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Large and mobile organism became abundant and 

rapidly extremely diverse after 542 Ma ago.

Why did animals appear in the latest Neoproterozoic
after more than one billion years of apparent 

evolutionary quiescence in the domain Eucarya?

Acritarch diversity

60 Genera

30

Hypothesis
The radiation of complex multicellular and active 

eukaryotes was constrained by low oxygen levels.
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� Low in Fe and Mo

� Low in biologically available N

� High in PO 4
3-

(Anbar & Knoll, 2002)
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Search for evidence of

Purple sulfur bacteria
&

Green sulfur bacteria

as indicators of

photic-zone euxinia
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rRNA tree modified after Woese



Target rocks: high organic content; unmetamorphosed

How to study biomarkers
Mature dolomitic shale bleeding oil
(DDH McA20)

Moderately mature shales
(DDH McA5)



Soxhlet 
extraction

Bitumen extraction and fractionation

Extracted bitumen

Accelerated solvent 
extraction (ASE)

Saturated hydrocarbon
fraction

Aromatic hydrocarbon
fraction



Mass spectrometerGas chromatograph

GC-MS for state-of-the-art biomarker analysis

MS Source
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Kombolgie Formation, braided river deposits, Kakadu 2003
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With a probability of >75%, the 

anoxic/oxic transition was 
(transitionally) less than 12 meters 

deep. 

The anoxic/oxic transition was 
almost certainly less than 25 

meters deep
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A purple ocean?

Biomarker data from unmetamorphosed 1.8 – 1.0 billio n year 
old basins around the globe
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rRNA tree modified after Woese

Green sulfur 
bacteria

Cyanobacteria
Nitrospira

Purple sulfur bacteria

Gram positive 
bacteria

Green non-sulfur
bacteria

Methanopyrus

Methanococcus

Methanosarcina

Halobacterium

Archaeoglobus

Thermoplasma

MethanobacteriumPyrococcus

Pyrobaculum

Thermoproteus

Sulfolobus

Desulfurococcus

Pyrodictium

Thermotoga

Microsporidia

Slime moulds

Ciliates

Plants

Animals

Fungi

Flagellates

Diplomonads

�

��
��
,������	����������

Planctomycetes

�

gggg

Myxococcales

Methylococcales

"
�����

����
�����

	����
��

1.6 Ga steroid

�
���
��	
����
����
���	��	,

������
���

#��
� ���	�#� 

�
���
��	
����
����
���	��	,

������
���

#��
� ���	�#� 

�����	����
��������
�����
#	

����

�����	����
��������
�����
#	

����



9�
��4

�&
:�"


��
�	

-:?�%
����������	��
�������

Identifying lipids in living organisms

9�
��4

���
�:�

�	

:� 

��

����
,���	��
�������

9�
��4

���
�:�

�	

:� 

��

����
,���	��
�������

9�
��4

���
�:�

�	

:� 

��

����
���
�

 �
������
���


����
���
�

 �
������
���


!���
	��	�� �
�����
���




9�
��4

�&
:�"


��
�	

-:?�%
����������	��
�������

Identifying lipids in living organisms

9�
��4

���
�:�

�	

:� 

��

����
,���	��
�������

9�
��4

���
�:�

�	

:� 

��

����
,���	��
�������

9�
��4

���
�:�

�	

:� 

��

����
���
�

 �
������
���


����
���
�

 �
������
���


!���
	��	�� �
�����
���


���� �����������
���
�
�����	���
��#�� ����	�
��

�	��������
��	�
��
�

���� �����������
���
�
�����	���
��#�� ����	�
��

�	��������
��	�
��
�

�
���
���
����	
����
����
���	��	,

������

�#��
������
�� ��
�����
���


�
���
���
����	
����
����
���	��	,

������

�#��
������
�� ��
�����
���


"��
	���#���������������
�������
	�����������
�
���F//:/G�������	�#��

"��
	���#���������������
�������
	�����������
�
���F//:/G�������	�#��

"��
�� �����
�H�������� �
�����#�������������
�
#
���	�
�

 �
	��
�
�>�����������
��
,�����

�	,

������	��������
��	�
��
�:�

"��
�� �����
�H�������� �
�����#�������������
�
#
���	�
�

 �
	��
�
�>�����������
��
,�����

�	,

������	��������
��	�
��
�:�



lanosterol

squalene monooxygenase
sqmo

oxidosqualene cyclase
osc
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Jillian Banfield

Tyson et at. 2004
Ram et al. 2005



• Saline Lake Tyrrell in outback Australia (330 g/L sa lt)

• Only about 6 dominant ‘species’ of bacteria and arch aea 

• Most organisms in the lake belongs to unidentified genera
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Biomarkers on Mars and Moon?


