
1.78
1.99
2.01
240

aliphatic structures that are long and unbranched.
By comparison the other acritarch samples have a
CH,/CHjs ratio <3.0, signifying a biopolymer contain-
ing shorter and more branched aliphatic structures.
Lin and Ritz (1993) demonstrated the effect of chain
length on the infrared CHCHs intensity ratios by
using a series of known-alkanes. They found a cor-
relation of carbon numbers of-alkanes versus the
corresponding CHICHj3 ratios. Using then-alkanes
as an oversimplified model (Lin and Ritz, 1993) for
the aliphatic structures contained in the organic mat-
ter of the acritarch cyst walls, a GKCH3 value of 11
for Tanarium conoideumvould correspond to an-
alkane chain length of 24 carbons. &8H3 values
of 2.4 obtained from FTIR analysis @kiosphaeridia
sp. andSatka squamiferavould correspond to a-
alkane chain length of 12 carbons, while a £0€H3
ratio <2 would correspond to &alkane chain length
of eight carbons. We caution, however, that these esti-
mates of average chain length are based on a greatly
simplified n-alkane model. We will concentrate fur-
ther work on more complicated model compounds (for
example, alkyl benzenes, long-chain fatty acids, and
alkyl-substituted cycloalkanes).

3.4. Comparison of functional groups

The functional group frequencies may be viewed
guantitatively as well as qualitatively. A given absorp-
tion band assigned to a functional group increases
proportionately with the number of times that the func-
tional group occurs within the molecule. Aliphatic
C—Hy absorption (2920 and 2850 c and aromatic
C=C absorption (1600 cm') and their peak intensities
were used quantitatively to assess the aromaticity of
different acritarch samples. In addition, carbony@
absorption (1710 crmt) and aromatic EC absorption
(1600 cnT1) and their peak intensities were used quan-
titatively to assess the abundance of carbon—oxygen
functional groups in relation to different acritarch sam-
ples. Fig. 5 shows a plot of these ratios obtained from
the FTIR spectra of the acritarchs investigated.

Fig. 5 clearly shows that the cell wall @anarium
conoideums comprised of an aliphatic macromolec-
ular structure that is different from the other acritarch
compositions. This result is in agreement with the
structural data obtained from deconvolution of the
C—Hy stretching region.Leiosphaeridia sp. from
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s p—— ing motion of pairs of carbosp? atoms). In addition
L 10 B CO/Carom to this strong band there is a weak band at 42 tdue
28] | W GHA/CH to the By, vibrational mode, which is not resolvable
g 64 | from Rayleigh scattering. For disordersgf carbons,
% o B additional bands appear at 11501350,~1500, and
faa]

1620cnt!. The band at 1150 cm occurs in very

|- | disordered carbonaceous material, however the assign-
Tsp Lsp Lt Le L SYGsp Satka ment is poorly understood. The band~at350 cnt!
Acritarch samples is designated the D band and the origin of this band is
Fig. 5. Plot of peak intensity ratios determined from FTIR spectra poorly.underStOOd however; it has.been aS.SIQne.d toa
of aliphatic G-H (2930-2850 cm')/aromatic G=C (1600 cntl) brea-thlng mode Of'fg_symmetry' This mode is f.OI’b.Id-
(HalCa), carbonyl CO groups (1710cmhy/aromatic carbon  de€nin perfect graphite and only becomes active in the
(1600 cnT2) content of the acritarchs (CO4g, and the methylene  presence of disorder (for example, Ferrari and Robert-
(CHz)/methyl (CHg). son, 2000). A broad band around 1500-1550 timas
been noticed in several carbon-based materials and was
the Tanana Formation shows a different biopolymer associated with amorphoss? bonded forms of car-
composition which still consists of linear long chain bon (Nikiel and Jagodzinski, 1993) and is assigned to
aliphatic hydrocarbons but has a degree of branching, an amorphous carbon phase. More precisely, ithas been
aliphatic ether bonds, and some olefinic hydrocarbon. suggested that the amorphous carbons can be attributed
Leiosphaeridia crassal. jacutica L. tenuissima to interstitial defects (Rouzaud et al., 1983). The band
and Shuiyousphaeridium macroreticulatuiftrom the at ~1620cnmt! occurs as a shoulder on the G band
Mesoproterozoic Roper and Ruyang groups have simi- and is designated as the.Orhe assignment of this
lar biopolymer compositions, predominantly aromatic band has been attributed te-C bonds, particularly
with a low content of highly branched aliphatic chains. disrupted bonds at the edges of crystallites (Vidano and
The biopolymer composition ofSatka squamifera  Fischbach, 1978; Escribano etal., 2001). This shoulder
biopolymer is notably different, however, in that it becomes further developed in more disordered car-
contains a greater amount of aliphatic hydrocarbon bonaceous materials, which results in an apparent band
and carboxyl groups, and the degree of branching is broadening and up-shifting of the G band.
less than the other biopolymer compositions of Roper ~ The micro-Raman spectra obtained fr@anarium

Group acritarchs. conoideumand Leiosphaeridiasp. from the Tanana
Formation are similar; thus, for brevity, only a rep-
3.5. Laser micro-Raman spectroscopy resentative micro-Raman spectrum obtained from a

singleLeiosphaeridiasp. is shown in Fig. 6a. The car-

Raman spectra of carbonaceous materials can bebon first-order spectrum shows a sloping baseline due
divided into two spectral components: the first-order to fluorescence produced by hydrogen-rich saturated
and the second-order spectrum (Vidano and Fischbach,aliphatic hydrocarbons. This resultis in agreement with
1978; Nemanich and Solin, 1979). The band assign- the micro-FTIR spectroscopic data, which indicate a
ments will be briefly discussed below for the first-order biopolymer consisting of long-chain linear aliphatic
region; more extensive reviews of various interpreta- molecules.
tions for the Raman spectra of carbonaceous materials, Fig. 6b—d show spectra with two broad bands
referto Dresselhaus and Dresselhaus (1982) and Ferrarat 1605 and 1355 cnt that are assigned to the G
and Robertson (2000). The samples analysed in this (combination of G and Cbands producing an apparent
study do not show spectral features in the second-orderband broadening and up-shifting of the G band) and
region and therefore this region will not be discussed. D bands, respectively. The carbon first-order spectra

The first-order Raman spectrum of hexagonal acquired from these acritarchs indicate very weak
graphite consists of a single, strong band at 1582'cm  structural organization and are typical spectra obtained
this is designated the G band due to the vibrational from disorderedp? carbons composed of a structurally
mode of B> symmetry (assigned to in-plane stretch- disordered polynuclear aromatic (PNA) networks.
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Fig. 6. Representative carbon first-order Raman spectra of the Neoproterozoic acritarefiogphaeridiasp., and the Mesoproterozoic
acritarchs; (bBatka squamifergc) Leiosphaeridia jacuticaand (d)Shuiyousphaeridium macroreticulatum

Fig. 5b shows a representative carbon first-order spec-Porter et al., 2003), but for many microfossils, mor-
trum of Satka squamiferfrom the Roper Group. This  phology alone does not allow phylogenetic placement.
spectrum shows a moderate sloping base line (in agree-Recent work on selected Proterozoic acritarchs (Javaux
ment with the FTIR spectra showing more aliphatic et al., 2003, 2004a) shows that SEM and especially
carbon in this taxon relative to other Mesoproterozoic TEM images of wall ultrastructure can provide further
taxa); however, two bands can be discerned. Ramaninsights into biological relationships. Such research is
spectra collected fromieiosphaeridia jacuticalL. complemented by micro-FTIR spectroscopy of indi-
crassa L. tenuissima from the Roper Group and vidual acritarchs, allowing the identification of poten-
the Shuiyousphaeridium macroreticulatufrom the tially diagnostic biopolymers (Versteegh and Blokker,
Ruyang Group show similar line-shapes (Fig. 6¢c and 2004), such as the algaenan identifiedTemarium
d). The G band is centered around 1600-1605tm  conoideum
and the D band is centered around 1345-1355%cm Comparative biology can aid in interpreting Pro-
The results obtained by Raman spectroscopy are interozoic microfossils by giving the range of modern
agreement with the micro-FTIR spectroscopic results, possibilities for morphology and organic chemical
revealing that the acritarch biopolymer consists composition of microorganisms. Insoluble non-
predominantly of aromatic hydrocarbon bridged by hydrolysable (INH) biopolymers have been noted
short branched aliphatic chains. in both marine and fresh microalgae, particularly in
Chlorophyceae and Eustigmatophyceae (Derenne et
al., 1992; Gelin et al., 1999; Versteegh and Blokker,
4. Discussion 2004, and references therein). These biomacro-
molecules, termed algaenans (Tegelaar et al., 1989),
Our research is centered on evaluating the bio- are part of the vegetative cell walls and consist of
logical affinities of Proterozoic microfossils. In some highly aliphatic biopolymers that can be preserved on
cases, morphology provides a reliable guide to sys- geological timescales. Algaenans play a major role in
tematic interpretation (for example, Butterfield, 2004; kerogen formation via a selective preservation pathway
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and can be preserved as ultralaminae (Hatcher et al.,whichis different from algaenan, lignin, sporopollenin,
1983; Largeau et al., 1986; Goth et al., 1988; Tegelaar or dinosporin macromolecules.
et al., 1989). The wall of the fossil prasinophyte Micro-FTIR analysis of the Mesoproterozoic Roper
Tasmanitesnay also contain algaenan (see discussion Group and Ruyang Group acritarchs indicates a
in Versteegh and Blokker, 2004). biopolymer that is more aromatic in character. Since
In contrast, few studies have been performed on the these acritarchs are of a low thermal maturity (oil
chemistry of vegetative cell or resting cyst walls from window), it is possible that the aromatic character of
other microorganisms. Prokaryotic biopolymers called the acritarch biopolymer does not result from thermal
cyanobacteran or bacteran have been shown to be arti-alteration, but rather reflects an indigenous biopoly-
facts of the isolation procedure (Allard et al., 1997). mer containing highly unsaturated material located in

On the basis of distinct physical properties, biopoly-
mer in dinoflagellate resting cyst walls was given the
name dinosporin (to distinguish it from sporopollenin;

Sarjeant, 1986). Recently, studies by Kokinos (1994)
and Kokinos et al. (1998) of the cysts of the marine
dinoflagellateLingulodinium polyedrumevealed it to

be made up of a highly resistant aromatic macro-
molecular substance different from algaenans. More

structures that are easily transformed into polyaro-
matic units by low thermal alteration. The FTIR spec-
tra of Satka squamifershow a greater component
of aliphatic and carbon—oxygen functionality, which
would not be expected for a more thermally mature
sample. However, a relative opacity may correspond to
relative thickness of the microfossil wall, but in other
casesthe material making up the wallis darker or lighter

recently, studies of the cyst wall of certain acritarchs whatever its thickness and therefore, microfossil colour
from Australian Ediacaran palynofloras suggested that may not be solely a product of thermal maturity; and
these fossils also contain dinosporin (Arouri et al., may be of some histological, and, thereby, taxonomic
2000), providing chemical evidence of a link between significance (Butterfield et al., 1994). Therefore, vari-
Neoproterozoic acritarchs and dinoflagellates. How- ations among taxa could, in principle reflect influences
ever, caution must be applied to this interpretation due of both preservation and phylogeny. In this regard, con-
to the nature of the reported vibrational spectroscopic clusions presented here should be tested against future
data. Distinct FTIR signals detected in our study of studies on same taxa recovered from rocks that have
Tanarium conoideurandLeiosphaeridiasp. acritarchs undergone different burial histories.

contrast with the essentially featureless FTIR spec- There have been few reports of highly aromatic
tra recorded for the same samples shown by Arouri biomacromolecules, with the exception of dinoflagel-
et al. (2000). These authors attribute the featurelesslate resting cysts (Kokinos et al., 1998) a@tlorella
nature of their IR spectra to the graphitic nature of marina(Derenne et al., 1996). However, the aromatic
the acritarch samples. However, the IR spectrum of biopolymers described by Derenne et al. (1996) may
graphite does not resemble that acquired from their be due to artifacts created during the isolation proce-
acritarch samples, nor do their Raman spectra resem-dure (Allard et al., 1997, 1998). Interestingly, recent
ble spectra obtained from graphite or graphitic-like studies on low thermal maturity Proterozoic kerogens
carbon or well ordered carbon. Our results are, there- (Brocks et al., 2003) have shown the kerogen to be
fore, in disagreement with Arouri et al. (2000), which more similar to modern Type 1l kerogens (aromatic
has a number of implications. The prominent methy- lignin derived) than to aliphatic-rich Type | (prokary-
lene group bands ifanarium conoideurobserved by  otic or algal), although Proterozoic organic matter has
micro-FTIR spectroscopy indicate the highly aliphatic an exclusively microbial source. Many Mesoprotero-
nature of these organisms. This composition is typ- zoic sedimentary rocks with a mild thermal history
ically obtained from the highly aliphatic biomacro- contain kerogen that is predominantly aromatic, possi-
molecule “algaenan” isolated from many species of bly indicating that Mesoproterozoic organisms might
extant Chlorophycae and Eustigmatophycea microal- have produced predominantly aromatic insoluble non-
gae. The acritarcheiosphaeridiasp. from the Tanana  hydrolysable (INH) biopolymers. One possibility is
Formation may comprise a new class of biopoly- thatthe inferred Mesoproterozoic biopolymers have as
mer containing significant aliphatic, branched aliphatic yet uncharacterized counterparts in living protists. To
and saturated/olefinic carbon molecular constituents, date, little work has been done to elucidate biopolymer



C.P. Marshall et al. / Precambrian Research 138 (2005) 208-224

compositions of micro-eukaryotes such as euglenids,
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above. None of the early Mesoproterozoic acritarch

kinetoplastids, heterokonts, ciliates, red algae, and walls studied here are composed of algaenan. In sum-

fungi, indicating a clear need for expanded microchem-
ical and ultrastructural research on living microorgan-
isms.

The three species of leiopheres from the Roper
Group show distinct multilayered wall ultrastructures
(Javaux et al., 2004a), but similar chemical com-
position, underscoring the importance of combined
morphological, ultrastructural, and microchemical
analyses. Conversely, acritarchs with simple mor-
phologies (leiosphaerids), and with very complex
ornamentations, wall structure and ultrastructure
(Shuiyousphaeridium macroreticulatym have a
similar biopolymer composition. The morphology
and chemical composition ofShuiyousphaeridium
macroreticulaturrare compatible with a dinoflagellate
affinity but could also occur in other microorganisms
(Javaux and Marshall, submittedjhuiyousphaerid-
ium macroreticulatundoes not show evidence of a
trilaminar structure (TLS) in its wall (Javaux et al.,

mary, then, the biological affinities of Mesoproterozoic
acritarchs analyzed to date remain unknown. They
could represent stem eukaryotes or extinct crown group
clades that produced biopolymers distinct from those
of extant groups, or they might belong to extant taxa
that synthesize as yet uncharacterized biopolymers.
Our data demonstrate that Raman spectroscopy
alone cannot establish the biological affinities of
acritarchs; it can provide complementary information
on molecular structure when combined with FTIR
spectroscopy. The major limitation of Raman spec-
troscopy in this study resides in only showing the spec-
tral features indicative of disorderesp? hybridised
carbon bonded to carbon. Typical Raman spectra of
ancient kerogens or even of much younger coals (for
example, Beny-Bassez and Rouzaud, 1985; Jehlicka et
al., 1997; Spotl et al., 1998; Keleman and Fang, 2001)
show onlysp? hybridised carbon bonded to carbon
that have undergone degradation in which functional

2004a), nor the presence of the aliphatic biopolymer groups are not preserved. However, in more recent bio-
algaenan (this paper); two characteristics of several logical samples, Raman spectra, acquired at another
extant chlorococcalean and eustigmatophycean greenlaser excitation line (1064 nm), show the presence of
algae. However, not all green algae show these features C=0, G-H, and G-N bonds and pigments, such f&s

so their absence iBhuiyousphaeridium macroreticu- carotene (Wynn-Williams et al., 2002 and references
latumdoes not preclude a green algal affinity for this therein), which can be useful in establishing biological
taxon. Butterfield (2005) suggested a possible fungal affinity.

affinity for Shuiyousphaeridium macroreticulatum

based on general morphological similarities with

fungal ascocarp (although underlining that this is 5. Conclusions

certainly not established), or at least a multicellular

organism not necessarily photoautotrophic. Combined  The Neoproterozoic acritarcdfanarium conoideum
analysis of the fine structure with SEM and TEM show contains a biopolymer consisting of long chained poly-
that this acanthomorph acritarch has a reticulate wall methylenic material which is consistent with algaenan
of imbricated, beveled polygonal plates (Javaux et al., isolated from extant chlorophyte and eustigmatophyte
2004a), and not of thickened, polygonal cells as might microalgae. On the other hand, the Neoproterozoic
be suggested on the base of light microscopy alone acritarchLeiosphaeridiap. may contain a new class of
(Butterfield, 2005). This species also shows medial biopolymer containing significant aliphatic, branched
split excystment structures, suggesting a cyst-like mor- aliphatic and saturated/olefinic molecular constituents,

phology, but whether it was a metabolically inert stage
of a unicellular or multicellular organism, or whether
it had a phototrophic or heterotrophic metabolism,
is unknown (Butterfield, 2005; Javaux and Marshall,
submitted). On the other han8atka squamiferdis-
plays a morphology (a pack of cells in an envelope) that
could be prokaryotic or eukaryotic, and has a slightly
different biopolymer composition, as mentioned

different from those of algaenan, lignin, sporopollenin,
or dinosporin.

Biopolymer in the walls of Mesoproterozoic
acritarchs investigated here consists predominantly of
aromatic carbon, with some methylene chains, termi-
nal methyl groups, and carbon-oxygenated functional
groups. It is possible that the aromatic character of
the acritarch biopolymer does not simply result from
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high thermal alteration, but rather reflects an indige- Anbar, A.D., Knoll, A.H., 2002. Proterozoic ocean chemistry and

nous polyaromatic macromolecule. This is suggested
by the more aliphatic composition of the more ther-
mally matureSatka squamifeneelative to the Mesopro-

evolution: a bioinorganic bridge? Science 297, 1137-1142.

Arouri, K., Greenwood, P.F., Walter, M.R., 1999. A possible

chlorophycean affinity of some Neoproterozoic acritarchs. Org.
Geochem. 30, 1323-1337.

terozoic leiospheres, characterized by a more aromatic arouri, K., Greenwood, P.F., Walter, M.R., 2000. Biological affinities

biopolymer.
Raman spectroscopy does not provide useful infor-
mation about the biopolymer composition of Protero-

zoic acritarchs but rather elucidates the structure and
thermal alteration of constituent carbonaceous mate-

rial. This should be borne in mind when applying
micro-Raman spectroscopy to Archean and Protero-
zoic microfossils.

More research is needed to characterize the chem-

ical and morphological signatures of the full range of
recent prokaryotes and protists that produce fossiliz-
able cells. Indeed, agreatlimitation in detecting the bio-
logical affinities of microfossils is our currently limited
knowledge of the morphology and chemical composi-
tion of decay-resistant cellular structures produced by
various living microorganisms. Our ongoing research
includes the determination and characterization of
resistant biopolymers in a range of living prokaryotes,
protists and fungi by combined microscopy and micro-
FTIR spectroscopy.
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