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Motivation

• Sour gas makes up ~1/3 of the gas 
produced in Alberta

• Montney Formation is Canada’s most 
productive gas reservoir

• Essential to understand H2S formation 
processes to protect people and infra-
structure in hydrocarbon producing 
regions

Gas phase H2S



Study Objectives

Gasparrini et al. (2021)

~3,300 – 3,400 m

• Mineralogical, 
geochemical, isotopic 
and paragenetic 
characterization of 
sulfur-bearing phases
• Core Material
• Fluids

• Gases
• Water

• Anthropogenic 
stimulation of H2S 
generation



Previous work

• Previous investigations of sulfur 
isotope geochemistry of bulk rock 
extracts and SIMS indicate in situ 
methods are better suited

• Evidence of sample processing 
artefacts on extracted sulfate (e.g., 
Mangalo et al. 2007)

Liseroudi et al. (2020)

Chalmers et al. (2021)



Analytical Techniques

Bulk sampling + CF-IRMS

GEOW

In situ SIMS



Secondary Ion Mass Spectrometry (SIMS)

Canadian Centre for Isotopic Microanalysis • CAMECA IMS-1280 multi-collector 
ion microprobe at the CCIM (UofA)



Secondary Ion Mass Spectrometry (SIMS)

Canadian Centre for Isotopic Microanalysis

GEOW



Secondary Ion Mass Spectrometry (SIMS)

Canadian Centre for Isotopic Microanalysis

GEOW

GEOW



• 210 m core from the 
Montney Formation

• Covers the End Permian 
Mass Extinction (EPME) and 
the Early Triassic

• Transition from offshore to 
nearshore environment

• Change in depositional 
environ results in variations 
in sulfur-bearing species

Core overview





SIMS Sample preparation

• Thick section prep (100 µm)

• ROI selection

• Coring ROIs from thick sections

• Mounting alongside reference 
materials, sputter coating

• SEM imaging



SIMS Sample preparation

• Thick section prep (100 µm)

• ROI selection

• Coring ROIs from thick sections

• Mounting alongside reference 
materials, sputter coating

• SEM imaging



Sulfate Phases



Pyrite Phases



High δ34Spyr 
variability

• Extremely high 
small-scale 
variability

• Two forms of 
pyrite with distinct 
morphology, 
δ34Spyr + Δ33Spyr 
values
• Low δ34Spyr early 

biogenic
• High δ34Spyr late 

stage diagenetic

16



High δ34Spyr 
variability

• Extremely high 
small scale 
variability

• Two forms of 
pyrite with 
distinct 
morphology, 
δ34Spyr + Δ33Spyr 
values
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Intra-grain 
variability

• Coalesced grains 
of pyrite 
observed via BSE 
imaging

• Infill has higher 
δ34Spyr 

• Late-stage 
overgrowth

• Importance of 
textural 
relationship

10 µm



Bulk Isotope Results

• Negative excursion at the base 
(EPME)

• Another potential excursion at the 
Lower-Middle boundary

• Values increase in the upper 
anhydrite (sulfate) rich zone

• Image with different 
d34S values 



SIMS Isotope Results

• Mixing of sulfates and sulfides in 
the upper zone

• Averaging effect

• Paragenetic Obscurity

• Image with different 
d34S values 



Raman Spectroscopy

• Illuminate a sample with a LASER

• Block the original wavelength (blue)

• Measure the relative intensity and 
frequency shift of the inelastically 
scattered light

detector

laser sample

diffraction

grating



Sulfide mineral species: Pyrite vs Marcasite

• Pyrite – Cubic/isometric

• Marcasite – orthorhombic
• Forms at low temperatures and 

more acidic environments (pH <5)
• Closely linked to progressive 

degradation of OM
• Forms in highly reducing 

conditions – indicator of acidic or 
sulfidic waters

• Metastable - Reacts with 
moisture/oxygen marcasite

pyrite



Sulfide mineral species

• Mapping sulfide 
species and 
associated minerals

• Early vs. late-stage 
diagenesis



Crystallographic orientation

• Variations in band intensity ratios

• Define growth structures

348 cm-1

383 cm-1

BSE

Reflected Light



Multiple Sulfur Isotope Analysis

• δ34Spyr vs. δ33Spyr should follow Mass 
Dependant Line (MDL)

• Deviations from this line defined as Δ33Spyr 

• Biological reactions leave Δ33Spyr signature

• Traditionally use fluorination lines to 
generate SF6 for analysis

Ono 2008

Johnston 2011

Johnston 2011



Hydride formation and implications for SIMS Δ33Spyr

• Raman analysis indicates 
OM trapped in biogenic 
pyrite (e.g., framboids) 

• Hydrogen-bearing phases 
can form hydrides during 
ion bombardment

• SH ions isobaric with 33S



Conclusions

• The deeper you dive the more complex – especially in sulfur world
• Beware of sampling processing artefacts when doing extracts

• Combination of multiple analytical methods is important – SEM, Raman

• Different mineral polymorphs – pyrite vs. marcasite

• Different phases of deposition in coalesced grains

• Crystallographic orientation (growth structures)

• Beware of instrumental artefacts – if its weird it might not be ground-breaking
• Formation of hydrides – impacts minor isotopes
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