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| will pause frequently during the lecture.
When | pause, you raise you hand to ask or answer questions.



"Whether you can
observe a thing or not
depends on the theory

which you use. It is
the theory which
decides what can be

observed."
Albert Einstein
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For mass-dependent processes:

 325:95.02%

ss07s% §33S = 0.515 x §34S
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e 365:0.02% 036S = 1.90 x O34S

A33S = 033S - 0.515 63%S
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Compilation of A*3S values against age of samples (see Johnston 2011 for data sources and additional references in Figure 3). Filled
symbols are data measured by isotope ratio mass spectrometer (IRMS) via SF4. Open symbols are data measured by secondary ion mass
spectrometer (SIMS).



In-lecture question 1:

IRMS vs. SIMS?
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In-lecture question 2:

What’s original reason for the division
of Archean and Proterozoic Eons?

The end of Archean E0N was never clearly

defined by an event. Oxygenation, appearance of red

beds, or modern-style plate tectonics have been
mentioned.
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Fig. 1. Plot of maximum values of D/H versus A'7O for martian meteorite H,O (M) extracted by pyrolysis
(14, 27) and carbonate (®) A0 data versus pyrolysis D/H data from (74). Note that D/H and A'”O were
collected in different sets of experiments. The H,O and the carbonate data form a negatively sloped
array. Assuming the martian atmosphere has elevated D/H and A'7O, positively sloped arrays would be
predicted by simple mixing with terrestrial waters (terrestrial contamination arrays), hydrothermal ex-
change, or mixing of juvenile and evolved martian reservoirs. Variable atmospheric D/H ratios would
produce horizontal arrays, and variable atmospheric A'”O would produce vertical arrays. The primordial
D/H field is from (73).

Farquhar et al., 1998



Farquhar et al., 2000
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What about Archean microbes?




In-lecture question 3:

Where should Archean pyrite be plotted
on this diagram?
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Mass-Independent Sulfur of
Inclusions in Diamond and
Sulfur Recycling on Early Earth

J. Farquhar,” B. A. Wing,? K. D. McKeegan,? J. W. Harris,?
P. Cartigny,* M. H. Thiemens® 2002, Sci.

Populations of sulfide inclusions in diamonds from the Orapa kimberlite pipe
in the Kaapvaal-Zimbabwe craton, Botswana, preserve mass-independent sulfur
isotope fractionations. The data indicate that material was transferred from the
atmosphere to the mantle in the Archean. The data also imply that sulfur is not
well mixed in the diamond source regions, allowing for reconstruction of the
Archean sulfur cycle and possibly offering insight into the nature of mantle
convection through time.

An understanding of the nature of the source ~ Botswana. We also discuss the implications
materials for diamonds would provide impor-  of A*°S as an almost perfect tracer of the

tant incichte intn larce-<rale oceanhvairal nrn- exvchanoe hetween Farth’<e ocenchemiral rec-



GEOCHEMISTRY Science, 2019

Sulfur isotopes in diamonds reveal
differences in continent construction

Karen V. Smit'*, Steven B. Shirey?, Erik H. Hauri*f, Richard A. Stern®

Neoproterozoic West African diamonds contain sulfide inclusions with mass-
independently fractionated (MIF) sulfur isotopes that trace Archean surficial
signatures into the mantle. Two episodes of subduction are recorded in these

West African sulfide inclusions: thickening of the continental lithosphere through
horizontal processes around 3 billion years ago and reworking and diamond growth
around 650 million years ago. We find that the sulfur isotope record in worldwide
diamond inclusions is consistent with changes in tectonic processes that formed the
continental lithosphere in the Archean. Slave craton diamonds that formed 3.5 billion
years ago do not contain any MIF sulfur. Younger diamonds from the Kaapvaal,
Zimbabwe, and West African cratons do contain MIF sulfur, which suggests craton
construction by advective thickening of mantle lithosphere through conventional
subduction-style horizontal tectonics.



LETTER

doi:10.1038/naturel12020

Anomalous sulphur isotopes in plume lavas reveal
deep mantle storage of Archaean crust

Rita A. Cabrall, Matthew G.J a-::ksonl, Estelle F. Rose—Kogaz, Kenneth T. Kogaj, Martin J. \?Vhitehouse3‘4, Michael A. Antone]lis,

James Farquhar®, James M. D. Day® & Erik H. Hauri’

Basaltic lavas erupted at some oceanic intraplate hotspot volcanoes
are thought to sample ancient subducted crustal materials"?.
However, the residence time of these subducted materials in the
mantle is uncertain and model-dependent®, and compelling evid-
ence for their return to the surface in regions of mantle upwelling
beneath hotspots is lacking. Here we report anomalous sulphur
isotope signatures indicating mass-independent fractionation
(MIF) in olivine-hosted sulphides from 20-million-year-old ocean
island basalts from Mangaia, Cook Islands (Polynesia), which have
been suggested to sample recycled oceanic crust™*. Terrestrial MIF
sulphur isotope signatures (in which the amount of fractionation
does not scale in proportion with the difference in the masses of the
isotopes) were generated exclusively through atmospheric photo-

processes to generate the HIMU mantle beneath Mangaia have been
suggested'>'*. Here we report MIF S-isotope compositions in Mangaia
lavas that require the presence of recycled, ancient (>2.45 Gyr old)
surface material in the HIMU mantle source for Mangaia lavas.
Fresh basaltic glass for S-isotope measurement is not available from
Mangaia, where subaerial lavas are ~20 million years old'* and have
suffered from extensive weathering in a tropical climate. However,
magmatic olivine phenocrysts encapsulate primary magmatic sul-
phides and isolate them from surface weathering processes. Olivine
phenocrysts were separated from three basaltic lavas collected from
Mangaia. The largest inclusions were exposed for S-isotope analysis by
secondary ion mass spectrometry (SIMS). Whereas sulphides <10 pm
in diameter are relatively common, the largest sulphides, which permit

2013
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Sulfur and lead isotopic evidence of relic Arche
sediments in the Pitcairn mantle plume

Héleéne Delavault®'?, Catherine Chauvel®, Emilie Thomassot®, Colin W. Devey", and Baptiste Dazas®

2ISTerre, Université Grenoble Alpes, CNRS, 38000 Grenoble, France; “Centre de Recherches Pétrographiques et Géochimiques, Université
CNRS, 54501 Vandceuvre-Les-Nancy, France; and “Geomar Helmholtz Centre for Ocean Research Kiel, 24148 Kiel, Germany

Edited by Richard W. Carlson, Carnegie Institution for Science, Washington, DC, and approved September 20, 2016 (received for review [

The isotopic diversity of oceanic island basalts (OIB) is usually
attributed to the influence, in their sources, of ancient material
recycled into the mantle, although the nature, age, and quantities of
this material remain c sial. The unradiogenic Pb isotope
signature of the enriched mantle | (EM 1) source of basalts from,
for example, Pitcairn or Walvis Ridge has been variously attributed
to recycled pelagic sediments, lower continental crust, or recycled
subcontinental lithosphere. Our study helps resolve this debate by
showing that Pitcairn lavas contain sulfides whose sulfur isotopic
compositions are affected by mass-independent fractionation
(S-MIF down to A3S = —0.8), something which is thought to have
occurred on Earth only before 2.45 Ga, constraining the youngest pos-
sible age of the EM | source component. With this independent age
constraint and a Monte Carlo refinement modeling of lead isotopes,
we place the likely Pitcairn source age at 2.5 Ga to 2.6 Ga. The Pb, 5r,

but all remain model-dependent, as the problem is w
Independent constraints on either the age or the nat
component are therefore required to choose the b

Here we revisit the possible origin of the E
presenting in situ sulfur isotopic analyses of Pitcai
provide independent constraints on a minimum
these data with modeling of new high-precision H
and Sr, Nd, and Hf isotopes allows us to constra
the material involved in their source.

Results and Discussion

The sulfur isotopic data measured on sulfide in
ines, plagioclases, and matrix material at Centr
Pétrographiques et Géochimiques (CRPG) in Na
SI Appendix. Table S1 and shown in Fig_ 2. Pict

© Mangaia sulfides
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Atmospheric record in the Hadean Eon from multiple
sulfur isotope measurements in Nuvvuagittug
Greenstone Belt (Nunavik, Quebec)

Emilie Thomassot®?<', Jonathan O’Neil, Don Francis®, Pierre Cartigny®, and Boswell A. Wing®-<

aCentre de Recherches Pétrographiques et Géochimiques, Université de Lorraine, 54501 Vandceuvre-Lés-Nancy, France; PDepartment of Earth and Planetary
Sciences and “‘GEQOTOP, McGill University, Montreal, QC H3A OE8, Canada; c'Departmt—:nt of Earth Sciences, University of Ottawa, Ottawa, ON K1N 6N5, Canada;
and ®Laboratoire de Géochimie des Isotopes Stables, Institut de Physique du Globe de Paris, UMR 7154 CNRS, Université Paris Denis-Diderot, Sorbonne Paris

Cite, 75005 Paris, France

Edited by Mark H. Thiemens, University of California, San Diego, La Jolla, CA, and approved December 7, 2014 (received for review October 15, 2014)

Mass-independent fractionation of sulfur isotopes (S-MIF) results
from photochemical reactions involving short-wavelength UV
light. The presence of these anomalies in Archean sediments [(4-2.5
billion years ago, (Ga)] implies that the early atmosphere was free of
the appropriate UV absorbers, of which ozone is the most important
in the modern atmosphere. Consequently, S-MIF is considered some
of the strongest evidence for the lack of free atmospheric oxygen
before 2.4 Ga. Although temporal variations in the S-MIF record are
thought to depend on changes in the abundances of gas and aerosol
species, our limited understanding of photochemical mechanisms
complicates interpretation of the S-MIF record in terms of atmospheric
composition. Multiple sulfur isotope compositions (5°3S, 5>*S, and
536S) of the >3.8 billion-year-old Nuvvuagittuq Greenstone Belt
(Ungava peninsula) have been investigated to track the early origins
of S-MIF. Anomalous S-isotope compositions (A33S up to +2.2%.) con-
firm a sedimentarv oriain of sulfide-bearina banded iron and silica-

wide intervals in time and are shared among a variety of rock-
forming environments.

High-resolution measurements on Neoarchean samples (2.5-
2.8 Ga) (13, 14) have provided evidence for temporal variation
of the multiple S-isotopic signal reflecting changes in the relative
proportions of atmospheric gases of volcanogenic and biogenic
origin. The S-isotopic signal then appears as a robust metric of
atmospheric composition that reflects both the photolytic reac-
tions involving S-bearing phases and their transfer to the sedi-
ments. The present study focuses on the origins and extent of this
atmospheric memory in the sedimentary record. To probe the
sensitivity of early Archean photochemical processes to major
surface perturbations, including emergence of dominant bio-
genic elemental cycling, intense volcanic activity, bombardment
of Earth’s surface by bolides, and evolution of the solar flux, we
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Multiple sulfur isotope evidence for surface-derived sulfur in the
Bushveld Complex

Sarah C. Penniston-Dorland ** Edmond A. Mathez ®, Boswell A. Wing “¢,
James Farquhar ¢, Judith A. Kinnaird

2 Department of Geology, University of Maryland, College Park, MD 20742, USA

® Department of Earth and Planetary Sciences, American Museum of Natural History, New York, NY 10024, USA

€ Department of Earth and Planetary Sciences, McGill University, Montreal, Quebec, Canada H3A 2A7

4 GEOTOP-UQAM-MCcGill, University of Quebec, Montreal, Quebec, Canada H3C 3P8

€ Department of Geology and ESSIC, University of Maryland, College Park, MD 20742, USA

f Department of Geological Sciences, University of the Witwatersrand, Private Bag 3, Johannesburg, Wits 2050, South Africa

ARTICLE INFO ABSTRACT

Article history: The Rustenberg Layered Suite of the Bushveld Complex originated in the mantle, but is characterized by
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Fig. 2. Sulfur isotope composition of samples. Ranges of §**S and A**S for mid-
ocean ridge basalt (MORB) are plotted for reference (Sakai et al., 1984; Peters et al.,
2010). E and W indicate samples from the Eastern and Western limbs of the
Bushveld. Error bars are 26 uncertainty.
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Multiple Sulfur Isotope Constraints on Sources and Formation
Processes of Sulfate in Beijing PM, s Aerosol

Xiaokun Han, Qingjun Guo, Harald Strauss,” Conggiang Liu,! Jian Hu,! Zhaobing Guo,™
Rongfei Wei,'l' Marc Peters,'l' Liyan Tian,” and Jing Kong%'

"Center for Environmental Remediation, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of
Sciences, 11A Datun Road, Chaoyang, Beijing 100101, China

*Co]lege of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China
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Five-S-isotope evidence of two distinct mass-
independent sulfur isotope effects and implications
for the modern and Archean atmospheres

Mang Lin*"2, Xiaolin Zhang®, Menghan Li®, Yilun Xu®, Zhisheng Zhang®, Jun Tao®, Binbin Su®, Lanzhong Liu®,

Yanan Shen®™’, and Mark H. Thiemens®’

*Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 92093; "School of Earth and Space Sciences, University of
Science and Technology of Chma Hefei 230026, China; “South China Institute of Environmental Sciences, Ministry of Environmental Protection of China,
Guangzhou 510655, China; and “National Atmospheric Background Monitoring Station in Wuyi Mountain of Fujian Province, Wuyishan 354300, China

Edited by Thure E. Cerling, University of Utah, Salt Lake City, UT, and approved July 2, 2018 (received for review February 27, 2018)

The signature of mass-independent fractionation of quadruple sulfur
stable isotopes (S-MIF) in Archean rocks, ice cores, and Martian
meteorites provides a unique probe of the oxygen and sulfur cycles
in the terrestrial and Martian paleoatmospheres. Its mechanistic
origin, however, contains some uncertainties. Even for the modern
atmosphere, the primary mechanism responsible for the S-MIF
observed in nearly all tropospheric sulfates has not been identified.
Here we present high-sensitivity measurements of a fifth sulfur
isotope, stratospherically produced radiosulfur, along with all four
stable sulfur isotopes in the same sulfate aerosols and a suite of
chemical species to define sources and mechanisms on a field

D oET QST EEN QT

Check for
updates |

Atmospheric sulfur isotopic anomalies recorded at Mt.
Everest across the Anthropocene

Mang Lin*?'2, Shichang Kang“®¢, Robina Shaheen?, Chaoliu Li%, Shih-Chieh Hsu®3, and Mark H. Thiemens®'

*Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 92093; PResearch Center for Environmental Changes,
Academia Sinica, Taipei 115, Taiwan; “State Key Laboratory of Cryospheric Sciences, Northwest Institute of Eco-Environment and Resources, Chinese
Academy of Sciences, 730000 Lanzhou, China; dCenter for Excellence in Tibetan Plateau Earth Sciences, Chinese Academy of Sciences, 100101 Beijing, China;
=University of Chinese Academy of Sciences, 100049 Beijing, China; and ‘Key Laboratory of Tibetan Environment Changes and Land Surface Processes,
Institute of Tibetan Plateau Research, Chinese Academy of Sciences, 100101 Beijing, China

Edited by Barbara J. Finlayson-Pitts, University of California, Irvine, CA, and approved May 17, 2018 (received for review February 2, 2018)

Increased anthropogenic-induced aerosol concentrations over the
Himalayas and Tibetan Plateau have affected regional climate,
accelerated snow/glacier melting, and influenced water supply
and quality in Asia. Although sulfate is a predominant chemical
component in aerosols and the hydrosphere, the contributions
from dnfferent sources remain contentious. Here, we report

TP T 1 S Cotat_ . A s __Af_a_ _ E. -

the aerosol budget and evaluate its influences on climate and
hydrological systems.

The sulfur 1§otoplc anomaly (or mass-independent fraction-
ation [MIF]) is c!uannfled by nonzero A**S and A*S values,
where A™S = §S — 1,000 x [(1 + 8°*8/1,000)°" - 1] and
A*S = §°S - 1000 x [(1 + 87'8/1,000)"* - 1] (Materials and






“You see what you want to see”

1989

JOURNAL GEOLOGICAL SOCIETY OF INDIA
Vol. 34, Nov. 1989, pp. 461-466

The Isotopic Composition of Bedded Barites from the
Archean of Southern India

THOMAS C. HOERING
Geophysical Laboratory, Carnegie Institute, Washington DC.

INTRODUCTION

The stable isotopes of sulfur in ancient sedimentary rocks record unique
features of early life on earth. For example, in rocks older than 2.8 x 10° years,




A33S = 5335 - 0.515 534S

In-lecture question 4:

Please calculate
Hoering’s A33S value.

THE ISOTOPIC COMPOSITION FROM ARCHEAN OF SOUTHERN INDIA 465

RESULTS AND DISCUSSION

The values obtained for the sulfur isotope ratios in the barite and coexisting
pyrite are as follows:

BARITE PYRITE
6338 +1.73+£0.17 —3.20+0.16
5348 +4264+0.21 —5.554+0.20
5368 +10.244+1.20 . —10.25+1.50

The results on the barite were obtained by analyzing six portions of silver sulfide
that had been prepared by the graphite reduction of a single sample of the starting
mineral. The pyrite results are from a composite sample of randomly chosen grains
that were then reduced by chromous chloride. Six separate analyses of the resulting
silver sulfide were made. The errors shown are one standard deviation and are
typical of the reproducibility of the method at its present state of development.

Because all four isotopes of sulfur were measured, the mass dependence of the
fractionation can be calculated. The relationships between §°3S, §**S and §°°S
observed by Rees and Thode (1978) for several terrestrial and extra-terrestrial
samples are as follows:



BARITE PYRITE

6338 +1.73+0.17 —-3.20+£0.16
0348 +4.26+0.21 —-5.55+0.20
5368 +10244+1.20 —-10.25+1.50

“The value of the mass dependence observed for the
Archean samples of this study do not differ significantly

from those of Rees and Thode (1978) [predicted by mass
dependency]”

fractionation can be calculated. The relationships between 0775, |
observed by Rees and Thode (1978) for several terrestrial and extra-terrestrial
samples are as follows:

5338/56%48=0.51
5365/5%4S = 1.91

These same relationships have been observed in other research at this labgratory.
The values of the mass dependence observed for the Archean samples of this study
do not differ significantly from those of Rees and Thode (1978).




A33S = $33S - 0.515 534S

ABS, . =1.73-0.515x4.26 =—0.46%0
ABS e =—3.20 - 0.515 x (=5.55) = 0.34 %0

yrite —

"Whether you can

()[75(’)"0(’ a tllillg or not

d(’pcnds on [ll(’ [ll(’()l'y

which you use. It is
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Isotopic links between atmospheric chemistry and
the deep sulphur cycle on Mars

Heather B. Franz1 %, Sang-Tae Kim?, James Farquhar”, James M. D. Day , Rita C. Economos’, Kevin D. McKeegan
Axel K. Schmitt® Anthony] Irvmg Joost Hoek‘z&James Dottin III

The geochemistry of Martian meteorites provides a wealth of informa-
tion about the solid planet and the surface and atmospheric processes
that occurred on Mars. The degree to which Martian magmas may
have assimilated crustal material, thus altering the geochemical signa-
tures acquired from their mantle sources, is unclear'. This issue fea-

in this study provide insight into processes of assimilation of sulph
into magma during transport (observed in shergottites), processes of assit
ilation of sulphur salts or sulphur-bearing fluids at the time the flor
were emplaced (observed in nakhlites), and in some cases processes tt
introduce MIF sulphur signatures through secondary alteration pr
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Figure 4 | Covariation between A*’S and A*°S in different groups of
Martian meteorites. Diamonds, nakhlites; circles, ALH 84001; triangles,
shergottites; square, Chassigny. Martian meteorite data from other studies are
included®® (open symbols). Dashed lines depict arrays formed by Archaean
terrestrial samples and iron meteorite FeS for comparison. (See Extended Data
Fig. 2 for details.) Error bars, 2 s.d.
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Back to the starting point.

Cytoplasmic membrane

S 1, 818Of f, . ; )
Q\\
. ? = J 2- /—;\‘
SO0, ., &8 SO7,, APS_ (X
.-
1 2

Antler et al., 2013

Diagnostic or apparent 330 value may
change due to different kinetics/dynamics
of sulfate reduction.
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Multiple sulphur isotopic interpretations of biosynthetic
pathways: implications for biological signatures in the
sulphur isotope record

JAMES FARQUHAR,! DAVID T. JOHNSTON,! BOSWELL A. WING,! KIRSTEN S. HABICHT,?
DONALD E. CANFIELD,? SABINE AIRIEAU?® AND MARK H. THIEMENS?

IDepartment of Geology and Earth System Science Interdisciplinary Center, University 5335
2Danish Center of Earth System Science and Institute of Biology, University of Southers
M, Denmark

3Department of Chemistry and Biochemistry, University of California, San Diego, Lq




Influence of sulfate reduction rates on the Phanerozoic

sulfur isotope record

William D. Leavitt®’, Itay Halevy®, Alexander S. Bradley®, and David T. Johnston®’

2Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138; °Department of Environmental Sciences and Energy Research,
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Edited by Mark H. Thiemens, University of California San Diego, La Jolla, CA, and approved May 8, 2013 (received for review October 30, 2012)

Phanerozoic levels of atmospheric oxygen relate to the burial his-
tories of organic carbon and pyrite sulfur. The sulfur cycle remains
poorly constrained, however, leading to concomitant uncertainties
in O, budgets. Here we present experiments linking the magnitude
of fractionations of the multiple sulfur isotopes to the rate of mi-
crobial sulfate reduction. The data demonstrate that such fractio-
nations are controlled by the availability of electron donor (organic
matter), rather than by the concentration of electron acceptor (sul-
fate), an environmental constraint that varies among sedimentary
burial environments. By coupling these results with a sediment bio-

biosphere. Such records generally are thought to indicate that
oxidant availability has increased with each passing geologic eon
(12). Although playing prominent roles in sedimentary redox cycles
(13), oxidation reactions carry only modest S isotopic fraction-
ations (14, 15).* In typical modern marine sediments, the oxida-
tive region of aerobic organic carbon remineralization is separated
from the zone of sulfate reduction (where MSR takes place) by an
intermediate layer in which both sulfide oxidation and sulfur
disproportionation occur (16, 17). Despite sulfur recycling across
that boundary layer, the sulfur that is eventually buried as pyrite
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Atmospheric Influence of
Earth’s Earliest Sulfur Cycle
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Mass-independent isotopic signatures for 533S, 534S, and 53°S from sulfide and
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