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Abstract

When and how life first emerged on the Earth is an area of intense research. Signs of the first life on 
Earth, including morphological fossils, are scarce and hard to interpret. An alternative approach is to study 
organic biomarkers, which are molecular fossils commonly considered as bona fide biosignatures. 

The main objective of the project is to develop an approach for analysis of single oil-bearing fluid inclusions 
and most importantly the detection of organic biomarkers in these inclusions. Analysis of oil-bearing 
fluid inclusions is advantageous since the inclusions may provide an uncontaminated sample source of 
Precambrian hopanes and steranes, which are key biomarkers for tracing the early evolution of life on 
Earth. Due to the presence of several inclusion generations, single inclusion analysis is desired in order to 
constrain biomarkers to specific inclusions. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
could be an excellent tool for analysis of these types of samples.

The development of the approach for analysis of single oil-bearing inclusions was done in a two-
step process; i) a number of crude oils were analysed with ToF-SIMS and gas chromatography mass-
spectrometry (GC-MS) to facilitate interpretation of ToF-SIMS spectra of these types of samples and, ii) a 
procedure that combines micrographs with ion etching and ToF-SIMS analysis was developed for analysis 
of inclusions. The feasibility of the technique was demonstrated for oil inclusions from the Siljan impact 
crater in which hopanes and steranes where detected. Single oil-bearing fluid inclusions trapped in mid-
Proterozoic sandstones from Northern Australia were subsequently analyzed, and steranes and hopanes 
were detected in these inclusions. If applied on older inclusions this approach may help answer some of 
the questions regarding the emergence and evolution of life on Earth, and if applied on extraterrestrial 
samples, also the possibility of life on other planets and moons.





      ToF-SIMS-analys av enskilda vätskeinneslutningar 
	 							Implikationer för studier av tidiga jordens biodiversitet och 
      paleomiljö

Livets uppkomst och tidiga utveckling på jorden är ett hett forskningsfält. Hur och när livet och 
dess olika domäner (arkéer, bakterier och eukaryoter) uppstod på jorden är fortfarande oklart 
vilket beror på att de första tecknen på liv, vilka inkluderar morfologiska fossil, spårfossil och 
isotoper, är få och svåra att tolka. Ett alternativt sätt att studera det tidiga livet är att studera 
organiska biomarkörer som är organiska molekyler som anses unika för liv. 

Huvudmålet med projektet är att utveckla en metod som kan detektera organiska biomarkörer 
i enskilda oljebärande vätskeinneslutningar. Vätskeinneslutningar, som är små mängder vätska 
(picoliter) infångad in en sten, är intressanta då de är en potentiell provkälla för prekambriska 
(äldre än 500 miljoner år) biomarkörer, som hopaner och steraner, vilka används för att utforska 
livets tidiga utveckling på jorden. Analys av enskilda inneslutningar är emellertid oftast nöd-
vändigt för att kunna tidsavgränsa biomarkörer. På grund av att de flesta inneslutningar är små 
(10 µm i diameter) är det inte möjligt att analysera en enskild vätskeinneslutning med stand-
ardtekniken gaskromatografi-masspektrometri (GC-MS). Time-of-flight secondary ion mass 
spektrometri (ToF-SIMS) med sin höga känslighet, höga massupplösning och kapacitet för 
2D-representation av analysdata och djupprofilering av prover är en utmärkt teknik för analys 
av enskilda inneslutningar.

Metoden för analys av enskilda inneslutningar utvecklades i två steg. Först analyserades ett 
antal råoljor med ToF-SIMS och GC-MS för att underlätta förståelsen av ToF-SIMS-spektra 
från dessa typer av prover. Därefter utvecklades en metod som bestod av mikroskopering för 
att lokalisera inneslutningen, jonetsning för att öppna inneslutningen och ToF-SIMS analys av 
det exponerade innehållet. Metoden testades framgångsrikt på enskilda inneslutningar i hydrot-
ermala vener av flusspat och kalcit i ordovicisk (488-443 miljoner år sedan) kalksten.  Därefter 
användes den utvecklade metoden för att analysera enskilda vätskeinneslutningar i 1,43 mil-
jarder år gammal sandsten från norra Australien, i vilka hopaner och steraner detekterades. De 
detekterade steranerna visar att trots att havet under denna tid var syrefritt existerade det lokala 
syrerika miljöer där eukaryoter kunde överleva. Om den utvecklade metoden används på ännu 
äldre inneslutningar, vilka har daterats till 3,2 miljarder år, kan den komma att svara på några de 
mest fundamentala frågorna kring livets uppkomst och tidiga utveckling. Om metoden används 
på utomjordiska prover kan den svara på frågan om det finns liv på andra planeter eller månar. 
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1. Introduction

The origin and early evolution of life during 
the Archean and Proterozoic has gained much 
attention over the last two decades [1-2]. One 
of the topics discussed is the timing of the 
first appearance of the three different domains 
of life; Bacteria, Archaea and Eukaryota, 
particularly since the fossil record from 
this period is sparse and hard to interpret. 
To gain better understanding about the 
early divergence of life, analyses of organic 
biomarkers, which are organic molecules 
that are used for tracking biological activity 
in the geological record, have been applied 
[3]. However, though organic biomarkers 
may give detailed information about the 
taxonomy of the organism, it is often difficult 
to assess the age of these biomarkers, and 
contradicting interpretations have often been 
presented in the literature [4-7], particularly 
with regard to steranes, which almost 
exclusively originate from eukaryotes. Since 
the occurrence of steranes also implies that 
the local environment was oxygenated at the 
time of deposition, it is important to resolve 
this controversy as it may help reconstruct the 

Figure 1 A number of oil-
bearing fluid inclusions 
(yellow-brown colour) 
trapped in a calcite vein 
from the Siljan impact 
crater. In addition to the 
liquid hydrocarbon phase, 
the inclusions also contain 
a gas phase. 

environmental conditions on the early Earth.

The organic content in rocks and minerals 
is usually studied with extraction-based 
sample preparation techniques which is 
combined with analysis of the extracted 
organic compounds by gas chromatography 
mass spectrometry (GC-MS) or liquid 
chromatography mass spectrometry (LC-
MS). However, in the extraction process the 
spatial relationships between the organic 
phases and the mineral matrix–including 
potential contamination–is lost. Therefore, a 
complementary method with the capability of 
in situ analysis of organic material in rocks 
is desirable. Time-of flight secondary ion 
mass spectrometry (ToF-SIMS) with its high 
sensitivity, high mass resolution, imaging and 
depth profiling capability may provide such 
an opportunity. A number of studies have 
shown the potential of ToF-SIMS analysis 
of organics in geological samples and also in 
biological samples [8-12]. 

The main objective of the project was 
to develop a method for the detection of 
hopanes and steranes in single oil-bearing 
fluid inclusions (Fig. 1). Analysis of organic 
biomarkers, such as hopanes and steranes, 
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is used to trace evidence of ancient life in 
the geological record, and particularly oil-
bearing fluid inclusions may contain some 
of the oldest uncontaminated evidence of 
life on Earth [13-14]. However, it can be 
difficult to assign the detected biomarkers to 
specific inclusions (or inclusion generations) 
using standard methods, such as GC-MS. 
Therefore, a method that is capable of 
analysing single oil-bearing fluid inclusions 
would be desirable. 

ToF-SIMS is well suited for analysis of oil-
bearing fluid inclusions since the technique 
has the high sensitivity required to analyze 
the small sample size of an inclusion (picoliter 
range for a 10 µm inclusion) [15]. In addition, 
the complexity of the sample requires high 
mass resolution of  ToF-SIMS. The project 
was divided in to three steps; i) crude oils of 
known origin and composition were analysed 
by both ToF-SIMS and GC-MS to facilitate 
spectral interpretation of ToF-SIMS mass 
spectra of oils [16], ii) oil-bearing fluid 
inclusions with a known composition, found 
in hydrothermal veins from the Siljan impact 
structure in south-central Sweden, were 
analysed to develop a proof-of-concept for 
ToF-SIMS extraction and analysis of single 
oil-bearing inclusions [17] and, iii) the method 
was applied to Proterozoic oil-bearing fluid 
inclusions. 

The successful detection of the biomarkers in 
single oil-bearing inclusions in Archean and 
Proterozoic samples may provide valuable 
information regarding life’s earliest evolution 
on Earth including the appearance of the first 
eukaryotes in Earth’s history. 
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2. Background

2.1 Origin and early evolution of life

Not much is known about the first part of 
Earth’s history, the Hadean (4.5-3.85 Ga 
= gigaannum = billion years). However, 
water was probably present in liquid form 
on the early Earth (4.4 Ga) [18-19]. This 
transformed the Earth and set the stage for 
the emergence of life, which may have been 
present on Earth as early as 3.8 Ga, as indi-
cated by presence light carbon isotopes in 
apatite grains from West Greenland [20-21]. 
However, the oldest traces of life, which also 
include stromatolites and putative microfos-
sils [22-25], are all controversial and can 
be explained by abiotic processes [26-29]. 
Regardless, life must have emerged and 
developed oxygenic photosynthesis dur-
ing the Hadean or Archean (3.85 – 2.5 Ga) 
because by 2.45 – 2.0 Ga the atmosphere 
became oxygenated, as indicated by the end 
of mass-independent sulfate fractionation 
and the presence of redox-sensitive miner-
als [30-32]. The increasing oxygen content 
in the atmosphere changed the ocean chem-
istry, which until now been dominated by 
dissolved iron, through increased weathering 
of the continents. For example, the increased 
weathering of sulfides meant an increased 
input of sulfate to the oceans which in turn 
stimulated bacterial sulfate reduction, con-
verting sulfates to hydrogen sulfide, and 
creating a partly anoxic and sulfidic ocean 
[33-36]. The geochemical record indicates 
that the oceans were partially anoxic during 
most of the Proterozoic, conditions which 
lasted to at least the beginning of the Neo-
proterozoic (1.0 – 0.54 Ga) [34]. It is an 
ongoing debate whether this was a local or 
global event, and how long it lasted since the 
rock record from this period is limited.

A sulfidic and anoxic ocean during most 
of the Proterozoic would have had conse-
quences for eukaryotes living at this time.  
For most eukaryotes H2S is toxic since it 
prevents cellular respiration[37], and in 
addition, most extant eukaryotes require 
oxygen for their metabolism, though there 
are exceptions [38]. The prevalence of H2S 
would also have limited the availability 
of trace elements such as Fe, Mo and Cu, 
which are used by eukaryotes to assimilate 
NO3

- [37, 39]. Especially in the nitrogen-
limited ocean of the Proterozoic this would 
had consequence for the eukaryotes [37, 39]. 
Any eukaryotes living at this time would 
therefore likely have been restricted to shal-
low marine environments that were in con-
tact with the atmosphere, and where sulfidic 
and anoxic conditions were less likely to be 
present [37]. Even though these conditions 
prevailed during most of the Proterozoic, 
eukaryotes most likely appeared during this 
time, and by 600 Ma metazoans had devel-
oped [40-41]. The fossil record indicates that 
eukaryotes, including algae, were present 
sometime between 1.2 – 1.8 Ga [42-45], 
though recent findings suggest an origin as 
early as 3.2 Ga [46-47]. However, fossils 
from the Archean and early Proterozoic, 
usually as a consequence of their simpler 
morphology, are often difficult to interpret or 
even define as bona fide biosignatures, hence 
making it difficult to exactly determine when 
the different domains of life (Eukaryota, 
Bacteria and Archaea) first appeared on 
Earth. Therefore, it has become increasingly 
important to acquire diagnostic chemical 
information, including organic biomarkers, 
from the putative fossils to support claims 
of biogenecity [28], and to be able to assign 
correct taxonomy. 
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2.2 Organic biomarkers

Molecular fossils, or organic biomarkers, 
have a unique combination of characteristics 
that distinguishes them from other organic 
compounds. The characteristics are: i) they 
are composed of  repeating organic units, 
which is typical for molecules that were 
once part of living organism, ii) they are 
often specific for the organism they origi-
nated from and, iii) they are resistant against 
postdepositional degradation during early 
burial and diagenesis [3]. Because of these 
characteristics, biomarkers can be used to 
determine the source of organic material in 
rocks, be it the actual source organisms or 
the type of environment in which the organic 
material was deposited. This makes biomar-
kers ideal for both tracing early evolution of 
life, and for studying the history of petro-
leum systems through time [3].

In addition to information on the source of 
the organic material, biomarkers may also 
reveal what happened to the organic mate-
rial after initial deposition, for example what 
temperatures it was exposed to during burial, 
diagenesis and catagenesis, and whether it 
migrated from the rock of initial deposition. 
The heat that organic material, such as oil, 
has been exposed to determines the maturity 
of the organic material and can be assigned 
by comparing groups of biomarkers with 
different heat resistance. A typical parameter 
is the ratio between the chiral isomers 20S 
and 20R C29 steranes. As the 20S steranes 

are more stable at elevated temperatures 
than the 20R steranes, the ratio between 
these two isomer will increase as maturity 
increases [3]. The maturity of the organic 
compounds can also be used to determine 
whether the organic compounds found in a 
particular rock are in fact indigenous to the 
rock. For example, if organic compounds 
of low maturity are found in a rock that has 
been exposed to high temperature during 
metamorphism, it is likely that the organic 
compounds entered the rock after peak meta-
morphism. By analyzing the biomarker ma-
turity and content in an oil, and comparing it 
with potential nearby organic-rich rocks, the 
source rock of the oil can be identified and 
the migration of the oil through the geologi-
cal formation can be traced.

Biomarkers also indicate if the organic mate-
rial has been exposed to biological activity, 
i.e. biodegradation after initial deposition. 
Different organic compounds have different 
resistance against degradation. For exam-
ple, compounds containing rings are more 
resistant to degradation than straight-chained 
alkanes [3]. Hence, the lack of, for example, 
n-alkanes in an oil would suggest that the oil 
has been biodegraded after initial deposition. 

Some of the most useful biomarkers are 
polycyclic structures, such as hopanes and 
steranes (Fig. 2). They are widely used as 
sedimentary fingerprints for bacterial and 
eukaryotic source inputs since hopanes are 
derived from lipids (bacteriohopanepolyols) 

Figure 2 Polycyclic biomarkers: a) C30 hopane b) C27 sterane.

ba
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present in cell membranes of primarily Bac-
teria [48-50], whereas steranes are derived 
from lipids (sterols) in cell membranes of 
mainly Eukaryota (Fig. 3) [3, 51-52]. Some 
Bacteria are known to produce sterols, 
though these sterols lack alkylation at carbon 
position 24 as opposed to sterols produced 
by eukaryotes [51, 53]. Eleven molecules 
of O2 are required to synthesise one sterol 
molecule, so the detection of steranes in 
ancient sediments has been used to infer the 
presence of oxygen at time of deposition of 
organics [54], although spatially just on a lo-
cal scale. Also, certain hopanes, such as 2α-
metylhopanes, are used to infer the presence 
of oxygen production as they are believed to 
be primarily derived from lipids in the cell 
membranes of cyanobacteria [5, 55].

Hopanes and steranes are primarily found in 

organic-rich sediments, rocks and oils. It has 
been estimated that about 1011−1012 cubic 
tons of hopanoids, including the hopanes, 
exist in the geosphere. This equals, if not ex-
ceeds, the total mass of organic material in 
presently living organisms [3]. Both hopanes 
and steranes are resistant to postdepositional 
degradation. They are particularly resistant 
to biodegradation but less resistant to heat 
[3].

Hopanes and steranes have been detected 
in numerous Precambrian rocks. The oldest 
rocks they have been found in are 2.7 bil-
lion-year-old rocks from the Pilbara Craton 
in Western Australia [5, 56-57] . However, 
even though it was concluded that these 
biomarkers were probably syngenetic with 
their host rock, contamination could not be 
ruled out [57-58]. Later studies of the same 

Figure 3 Sterols, including cholestrol, are present the cell membranes of eukaryotes. After the death of the organism 
some of cholestrol molecules may be preserved in the form of cholestane in the geological record.
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material indeed also concluded that these 
biomarkers must be contamination. The 
conclusion was based on the difference in 
carbon isotope ratio between extracted bitu-
mens and bulk organic carbon, which sug-
gest a different source for the extracted bi-
tumens than the bulk organic carbon, hence 
making it difficult to constrain when the 
bitumens entered into the rock [7]. Recently 
also younger biomarkers, particularly ster-
anes, have been questioned. In these studies 
the inner and outer part of the drill cores 
were compared and yielded no indigenous 
sterane biomarkers [6, 58]. However, other 
studies of Precambrian biomarkers yielded 
different results. These studies focused on 
newly drilled cores, which were drilled spe-
cifically for biomarker studies and where ex-
tra care had been taken not introduce foreign 
organic material into the drill core. In these 
studies solvent and acid extracted bitumens 
were compared, and shown to contain ster-
anes from 2.7 Ga old rocks [4]

A way around the issue of contamination 
is to look at other potential sample sources 
of ancient organic material. One potential 
uncontaminated source of biomarkers is 
represented by oil-bearing fluid inclusions, 
which protect their content–usually water, 
oil and/or gas–from changes in the surround-
ing environment [3]. The oldest oil in the 
world is in fact found oil-bearing fluid inclu-
sions dated to 3.2 Ga [13, 59]. In order to 
analyse the composition of oil-bearing fluid 
inclusions the samples are usually crushed, 
followed by solvent-extraction and GC-MS 
analysis of the extracted hydrocarbons [60]. 
Using this method, steranes and hopanes 
have been detected in fluid inclusions in 2.2 
Ga host rocks from Elliot Lake in Canada 
and in 2.1 Ga rocks from Oklo natural fis-
sion reactors, in Gabon, with the age of the 
oil migration event only slightly younger 
than the age of the host rocks [14, 61-62]. 
The oil in the inclusions from Elliot Lake 
had experienced temperatures of up to 280-
350°C which is higher than what is generally 

recognized cracking temperatures of oils 
(160-275°C) [61]. This indicates that organic 
matter may resist thermal degradation better 
in a closed system, such as an inclusion, 
compared to open system [13, 61].

2.3 Fluid inclusions

Fluid inclusions are small amounts of water, 
oil or/and gas trapped in a mineral [63-66] 
(Figs. 1, 4). Inclusion diameters are usually 
several micrometers, but range from sub-
micrometer to centimetres. Typical mass 
content is in the order of nano- to femtogram 
[3]. Common minerals which contain fluid 
inclusions are calcite, quartz, halite and 
fluorite [65]. By looking at the relationship 
of the fluid inclusion to its mineral host, the 
relative timing of inclusion formation can 
be deduced. Fluid inclusions trapped dur-
ing crystal growth are termed primary while 
if the inclusions are trapped after crystal 
growth, during fracturing and healing of a 
microcrack, is termed secondary [63, 65]. 
Different generations, primary and second-
ary, are often found in the same sample. 
Fluid inclusion studies provide information 
on temperature and pressure conditions at 
the time of trapping and, hence, can be used 
to reconstruct the geological history of min-
erals and rocks [63]. Combined information 
from oil-bearing fluid inclusions and water 
inclusions is used in studies of petroleum 
generation and migration [64].

Data on the temperature conditions at time 
of entrapment of the inclusions are obtained 
by temperature measurements of phase 
changes in the inclusions as these are heated 
[63-66]. By cooling fluid inclusions infor-
mation on the composition of the inclusions 
can be obtained, including salt content and 
presence of gases. Additional information on 
the fluid composition can be obtained either 
by indirect spectroscopy such as Fourier 
transform infrared spectroscopy, Raman 



7

spectroscopy and UV fluorescence or by 
direct analysis by mass spectrometry [3, 64, 
67-69]. The former techniques provide only 
limited molecular information on the organic 
fraction in the inclusion; for example UV 
fluorescence is often used identify the pres-
ence of hydrocarbons in an inclusion (Fig. 
4). Mass spectrometric techniques usually 
include crushing the sample, either off-line 
or on-line, followed by subsequent analysis 
by coupled GC-MS [60]. However, since 
even very small rock samples may contain
several generations of inclusions, less age-
constrained information will be obtained if
crushing is employed. Analysis of single oil-
bearing inclusions overcomes this problem.
There have been successful attempts at 
opening fluid inclusions through thermal 
decrepitation induced by different types of 
lasers, e.g. NdYAG and ErYAG, followed by 
GC-MS analysis [70-71]. However, due to 
the small size of oil-bearing fluid inclusions 
(usually 1-50 μm in diameter), the laser-
based extraction required as many as 10-100 
inclusions to be opened to reach the detec-
tion limit of the GC-MS, and yet no hopanes 
or steranes were detected. More
recently, a femtosecond laser was used to 
open a single large (> 50 μm) inclusion 
followed by GC-MS analysis of the ther-
mally extracted products [72]. Although the 
GC-MS chromatograms showed numerous 

branched, cyclic, aromatic and straight-
chained hydrocarbons up to C19 (pristane), 
compounds of higher molecular weight, 
including hopanes and steranes, appeared 
to have escaped detection [72]. SIMS tech-
niques have previously been used to study 
fluid inclusions, mainly non-petroleum
inclusions, with the intent to quantify the 
element composition of the inclusion [73-
74]. An analysis on petroleum inclusions 
using a ToF-SIMS equipped with a Ga+ 
source [75] has been reported in the litera-
ture. Information was retrieved about lower 
mass fragments (0-100 u) and it was pos-
sible to distinguish between generations of 
inclusions but no information on biomarkers 
such as hopanes and steranes was obtained 
[75]. Therefore, a method which allows 
analysis of single oil-bearing fluid inclusions 
and the detection of hopanes and steranes 
in these inclusions was not available at the 
time when the present work was initiated.
mass fragments (0-100 u) and it was pos-
sible to distinguish between generations of 
inclusions but no information on biomarkers 
such as hopanes and steranes was obtained 
[70]. Therefore, a method which allows 
analysis of single oil-bearing fluid inclusions 
and the detection of hopanes and steranes in 
these inclusions was not available at the time 
when the present work was initiated.

Figure 4 Transmission (a) and fluorescence (b) micrographs of fluid inclusions in sandstone. The fluorescence 
indicates that hydrocarbons are trapped in the inclusions.

50 µm 50 µm

a b
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2.4 ToF-SIMS

In time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) high energy primary 
ions (~1-10 keV) are used to remove (sput-
ter) material from the surface of a sample 
(Fig. 5) [76-78]. The sputtered particles are 
atoms, clusters, molecules, molecule frag-
ments and a small fraction of positive or 
negative (secondary) ions [76-78].

The generated secondary ions are acceler-
ated to a constant kinetic energy into a time-
of-flight mass spectrometer (Fig. 6). Mass 
separation is obtained as ions with the same 
energy but different masses will travel with 
different velocities, thus reaching the detec-
tor at the end of the flight tube after differ-
ent times following each primary ion pulse 
[76-78]. 

The measured travel time is then recalcu-
lated to mass according flowing formula,

Figure 5 The sputtering process of ToF-SIMS. 

zU =
mv2

2
=

mL2

2t2

t = L


m
2zU

t = A+B
√

m

where m is the mass and v is the velocity 
of the ion, L is length of the flight path, z is 
the charge of  the ion (usually ±1) and U is 
the voltage of the electrical field (opposite 
polarity to the charge of ions to be analysed). 
Thus the flight time is

This equation can be simplified to a linear 
relationship 

where A and B are obtained by calibrating 
the mass spectrum using peaks from small 
known organic fragments, usually below 
m/z 100. The mass resolution is dependent 
on the pulse length of the primary ion beam, 
the shorter the pulse the higher the mass 
resolution [76]. Using ion gun setting for 
high mass resolution gives a typical mass 
resolution Δm/m > 7000 at m/z 30. The mass 
resolution can, however, decrease due to 
topography of the sample [76-77]. Ion gun 
setting can also be optimized for high spatial 
resolution, but then at the cost of lower mass 
resolution, as there is a trade-off between 
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high mass resolution and high spatial resolu-
tion[79]. In the high spatial resolution mode 
of current ToF-SIMS instruments the lateral 
resolution Δl is typically a few 100 nm (sam-
ple dependent) and the typical mass resolu-
tion is Δm/m > 100-300 at m/z 30 [79].

The sensitivity of ToF-SIMS for a particular 
molecule is determined by a number of fac-
tors. One important factor is the secondary 
ion yield, i.e. the number of detected sec-
ondary ions of the molecule per primary ion 
[76-78]. The secondary ion yield is related to 
the ionisation probability of the molecule of 
interest, and is also influenced by the mass, 
charge and energy of the primary ion [76]. 
However, the primary ion mass, charge and 
energy also influence the extent of damage 
to the sample, which means that an increased 
sensitivity will not necessarily be obtained 
by increasing these parameters [76]. To take 
this into account, the term efficiency, E, has 
been introduced. It is defined as the second-
ary ion yield, divided by the sample area 
damaged per incoming primary ion, and can 

be used as a measure of the relative sensitiv-
ity for a given molecule [80-81]

In the past, the standard primary ions used 
for ToF-SIMS analysis were produced in 
liquid metal sources such as Ga+. Recently, 
a number of sources using polyatomic ions 
such as Bin=1-7

+, Aun=1-3
+, SF6

+ and C60
+ have 

been developed [82-87]. These new primary 
ion species result in increased secondary ion 
yields, without proportionally more damage 
to the sample. This means higher efficiency 
and increased sensitivity, in particular for 
larger (m/z >100) secondary ions. A study 
indicated a detection limit (in absolute 
terms) as low as 10000 molecules when Bi3

+ 
primary ions were used for particular organic 
samples [85]. 

In addition to the primary ion species, the 
secondary ion yield is (sometimes very 
strongly) affected by sample properties such 
as composition, crystallinity and topography 
[76]. The ionisation probability is affected 

Time-of-Flight Mass 
analyzer with a 
reflectron

Detector

Sample
Airlock

Extractor

Pulsed Bismuth ion gun
Pulsed C60 ion gun

Secondary ions

Primary 
ionsElectron flood gun

Electrons

Figure 6 Schematic sketch of the ToF-SIMS instrument
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by the ionisation potential of the molecule it-
self and the sample surface. The effect of the 
sample on the ionization probability of the 
analysed molecule is called the matrix effect 
[76-78]. Due to the matrix effect quantifica-
tion of ToF-SIMS results is far from straight-
forward, and requires calibrations against 
samples of known composition.  

Signal intensity may be increased by pro-
longed analysis time. However, the useful 
analysis time is limited by the static limit, 
which ensures that a sample region is only 
hit once and pristine material is always 
analysed [76-78]. The static limit for organic 
molecules is typically 1012 primary ions per 
cm2 [76], which translates into around 600 
s analysis time on a 200 x 200 µm2 area at 
a primary ion beam current of 0.1 pA. The 
static limit is, however, dependent on the 
primary ion species and the material. 

 In a ToF-SIMS analysis, the ion beam is 
normally rastered across the analysed sur-
face. When storing the data, the analysis area 
is divided into 128 x128 or 256 x 256 points, 
and in every raster point a mass spectrum 
is collected. The data is stored in a raw data 
file, from which ion images showing the 
intensity distribution for individual ions 
within the analysed surface can be obtained. 
The maximum size of the analysed area is 
normally 500 x 500 µm2 but by moving the 
sample stage during the analysis larger areas 
(several cm2) can be analysed. The spatial 
resolution of the acquired image is depend-
ent on the diameter of the used ion beam i.e. 
the smaller the beam the better spatial reso-
lution. However, the secondary ion signal 
also decreases with smaller ion beam diam-
eter as the amount of sample available to the 
ion beam is lower. For molecules with high 
secondary yield, and using an ion beam with 
small diameter, spatial resolutions <1 μm 
can routinely be obtained [12, 76, 79]. The 
state-of-the-art, with ideal samples is around 
40 nm [79].

Most ToF-SIMS instruments are equipped 
with a sputter beam for etching of the sam-
ple, which combined with an analysis beam, 
can be used to acquire a depth profile of a 
sample, i.e. a measurement of the distribu-
tion of substances from the surface and into 
the material. Previously, the useful spectrum 
information obtained during depth profiling 
has been limited to elements and very small 
organic fragment ions, due to the extensive 
sample damage. However, with the develop-
ment of new polyatomic sources such as C60

+ 
molecular depth profiling of some organic 
samples are now possible. Depth profiles 
have, for example, been performed on 
animal cells [88-89]. A key part of the suc-
cess for these studies is the use of C60

+ ions, 
which penetrate the surface less than other 
ions. This in turn means that the primary 
ion energy is deposited closer to the surface, 
resulting in an increased sputter yield from 
the top monolayers and decreased damage to 
the underlying layers, making it possible to 
perform depth profiling of organic samples 
[90-91].   

ToF-SIMS was first developed during the 
1970s and was used in applications such 
as silicon wafer analysis and for surface 
analysis of polymers [77]. In recent years, 
particularly after the development of the 
new cluster ion sources, different types of 
geological samples have been successfully 
analysed [8-12, 92-95]. ToF-SIMS has, for 
example, been used to characterize biomark-
ers and to detect, identify and map the distri-
bution of lipids in microbial mats [8, 11-12]. 
These studies have shown the potential of 
ToF-SIMS for characterization of organics 
in geological samples. Part of the success of 
these analyses can be attributed to success-
ful sample preparation. The sample must 
fulfil certain requirements to be analysed by 
ToF-SIMS, including vacuum compatibility, 
surface smoothness and cleanliness [76]. 
Particularly the necessity of sample cleanli-
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ness puts high requirements on the sample 
preparation chain;  from the collection of the 
sample in the field to the introduction of the 
sample into the vacuum chamber of the ToF-
SIMS. Unless all steps are carefully control-
led the sample may easily be contaminated, 
particularly by organics such as chemicals 
from the preparation of thin sections or poly-
mers from sample containers. Contaminants 
can easily prevent a successful analysis of a 
sample with ToF-SIMS.
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Figure 7 The ToF-SIMS at SP Technical Research Institute of Sweden.

3. Methods

The ToF-SIMS analyses are carried out at the SP Technical Research of Sweden on a ToF-SIMS 
IV instrument (ION-TOF GmbH, Germany), using 25 keV Bi3

+ as primary ions for analysis and 
10 keV C60

+ ions for ion etching (Fig.7). 

For a more throughout description of the instruments used in this study, see the enclosed papers 
and manuscripts below.
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Figure 8 Positive ToF-SIMS spectra (m/z 216.80-217.30) of Siljan oil a) aliphatic fraction, b) non-aliphatic frac-
tion, and c) non-fractionated oil. Positive ToF-SIMS spectra (m/z 370.90-371.50) of Siljan oil d) aliphatic fraction, 
e) non-aliphatic fraction, and f) non-fractionated oil. Positive ToF-SIMS spectra (m/z 410.95-411.55) of Siljan oil 
g) aliphatic fraction, h) non-aliphatic fraction, and i) non-fractionated oil.

4. Results

In the following chapter, the four papers 
comprising this thesis work are summarized. 

4.1 Paper I -	Detection	of	organic	biomark-
ers	in	crude	oils	using	ToF-SIMS	

In this study we show that it is possible to 
detect organic biomarkers, such as hopanes 
and steranes, in crude oils with ToF-SIMS 
without prior chemical extraction and sam-
ple preparation. This is a key step towards 
detection of hopanes and steranes in single 
oil-bearing fluid inclusions. 

First, reference spectra from a number of 
biomarkers, including five steranes and two 
hopanes, were analysed with ToF-SIMS to 
identify the peaks that are specific for these 
biomarkers. The [M-H]+, the [M(13C)-H]+ 
and a number of characteristic fragment 
peaks were identified as peaks that can be 
assigned to hopanes and steranes. There-
after, the aliphatic fractions of four crude 
oils of different origin and state of biodeg-
radation (Siljan seep oil, two Suez oils and 
NSO-1) were analysed both with GC-MS 
and ToF-SIMS to establish whether hopanes 

and steranes existed in the analysed oils, 
and could be identified in the fractions by 
ToF-SIMS. After successful analysis of the 
aliphatic fractions, the non-fractionated oils 
(Siljan seep oil (Fig. 9), two Suez oils and 
NSO-1) were analysed with ToF-SIMS. Also 
in the ToF-SIMS spectra of the non-frac-
tionated oils, the peaks assigned to hopanes 
and steranes could be identified. Finally, 
the non-aliphatic fractions of the crude 
oils were investigated to determine if there 
were any compounds in the oil that could 
produce peaks that interfere with the peaks 
assigned to steranes and hopanes. The ToF-
SIMS analyses of the non-aliphatic fractions 
indicated that no such peaks were present 
in the ToF-SIMS spectra of the biodegraded 
oils (Siljan seep oil and Suez oil 1) (Fig. 8). 
However, in the spectra of the non-biode-
graded oils (Suez oil 2 and NSO-1) there 
were peaks interfering with the peaks that 
were assigned to the [M-H]+ of hopanes and 
steranes. 

It was thus concluded that if the oil inclu-
sion can be made accessible to the ion beam 
it is feasible to use ToF-SIMS for detecting 
hopanes and steranes in single oil-bearing 
fluid inclusions.
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Figure 9 Collection of Siljan samples: a) The Solberga limestone quarry. Square indicates close-up in (b). b) Part 
of hydrothermal vein is seen in the picture. Black stains are oil. c) Hydrothermal vein of fluorite (yellow colored 
crystals at the botttom of the rock fragment). d) Thick section of hydrothermal vein of fluorite (left part of thick 
section). e) Oil-bearing fluid inclusion (orange feature) trapped in a vein of flourite.
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Figure 10 Positive ToF-SIMS spectra (m/z 216.90-217.30) of a) ααα-20R-cholestane, b) non-fractionated Siljan 
seep oil, and c) inclusion oil. Positive ToF-SIMS spectra (m/z 371.00-371.50) of d) cholestane standard, e) non-
fractionated Siljan seep oil, and f) inclusion oil. Positive ToF-SIMS spectra (m/z 410.95-411.55) of g) hopane 
standard, h) non-fractionated Siljan seep oil, and i) inclusion oil. 

4.2 Paper II - Analysis	of	hopanes	and	
steranes in single oil-bearing fluid inclu-
sions using time-of-flight secondary ion mass 
spectrometry	(ToF-SIMS)

In this study a number of successful ToF-
SIMS analyses, in which hopanes and 
steranes were detected, were performed 
on single oil-bearing fluid inclusions con-
tained in hydrothermal veins from the Siljan 
impact crater (Sweden) (Fig. 9). This was 
done in a three-step procedure: (i) collection 
and preparation of samples, (ii) imaging of 
samples with optical microscopy and, (iii) 
opening and analysis of the inclusion in the 
ToF-SIMS instrument using a C60

+ sputter 
gun and a Bi3

+ analysis gun.

The samples containing oil-bearing fluid in-
clusions were collected at the Siljan impact 
crater structure (377 ±2  Ma) in south-central 
Sweden [96]. Specifically, the samples were 
taken from hydrothermal veins protrud-
ing Ordovician limestone in the quarries of 
Solberga and Jutjärn on the eastern side of 
the crater. The hydrothermal veins consist 

of fluorite and calcite with accessory miner-
als such as pyrite (FeS) and galena (PbS). 
The oil-bearing fluid inclusions found in 
the veins are abundant, normal-sized (10-30 
µm in the longest diameter) and oil-rich i.e. 
well-suited for method development. 

The samples were prepared as double pol-
ished 150-220 µm thin sections. In prepara-
tion for the ToF-SIMS analysis, the inclu-
sions were studied in a microscope to find 
suitable inclusions. The criteria that had 
to be fulfilled were the following: size at 
least 10 µm in diameter, and location fairly 
isolated relative to other inclusions and no 
further than 10 µm below the surface of the 
polished thin section. The exact locations of 
the inclusions in the thin section were also 
documented in light micrographs, in order to 
facilitate localization of the inclusion in the 
vacuum chamber of the ToF-SIMS instru-
ment. In addition, the depth of the inclusion 
below the thin section surface was estimated 
by focal plane measurement. The sputter 
rate of the C60

+ gun in fluorite and calcite 
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was also measured in order to estimate an 
approximate sputtering time to reach the in-
clusion. ToF-SIMS analyses were performed 
on several inclusions of different shapes and 
sizes, contained in either fluorite or calcite.

The opening of an inclusion and the analysis 
of its picoliter content was done by alternat-
ing sputtering and analysis cycles by the C60

+ 
and Bi3

+ ion gun, respectively. By monitor-
ing signals from selected secondary ions of 
inorganic and organic molecules in a depth 
profile, the opening of the inclusion could 
be monitored in real-time. The opening was 
characterized by a sudden increase in the 
signals from the organic ions. High spatial 
resolution ion images of the sputtered and 
analysed area were collected subsequent to 
opening of the inclusions to confirm that 
the correct area had been analysed. Topo-
graphic variations in the total ion images 
could be positively correlated to features, 
such as fractures in the sample surface that 
were mapped in optical micrographs prior to 
analysis. In addition, ion images of specific 
organic ions (for example the hydrocarbon 
fragment C4H7 at m/z 55.06) confirmed that 
the organic signal was localized to the area 
of the inclusion.

Mass spectra were reconstructed from 
analysis times and 2D regions of interest 
with increased organic signal. These spectra 
contained a large number of organic peaks 
that are very similar to the peaks found in 
the ToF-SIMS spectra of the Siljan seep oil 
[16]. Most importantly, the peaks included 
deprotonated molecular ions, and fragments 
of hopanes and steranes (Fig. 10). To our 
knowledge this was first time that hopanes 
and steranes have been detected in single oil-
bearing fluid inclusions. The next step was 
to analyse single oil-bearing inclusions in 
Precambrian rocks. The detection of hopanes 
and steranes in such an inclusion could 
provide valuable information on the early 
evolution of life on Earth.

4.3 Paper III - Analysis	of	single	oil-
bearing fluid inclusions in mid-Proterozoic 
sandstones	(Roper	Group,	Australia)

In this study oil-bearing fluid inclusions in a 
mid-Proterozoic sandstone from the Roper 
Group in Australia were analysed with ToF-
SIMS. The sample was chosen as a good 
first Precambrian sample since it contains 
numerous big inclusions with known compo-
sition, source, and thermal history. Numer-
ous oil extracts from same basin has been 
analysed prior to this study, including bulk 
analysis of oil-bearing fluid inclusions in the 
overlying dolerite sill.

Four individual inclusions were analysed 
with ToF-SIMS (Fig. 11). In addition, the 
Jamison oil (which originate from the basin 
and also likely from same source rock as the 
analyzed inclusion oil) were analysed with 
GC-MS and ToF-SIMS as a comparison to 
the inclusion oil. The ToF-SIMS spectra 
of from the inclusions were very similar to 
each other, with several prominent aromatic 
peaks, but they differed from the spectra of 
the Jamison oil. The following groups of 
organic compounds were identified in the 
oil-bearing inclusions; alkanes/branched 
alkanes, cyclic alkanes, steranes, monoaro-
matic steroids and hopanes (Fig. 12). These 
results are in good agreement with results 
obtained in the crushing experiments, except 
for the presence of steranes and aromatic 
steroids. A possible explanation to this 
discrepancy may be differences in detection 
limit between the different techniques, given 
that only small amounts of organics were 
extracted in the crushing experiments. In 
fact, bulk crushing and analysis the overly-
ing dolerite sill, which contain oils that are 
likely derived from the same source rock as 
the Bessie Creek Sandstone inclusion oil, re-
vealed the presence of steranes. In addition, 
steranes have been detected in numerous oils 
and extracts from the region. 
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Figure 11 Fluorescence micrographs of an oil-bearing fluid inclusion a) before and b) after opening and analysis. 
Transmission micrographs of the same oil-bearing fluid inclusion c) before and d) after opening and analysis. The 
green square indicates the area of analysis. e) BSE image of the area indicated with the green square in (d). f) High 
spatial resolution ToF-SIMS ion image overlay (green: Si and red: organic fragment m/z 55.06) of the same area 
as in (e). g) Three-dimensional representation of m/z 55.06 signal strength collected during high mass resolution 
profiling of area (100x100 µm2) indicted by the green square in (c). Z direction (2.6 µm) indicates the depth axis: 
hence the top blue side of the cube is the surface of the thin section whereas the blue to orange sphere is the oil-
bearing fluid inclusion in seen in (a) and (c). Red indicates the strongest signal intensity while blue is the weakest. 
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It is possible that the peaks assigned to 
steranes could by produced by other com-
pounds, particularly since the analysed inclu-
sions contain a non-biodegraded oil. How-
ever, the spectra from the inclusions show 
some characteristics, such as the presence of 
all expected sterane fragments and patterns 
of these fragments that would indicate that it 
is indeed steranes that have been detected in 
the inclusion oils. Furthermore, ToF-SIMS 
analysis of the different fractions of the 
Jamison oil indicates few interfering polar 
and aromatic compounds in oils sourced 
from this region. This would further support 
that it is indeed steranes that are present in 
the analysed oil-bearing inclusions.

Assuming that the peaks are correctly as-
signed to steranes it would suggest that 
eukaryotes were present during the mid-Pro-
terozoic. In addition, it indicates, that pock-
ets of oxygenated water existed in an ocean 
that was otherwise characterized by anoxia. 
This study thus shows the potential of the 
developed method in providing new infor-
mation that could help answer fundamental 

questions about the evolution of life on early 
Earth. 

4.4 Paper IV - Structural	effects	of	C60
+	

bombardment	on	various	natural	mineral	
samples-	Application	to	analysis	of	organic	
phases	in	geological	samples

Single oil-bearing fluid inclusions were 
opened and analysed by using a Bi3

+ analy-
sis beam and a C60

+ sputter beam. The use 
of these ions beams were a key part in the 
success of analysing the inclusions as they 
combine high sputter and ion yields from 
top monolayers with minimal destruction of 
the underlying layers. This is particularly the 
case for the C60

+ ions, which produce a shal-
lower sputter crater compared to other ion 
beams. However, earlier studies have shown 
that sputtering with C60

++  ions cause topo-
graphical effects and carbon deposition on 
the sample surface. Therefore, the effects of 
sputtering with C60

+ ions on natural minerals 
were investigated, especially with regard to 
possible implications for the analysis of fluid 
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Figure 12 ToF-SIMS spectra of ααα-20R-cholestane (a-c), oil from two invidual fluid inclusions (d-i). 
a, d, g) sterane fragment at m/z 217.20; b, e, h) sterane fragment at m/z 257.23; and c, f, i) deprotonated 
molecular ion at m/z 371.37.   



19

inclusions and organic phases in geological 
samples.

Extended C60
+ sputtering of the minerals 

gave rise to several micrometers high cone-
like structures. If the structures were close 
to each other, they merged to form ridge-like 
structures. On top of these ridge-like struc-
tures carbon was deposited. The topographi-
cal structures usually appeared at places 
of chemical heterogeneity on the mineral 
surface (Fig. 13), whereas structural hetero-
geneities did not give rise to such structures.

Despite the topography in the sputter crater 
it was possible to open most inclusions; in 
fact, the topography was even beneficial as it 
could be used as a reference point. For small 
inclusions the topography effects might 
potentially be a problem. In such case, the 
topography effects may be decreased by for 
example increasing the energy and the angle 
of incidence of the ion beam, or by using 
stage rotation. The carbon deposition did not 
produce any significant ion fragments that 
interfered with the analysis of the organic 

content of the inclusions, though it may be 
more problematic in analysis of other types 
of organic material in geological materials. 
The conclusion from this study is thus that 
the potentially negative effects occurring 
during C60

+ sputtering do not significantly 
influence the analysis of fluid inclusions of 
the size and located in the minerals investi-
gated here.  
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Figure 13 Chemical composition of surface defects that give rise to sputter-induced structures on the surface of 
fluorite. Before sputtering: a) reflective light micrographs and b) positive ToF-SIMS ion image with overlay of 
Na+ (red) and K+ (green). After sputtering: c) reflective light micrographs and d) total ion signal.
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5. Summary, discussion and
future studies 

A new approach for ToF-SIMS analysis of 
small amounts of organic material in rocks, 
in particular oil-bearing fluid inclusions, has 
been developed (Paper I and II). There are 
two main advantages of this approach: First, 
the method allows for chemical imaging of 
organic phases with high (submicron) spatial 
resolution in three dimensions, which in 
turn makes it possible to distinguish differ-
ent organic phases within the same sample, 
including potential contamination. Second, 
the method offers improved detection limit, 
thus making it possible to analyze organic 
samples, such as individual fluid inclusions. 
This study shows that it is possible to detect 
steranes and hopanes in fluid inclusions that 
are as small as 15 µm in diameter. With the 
current instrument setup, extrapolation of 
the measured peak intensities for the 15 µm 
inclusion indicates that it should be possible 
to detect steranes and hopanes in a 5 µm 
inclusion, assuming an oil with similar com-
position as the Siljan oil and that the inclu-
sion analysed contains 100 vol% oil [17]. An 
alternative way to estimate the sensitivity is 
by using the secondary ion yield of a given 
molecule. The secondary ion yield of the 
[M-H]+ peak of steranes, as measured for 
the pure substances is on the order of 10-3. 
A positive identification of the peak requires 
about 40 counts (depending on background 
level adjacent to the peak). This means 
that under ideal conditions 40,000 sterane 
molecules are needed to produce a peak of 
40 counts. This in turn approximately cor-
responds to an inclusion of diameter of 1 µm 
(0.5 femtolitres) containing 100 vol% oil 
with a 100 ppm concentration of C27-sterane. 
If the inclusion is only filled with 3 vol% oil, 
an inclusion a 2.5 µm inclusion is needed. 
Although such calculations can provide a 
rough theoretical estimate of the ultimate 

sensitivity of the technique, they will need to 
be experimentally tested, as there are several 
other factors than sterane concentration and 
secondary ion yield that will influence the 
practical sensitivity.  

Most of Archean and Proterozoic oil-bearing 
fluid inclusions are less than 5-10 µm with 
only a few vol% of oil [13], so assuming 
that the above calculations are not too far 
off, it seems feasible to analyse such inclu-
sions, particularly after some optimization 
of the method. The developed approach has 
already been successfully applied on indi-
vidual oil-bearing fluid inclusions in Protero-
zoic sandstone from the Roper Superbasin in 
Northern Australia (Paper III). Examples of 
other Archean and Proterozoic inclusions for 
future studies, including the ones that con-
tain the oldest oil so far found on Earth, are: 

a) 2.4 Ga Matinenda Formation (Elliot Lake, Aus-
tralia): Abundant, medium sized oil-rich fluid inclu-
sions with known oil composition and known source 
[13-14, 61].
b) 2.85 Ga Witwatersrand Supergroup (South Africa): 
Numerous, small oil-rich fluid inclusions, but every-
thing else is unknown [13].
c) 2.76 Ga Hardey Formation (Pilbara, Australia): 
Rare, small, oil-poor fluid inclusions, but with known 
source and geochemistry [13]. 
d) 3.0 Ga Lalla Rookh Formation (Pilbara, Australia): 
Rare, small, oil-poor fluid inclusions with unknown 
source and geochemistry [13].
e) 3.2 Ga Sulphur Springs Group (Pilbara, Australia): 
Rare, small, oil-poor inclusions, with poorly known 
source geochemistry, but located in hydrothermal 
chert [59].
f) 2.2 Ga Mt Weld carbonatite (Yilgarn, Australia): 
Numerous medium-sized, oil-moderate fluid inclu-
sions in calcite. The source is unknown, but it is 
suspected to be intrusion-related hydrous pyrolysis 
of adjacent mid-greenschist facies black shales, but it 
may also be mantle derived (personal communication 
with R. Buick & B. Rasmussen).

New drilling projects in Precambrian rocks 
will also provide an opportunity to identify 
and analyze ancient oil-bearing fluid inclu-
sions. Recent examples are the Barberton 
Scientific Drilling Programme in Barbeton, 
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South Africa [97], and the Pilbara Drilling 
Project in the Pilbara in Australia [98].  

Although individual oil-rich Precambrian 
fluid inclusions have been successfully ex-
tracted and analyzed, many of the available 
inclusions found in Proterozoic and Archean 
samples are so small and oil-poor that 
analysing them with ToF-SIMS will require 
optimization of the method and improve-
ment of instrument sensitivity. One way 
of improving the sensitivity is to optimize 
analytical parameters, such as sputter time 
versus analysis time. Because an apparent 
regeneration process of the oil surface takes 
place during analysis, it appears that the 
usual notion of a static limit does not apply 
on these samples. This allows for extended 
analysis time and, analysis a volume of oil 
rather than just the surface. Another way to 
improve the sensitivity is to cool the sample 
as this decreases evaporation of the organic 
compounds in the vacuum of the analysis 
chamber. When a thin section of the Siljan 
sample was cooled to -20°C, a 7 µm inclu-
sion containing 80 vol% oil could be ana-
lysed successfully. 

Further improvements of the instrument 
itself are likely to result in improved sensi-
tivity. New ion sources resulting in increased 
secondary ion yields are continuously being 
developed for ToF-SIMS. However, the 
increased secondary ion yield has almost 
exclusively come from improved efficiency 
in the sputtering, and not from improved 
ionization probability, which is usually less 
than 10-3 for most molecules [76, 99]. This 
means that a significant improvement in 
sensitivity would be achieved by enhanc-
ing the ionization probability. Experiments 
with post laserionization, either resonant or 
non-resonant, have shown that it is possi-
ble to enhance the ionization probability of 
certain molecules, although this also caused 
an increased fragmentation of the molecule, 
which has limited the number of molecules 

possible to analyse [76, 99]. 

The study reported in Paper IV also showed 
that topography changes and carbon deposi-
tion occur on the mineral surface when it 
is sputtered. Our results indicate that these 
effects had little–if any negative influence 
–on analysis of normal-sized oil-bearing 
fluid inclusions. Furthermore, if topography 
did become a problem, several measures 
can be taken to circumvent the problems 
by, for example, increasing the ion beam 
energy and the angle of incidence or using 
stage rotation. Recently, a new large (> 100 
atoms) argon cluster source was developed 
that induces less topography on the surface 
than the C60

+  source, both on organic and 
inorganic materials. Experiments with this 
source showed an improved depth resolution 
compared to other ions sources [100-103]. 
The large argon cluster source also elimi-
nates any problems with carbon deposition, 
which may be a problem when analyzing for 
example macromolecular carbon in geologi-
cal samples.

In addition to sensitivity, another impor-
tant area of future development relates to 
interpretation of the spectra, for example 
peak assignments. The present study has 
shown that peaks in an oil can be assigned 
to alkanes and monocyclic alkanes with 
great accuracy, and also to steranes and 
hopanes if the analyzed oil is biodegraded. 
However, assignment of peaks to steranes 
and hopanes in non-biodegraded samples is 
more ambiguous due to the greater number 
of possible interfering compounds. To better 
understand ToF-SIMS spectra of oils it is 
necessary to analyze additional standards 
and oils of known compositions. The general 
trend for the analysed biomarker compounds 
is that they produce quite strong [M-H]+ ions 
and that fragment patterns are very similar 
to those of electron impact mass spectra, 
although the relative intensities of the frag-
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ment peaks differ from those in the electron 
impact mass spectrum. Further analysis of 
different oils will increase the knowledge 
of how different parameters, such as bio-
degradation, maturity and source, affect the 
overall peak pattern of the ToF-SIMS spectra 
of oils. These studies should also include 
analysis and comparison with conventional 
techniques, such as GC-MS and GC/GC-
MS, to verify the presence or absence of spe-
cific compound in the oils.

To fully resolve the issues with peak as-
signments, improved instrumentation will 
be required. For example, improved mass 
resolution would make it possible to sepa-
rate compounds of similar, but not exactly 
identical, mass. However, to separate dif-
ferent compounds of identical mass, such as 
steranes and alkylbenzenes, another solution 
would be required. Recently, a new instru-
ment was developed that uses a continuous 
beam coupled with a pulsed mass spectrom-
eter [104-105]. This set-up decouples the 
ionization process from the mass spectrome-
ter, which means that high spatial resolution 
and high mass resolution can be combined, 
and that the mass resolution of the acquired 
spectra is independent of the topography of 
the sample. Another advantage of this instru-
ment is that sputtering and analysis during 
depth profiling can proceed simultaneously, 
thus shortening the time for depth profiling 
considerably and maximizing the use of the 
sample volume. More importantly, this set-
up includes a ToF-MS/ToF-MS [104-105]. 
An MS/MS setup would improve the accu-
racy of peak assignments immensely by for 
example confirming that the molecular ions 
of interest are associated with the correct 
fragments of that molecule. This would also 
make it possible to separate biomarkers with 
the same mass, for example 24-alkylsteranes 
from isomers lacking alkylation at carbon 
position 24. Another important application 

of this approach would be the ability to sepa-
rate metylhopanes from hopanes. 2α-metyl-
hopanes are mainly derived from cyanobac-
teria, so to the ability to separate these two 
compound groups would be very valuable 
[55]. An disadvantage of a MS/MS setup 
is, however, that more ions are needed for 
detection, which is problematic for analysis 
of the small amount of biomarkers that are 
trapped oil-bearing fluid inclusions, although 
this may partly, be compensated by a better 
use of the sample volume.

The first analysis of single inclusions in 
Precambrian rocks performed in the present 
work confirms that eukaryotes existed during 
the mid-Proterozoic. ToF-SIMS extraction 
and analysis of single oil-bearing fluid inclu-
sions thus offers a new approach to better 
explore the rock record, particularly since 
different fluid inclusion generations can be 
separately analyzed. With further develop-
ment it is likely that this approach will lead 
to a better understanding of Precambrian 
biodiversity and paleoenvironments, and of 
potential life on other planets.   
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