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Biogeochemical Evidence for
Dinoflagellate Ancestors in the

Early Cambrian
). Michael Moldowan* and Nina M. Talyzina

Dinoflagellates are single-celled organisms that reflect the ecological condi-
tions in modern oceans and lakes. Ultrastructural data and molecular phylogeny
suggest that they originated in the Neoproterozoic, yet dinoflagellate ancestors
are classified only to the Middle Triassic (~240 million years ago). Examination
of dinoflagellate-specific biological markers (dinosteranes and 4a.-methyl-24-
ethylcholestane) in concentrated microfossils with known morphology iden-
tified ancient dinoflagellate ancestors from the Early Cambrian (~520 million

years ago).

Dinoflagellates are single-celled organisms,
protists, that are found in most aquatic environ-
ments and form a major part of the modern
plankton. Many genera are sensitive to such
conditions as water salinity and nutrients, and
some genera are characteristic of latitudinal
oceanic temperature zones; hence, the geo-
graphic distributions of dinoflagellates can be
important indicators of environmental condi-
tions (1), not only for present-day environments
but also for ancient ones. Fossilized dinoflagel-
late cysts are widespread in Mesozoic-Cenozo-
ic sedimentary rocks (2). Here we examined
certain morphotypes of segregated microfossils
from Lower Cambrian formations for biologi-
cal markers and determined that dinoflagellates
originated much earlier, at least as early as the
Early Cambrian.

J. M. Moldowan, Department of Geological and
Environmental Sciences, Stanford University, Stan-
ford, CA 943052115, USA. N. M. Talyzina, Depart-
ment of Earth Sciences, Historical Geology and
Paleontology, Uppsala University, Norbyvégen 22,
S-75236, Sweden.
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Several lines of evidence have indicated
that dinoflagellates originated in the Neopro-
terozoic (3). RNA molecular sequencing and
examination of mitochondrial cristae of mod-
ern organisms (4) suggest that dinoflagellates
are older than Foraminifera and Radiolaria,
which have been found in Cambrian rocks.

Organic-walled, acid-resistant microfos-
sils of uncertain biological affinities that
are classified on the basis of their morphol-
ogy (acritarchs) are widely distributed in
sedimentary rocks from the Proterozoic and
Phanerozoic. Some acritarchs resemble
dinoflagellate cysts (5, 6), but they do not
show paratabulation and they have excyst-
ments that are different from classical ar-
cheopyles of recognized Mesozoic and
younger dinocysts. Many acritarch speci-
mens have no excystment structure. How-
ever, most modern dinocysts reach sedi-
ments before germination (7), and some of
these can fossilize without excystment structure
formation. Some Ordovician acanthomorphic
acritarchs have a double-wall structure (§) com-
parable with that of dinoflagellate cysts. Cer-
tain cysts of living dinoflagellates from the
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Table 1. Palynomorphs as a percentage of total
organic solids in fraction were estimated by mi-
croscopic analysis. Hi and Lo are the high- and
low-fluorescent fractions, respectively. N is the num-
ber of specimens counted in palynological slides.

Hi (%) Lo (%)
Palynomorph (N=256) (N =329)
Globosphaeridium 43 1
Skiagia 14 2
Lophosphaeridium 13 2
Archaeodiscina 4 21
Leiosphaeridia 6 54
Leiomarginata 1.5 0.5
Pterospermella 0.5 0
Asteridium 3 1
Cranomarginata - 1.5 0.5
Comasphaeridium 3 1
Cyanobacterial filaments 0.5 L4
Membrane pieces 10 13

order Gymnodiniales lack clearly defined ar-
cheopyles or reflected tabulation (9). The
relation between the dinosporin cysts Gyro-
dinium, Cochlodinium, and Pheopolykriskos
and their theca have only been established by
incubation experiments (/0). In sum, the
morphological evidence has not been suffi-
cient to establish links between acritarchs and
dinoflagellates.

We investigated acritarchs of the Liikati
Formation, which is attributed to the Domi-
nopol (= the Talsy) regional stage that is
correlated with the Atdabanian stage of the
Early Cambrian (/7). Liikati Formation glau-
conite clay samples were collected in Kopli
quarry, Tallinn, Estonia. The sediment was
demineralized with HCL and HF to extract
the acid-insoluble organic remains. The ex-
tracted kerogen contained 11 acritarch gen-
era, 3 species of Tasmanites, a genus attrib-
uted to prasinopycean algae (/2), cyanobac-
terial sheaths, and amorphous organic tissues.
Tasmanitids were separated from the sample
by water filtration through a 67-um mesh net.
A fluorescence-activated cell sorter (FACS)
was used to separate the remaining organic
matter into “high-fluorescent” and “low-flu-
orescent” fractions.

The palynomorphs were well preserved,
yellow in color, and transparent and produced
an autofluorescence signal. This is consistent
with a thermal alteration index (TAI) of about
1, suggesting that the sediment was not heated
above 50°C (13). The autofluorescence intensi-
ty is different in certain acritarch morphotypes
(14). The high-fluorescent fraction contained
76% acanthomorphic acritarchs plus specimens
of Lophosphaeridium, whereas the low-fluores-
cent fraction was dominated by leiosphaerids
and archaeodiscins (Table 1).

We heated the fractionated acritarchs in
evacuated sealed glass tubes at 310°C for 72
hours. After the kerogen was cooled to room
temperature, we extracted biomarkers using
filtration in methylene chloride. We analyzed
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Table 2. Sterane ratios in fractions obtained from shale samples from Estonia and Greenland and the
Visings6 Beds of Sweden. Tas, Tasmanites fraction; Ker, kerogen; Ext, extract; Lo, low-fluorescent fraction;

Hi, high-fluorescent fraction. For sterane structures
form oc20R,23R,24R (RRR) + RRS + RSS + RSR.

see Fig. 1. Dinosterane (1) stereoisomers are of the

Estonia G[esg- Sweden
a Ratio Sterane ratio
Ext Lo Hi Tas Ker Ext Ker
0.479 0192 0600 0.685 0.841 0.462  0.841 A 3/(3+4+5)*
0.224 0069 0.154 0.044 0.086 0.233 0.078 B 4/(3+4-+5)*
0.297 0739 0245 0.271 0.073 0305 0.082 C 5/(3+4+5)*
0.510 0150 0.805 0713 0.935 0.523 0.947 D 3/(3+4+5)aca20R
0.1770 0028 0.059 0.016 0.028 0.180 0.029 E 4/(3+4+5)aaa20R
0319 0822 0.136 0270 0.037 0.297 0.024 F 5/(3+4+5)aaa20R
0.051 0.000 0035 0.000 0.005 0.051 0.080 G 1/(1+2+3+4+5)aaa20R
0.035 0.000 0.016 0.003 0.004 0.063 0.049 H 2/(1+2+3+4+5)aca20R

*Sum of four stereoisomers for Steranes 3, 4, and 5 : 5a,14c,17,20S (c20S) + afB20R + aBB20S + aac20R.

the extracts for various biomarkers including
steranes, hopanes, and tricyclic terpanes us-
ing metastable reaction monitoring—gas chro-
matography—mass spectrometry (MRM-GC-
MS) (15). Of these compounds, steranes (Ta-
ble 2) are generally of eukaryotic origin (16).

Dinosterane and 4a-methyl-24-ethylcho-
lestane (compounds 1 and 2, respectively,
Fig. 1) are indicative for dinoflagellates. The
dinosterane carbon structure occurs in sterols
found in high concentrations in numerous
modern dinoflagellate species and has rarely
been found in other taxa (/7, 18). Both
dinoflagellates and haptophytes (prymnesio-
phytes) contain sterol precursors for 4o-
methyl-24-ethylcholestane (18, 19); however,
haptophytes have not been found to have
acid-resistant organic walls and do not show
morphological similarity to the segregated
acritarchs (6). The common steranes, choles-
tane (C,,), 24-methylcholestane (C,g), and
24-ethylcholestane (C,4) (compounds 3 to 5,
respectively, Fig. 1) were found in all extracts
(Table 2). The ratio of dinosterane and 4a-
methyl-24-ethylcholestane to these (desmeth-
yl)steranes (ratios G and H, Table 2) show
which extracts were influenced by dinoflagel-
lates or their close relatives. Among the kero-
gen pyrolysates, only the high-fluorescent
fraction had abundant dinoflagellate steranes.
Therefore, the dinosterane and 4a-methyl-
24-ethylcholestane producers must be includ-
ed from among the genera Globosphae-
ridium, Skiagia, and Lophosphaeridium,
which are predominant (70%) in the high-
fluorescent fraction (Table 1).

An extract of the whole sediment was also
prepared (20) and analyzed for comparison.
The whole-rock extract represents nonpre-
served biota and contained higher relative abun-
dances of dinosterane and 4a-methyl-24-ethyl-
cholestane than the fossil pyrolysates. This im-
plies that an important component of the algal
community had a dinoflagellate affinity. Bio-
markers are organic molecules that are stable at
moderate temperatures, which can be preserved
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in rocks even when recognizable fossils are
absent. Therefore, some of the protists with
dinoflagellate affinities probably did not form a
stable cyst, and their membranes were eventu-
ally degraded over 520 million years of diagen-
esis to liberate these biomarkers in the free
lipids of the rock. This is in agreement with
what is known about modern dinoflagellates,
many of which do not produce fossilizable
cysts (10).

The occurrence of dinoflagellate-related
steranes was also observed in the extracts and
kerogen pyrolysates of two additional sam-
ples from the Lower Cambrian Buen Forma-
tion in North Greenland and the upper Riph-
ean Visingso Beds (lower part) from Sweden
(Table 2). Skiagia and Comasphaeridium,
which are present in the Liikati Formation
high-fluorescent fraction, are dominant in the
Greenland sample and could be responsible
for the dinosterane and 4a-methyl-24-ethyl-
cholestane liberated from its kerogen. The
kerogen analyzed from the Visingsé sample
did not contain any genera discussed above,
and it was not clear which particular micro-
fossils (or whether they have been preserved)
in these sediments were dinosterane produc-
ers. Our biomarker analyses support earlier

3, R=H
4, R =CHj
5, R = CoHs

Fig. 1. Steranes analyzed in extracts and acri-
tarchs: 1 = 4q,23,24-trimethylcholestane =
dinosterane, 2 = 4a-methyl-24-ethylcholes-
tane, 3 = cholestane, 4 = 24-methylcholes-
tane, and 5 = 24-ethylcholestane.
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reports of dinosterane occurrences in Protero-
zoic sediments from Bitter Springs and Per-
tatataka formations, central Australia (16),
and the Nonesuch Formation in the North
American mid-continent rift (27). The pres-
ence of dinoflagellate relatives among acri-
tarchs explains the continuous record of di-
nosteroids from Precambrian to Cenozoic
source rocks from numerous localities world-
wide (16, 22).

The fossilized matter available for paleon-
tological investigation represents less than 1%
of organisms that once existed on Earth. A high
abundance of related specimens in a particular
age suggests that there was an earlier radiation.
Various kinds of simply structured, rounded
acritarchs and dinoflagellate biomarkers coex-
ist in upper Riphean rocks, although the
dinoflagellate affinity of any particular Pro-
terozoic genus requires further investigation.
Dinosterane-containing acanthomorphic acri-
tarchs are widespread in Lower Cambrian sed-
iments. These results suggest the evolutionary
sequence in which dinoflagellate ancestry orig-
inated by the Late Riphean (~800 million years
ago); specimens with processes became abun-
dant in the Early Cambrian; and finally, the
branch of dinoflagellates with classical ar-
cheopyles and paratabulation developed in the
Middle Triassic.
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Moho Offset Across the
Northern Margin of the Tibetan
Plateau

Lupei Zhu* and Donald V. Helmberger

Anomalous double-pulse teleseismic P-wave arrivals were observed at one
station near the northern margin of the Tibetan Plateau. The azimuthal de-
pendence of the waveform distortion and its absence at nearby stations indi-
cated that the distortion was produced by receiver-side crustal heterogeneity.
Modeling of the three-component data revealed a 15- to 20-kilometer Moho
offset that occurs over a narrow lateral range of less than 5 kilometers. This
east-west—striking offset separates the thick Tibetan Plateau crust from the
Qaidam Basin crust. Such a sharp crustal thickness change implies a weak
Tibetan Plateau crust that thickens vertically in response to penetration by India
from the south and to blockage caused by a strong Qaidam Basin crust to the

north.

The uplift of the Tibetan Plateau is the result
of thickened crust arising from the India-
Eurasia collision and the subsequent penetra-
tion of India into Eurasia. However, the
mechanisms of crustal thickening are debated
(7). Lateral heterogeneities of crustal strength
are believed to play a role in determining the
magnitude and distribution of deformation in
a continent-continent collision (2, 3). The
plateau has a fairly uniform elevation of
about 5 km, surrounded by several low-lying
sedimentary basins: the Tarim Basin to the
northwest, the Qaidam Basin to the north, and
the Sichuan Basin to the east (Fig. 1A). These
basins are underlain by stable Precambrian
cratons, which have experienced little defor-
mation since the Paleozoic (/, 4). The transi-
tion of lithospheric structure from the plateau
to these cratons is poorly constrained. From
the analysis of teleseismic P waveforms, we
present a model of a relatively sharp step in
the Moho across the northern margin of the
Tibetan Plateau.
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seismic experiment, 11 broadband stations were
deployed along the Golmud-Lhasa highway (5)
(Fig. 1A). One of the stations, TUNL, was
located in the foothills of the Kunlun mountain
range, which runs east and west and marks the
northern boundary of the Tibetan Plateau (Fig.
1B). About 300 teleseismic events (distance
range >30°) were recorded with good signal-
to-noise ratios. For each event, we aligned the
records of all the stations with the onsets of the
P wave to examine the waveform variation
across the array. Generally, the vertical compo-
nent of the teleseismic P wave is less sensitive
to structure near the recording site because of
the wave’s nearly vertical incident ray path. For
this reason, the vertical component is often
treated as an effective source time function of
the earthquake in receiver function analyses
(6). However, if crustal heterogeneity exists,
then waveform distortion can occur. The P
waveforms at TUNL consistently showed dou-
ble-pulse arrivals from events in directions
from N45°E to N70°E (Fig. 2A). Although the
amplitudes of the P waves varied from station
to station, the waveforms at most stations had a
similar single-pulse shape, which is expected
for the epicentral distances from a moderate
earthquake at depths >40 km. However, the
waveforms at TUNL consisted of two pulses
separated by ~1 s. Because the similarity of
waveforms at other stations ruled out the pos-
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