-

‘ t'S féle;@;- :

'x‘niﬁng,‘i V|ro ental Co

SR o over,l':’ th Mistory. ,;’ Y-

/ ‘C\" ‘g " e i
b }3‘ : « 2P N e

.-' 5 »
o F e Q ‘
5 g Y,

10NS

Pyrite (FeS,)

(‘

x@ﬁVldA =R

¥ Myron & Sonya GIassberg/A%eFf.& Blahche Greensfgf‘éler Dlstlngwsﬁed University Professor,
; Char, De_partm.ent ofsgarth & Planetary Seiences
Director, International Center for Energy, Environment, & Sdstainability (InCEES)
Director, Envlqgnmental Studies Program

S 50 um
14 April 2023 |"'—___’|




AR A TR

202

o)

)
)
-




Exploring the World’'s Modern & Ancient Environments

0° ( ) R X 150

e ot TR e

[ Nogegian \

Arciic c,ms‘(ss“sa )

3 Bez'im\g'\Sea
; S N

\

STATES chiago NORTH NORTH\

/ / . ington DCx f -
/P4 CJEIC » 4 TLANT ¢ ‘ : " PACIFIG
JOCEAN, : / / | b o 18 " TN\ \OCEAN

7 ] ] Al  cairo \ \

y Tropic of Cancer(23°27) Gulflof' { 2ef b 2 ) 2 \ \ T,DP,CO,CJ,,“,[A 0279
e o = — T T T B . £
4 f / BAHAMAS

A
Sl S 1

R £ | ‘ = s
on) DaiAgo . < G .
| = Al (o2 WSENEGAL y , 2 \drabian

ibbe. 7 VERDE X } - L \ )
Carfobean © ‘ g . - { Lo ), O [ Sea .‘ ] NN | \ |
Lo . ‘ iy . v y | ! J|PH S FEDERATED STATES OF MICRONESIA D
e | D 5 / | i
MALDIVES "-‘-"' LANKA
Equator |

V. A SV e,
/4
Canberra &80007 ﬁ.\‘m:}%

e/

© Natloné OnImePro;ect
| . £ . A -—-/— = '7/',1 A 602,
\ \ SOUTHERN QCEAN | 4 / / SOUTHERN OCEAN" =
% \ \ \ \ | i / / 2 /" AmtarcticCirclo (66337,
N Ne \ \ { | J / i e < 2 =
. Bellingshatisen SeXa8 \ <

ANTARCTICA




Geobiology

time

space



Geobiology




Geobiology

Depositional Conditions




Geobiology

Lithification & Diagenesis
(Post-depostional alteration)
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Alr

 What Is 1t?
* How did it get there?



Alr

* N,: 78%
* O,: 21%
* Ar: 0.9%

* CO,: 0.04% = 400 ppmv = parts per million (by volume)
* CH,: 1.866 ppmv = 1866 ppbv = parts per billion (by volume)
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O, (% atmosphere)

The History of Oxygen in the Atmosphere
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O, (% atmosphere)

The History of Oxygen in the Atmosphere
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O, (% atmosphere)

The History of Oxygen in the Atmosphere

Evolution of cyanobacteria
and oxygenic photosynthesis Spread of algae
& Evolution

Evolution

of trees

of animals
< |
AN
[
| Modern
— : Some Oxygen : Oxygen
(Effectively) Levels
No Oxygen I I
— 1 | |
=) I | |
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
(today)
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Eonothem
Eon

Age
Ma

Proterozoic

Neoarchean

=
2o E’E’
S LW 0 o
i &
Ediacaran
Neo- :
.| Cryogenian
proterozoic
Tonian
Stenian
e Ectasian
proterozoic
Calymmian

~630

850
1000
1200
1400
1600
1800
2050
2300
2500

2800

3200

3600

Lower limit is
not defined

542 o

Changes in oxygen levels associated
with major geological transitions

h Dinosaurs Mammals
Second rise ot diversify  diversify
ambrian
of oxygen explosion
o
;C:J'sgaran kéﬁ,._.. @ Formation of
'4’6‘5’ . Earth and Moon
& Late Heavy
’) Bombardment
). First life

' 9

h 02

Initial rise of oxygen 2°

Possible start
of Photosynthesis

Rise of atmospheric O,




Oyxgenic Photosynthesis: How Cyanobacteria Make O,

w@ Photosystem |
Photosystem |l HZO 1120 + 2H*

Anoxygenic Photosynthesis II  Anoxygenic Photosynthesis |
p; > < >

“Oxygenic” Photosynthesis



Importance of cyanobacteria

« Cyanobacteria figured out |
: heterokonts:
how to make oxygen; the diatoms:

only ones ever to do so!!! olden algae;
dal J Jae,
red algae y brown algae

: dinoflagellates
« All chloroplasts are derived f @ J
from cyanobacteria
cyanobacteria —>© — —.
* Multiple sequential

Tertiary

host cell

= / @ endosymbiosis
episodes of primary and @ g
secondary endosymbiosis Primary Secondary

account for the chloroplast e”doslygnSbciaosis\A endosymbiosis
diversity we see today. e @_,@

* The number of surrounding

membranes increases with g“fjenl a'%ae 2
each endosymbiosis event. and piants euglenoids




Evidence for rise of O, from the rock record



te coated detrital sediments

hemat

Red Beds —

2.0 Ga red beds at Lake Segozero, Russian Karelia



Banded Iron Formation
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Formation of Iron Formations

O

UV radiation

oxygenic photosynthesis
anoxygenic photosynthesis

photic zone

Fe-carbonate chemocline

Fe-rich oceans

Banded Iron Formations




Paleosols: Ancient Soil Horizons
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Paleosols — indicators of weathering regimes

» Ancient soil horizon
* Immobile elements (Al, Ti, Zr) and mobile elements (Ca, Mg, Na, K).

* Redox sensitive elements (Fe, Mn).

Before ~2.4 Ga After ~2.4 Ga
high pCO,, pSO, — reducing high pO, — oxidizing

low % Fe high low % Fe high

ultramafic rocks



Organic biomarkers relevant for pO,

Hopanes (cyanobacteria)

X OH OH

X =-H, -OH

Y=-H, -OH

Z = -0H, various -0OR, and
-MHER substituents

(36) Bacteriohopanepolyols (BHFP)



Organic biomarkers relevant for pO,

Hopanes (cyanobacteria)

X OH OH

X =-H, -OH

Y=-H, -OH

Z = -0H, various -OR, and
-MHER substituents

(56) Bacteriohopanepolyols (BHP)

Steranes (eukaryotes)

HO

(65) Cholesterol

(66) Steranes

(a) R = H (cholestane); (b) R = Me (ergostane);
(c) R = Et (stigmastane); (d) B = n-Pr (24-n-proplycholestane);

(&) R = i-Pr (24-isopropylcholestane).



Sulfur-bearing Minerals Record Initial Appearance of Ozone

(Esoteric Geochemical Measurement)

A33S
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10}

Ozone stopes
UV penetration
to Earth’s surfaces
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1000

Weird photochemistry
because no ozone

® to stop UV penetration
. to Earth’s surfaces

go

®
_—t HEE
gps S0 8 o300 ¥'g 4000

c: .
(€]
Age (millions of yearsﬁ

Initial accumulation
of ozone

o NP ® go0®
® oo

O
A
. kY

1500 2000




Geologic indicators show atmospheric
O, was low prior to ~2.2 Ga

pOo<1%P.A.L pO5>15%P.A.L.
l
Paleosols | e ) !
Williams Mt. Roe Denizon Hekpthhn Flon& Sturgeon

Walhasrkop Falls
Redbeds s |

|
Uraniumores |—0 | ' B} ] |

Witwatersrand Blind | Oklo Athabasca
River
U in black shales —Jji} .r |
Mt Sylvia B o ak
Mt McRae Ou

Eukaryotes

umpu
| Gwia

Banded iron formations ——JilHIl—Hl| sokoman B
spitan,
Michipicoten Hamersley| | Lake Urucum.
Super|or Damara

L | | | | | I I I I | I |
30 28 26 24 22 20 18 16 14 12 10 08 08

Ga H.D. Holland (1994)




Huronian Supergroup (2.45-2.2 Ga)

GOWGANDA FM.

Argillite

Di.1

S. Roscoe, 1969

PALEDZOIC FORMATION GROUP

BAR RIVER ‘

GORDON LAKE

LORRAIN ‘ CoBALT

GOWGANDA

S

SERPENT
QUIRKE LAKE

ESPANOLA

"<, +8d BRUCE |

+ S H RAMSAY LAKE

MISSISSAG! ‘
HOUGH LAKE
PECORS I

HURONIAN

ARCHEAN

MCEKIM

i’

|

i ELLIOT LAKE
MATINENDA )

SUPERGROUP

— Redbeds

«—

\

— QGlaciations

/

«—

« Detrital
uraninite
and pyrite



What'’s the connection between glaciation and
appearance of O, In the atmosphere?

* Methane (CH,) Is a very potent greenhouse gas and
was thought to be abundant on the early Earth

* Oxygen destroys methane by oxidizing it to CO,
* CO, Is also a greenhouse gas but much less potent

* Loss of methane results in a drop of global
temperatures



Evolution

The History of Oxygen in the Atmosphere| ] oftrees

O, (% atmosphere)

20

. 0.1

Spread of algae
& Evolution

Evolution of cyanobacteria
and oxygenic photosynthesis

of animals
I
[
| Modern
: Some Oxygen : Oxygen
(Effectively) Levels
No Oxygen I I
I 1 1
| |
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(today)
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Green  Mosses  Lycopods  Ferns  Gymnosperms  Flowering
Algae  Liverworts Plants

lowers

Vascular tissue

Terrestrial

A

Marine

A



Plants Invade the Land

 First unambiguous
spores: 475Ma, Libya

 First unambiguous - o | ~d
. rom Wellman et al., Nature :
SpOrOphyteS “Fragments of the Earliest Land Plants”

~430Ma, Cooksonia

* First seeds: ~390Ma, 1cm
West Virginia, Elkinsia

e First trees: ~380Ma,

AFEhEl B0 ptE r'iS Cookéonia Elkinsia : Archaeopteris



The Rhynie Chert

DEVONIAN

| Sediments

D Vaolcamics

ORDOVICIAN

T Maialy basic
: U lgneous rocks

DALRADIAN

L Metasediments

= Faults

Discovered in 1917, described in 1917-1921 by

Kidston and Lang
Age: 386 + 17 Ma

Volcanic sinter/geyser complex

Geysers & hot

Buned
sinter

(like Yellowstone)

Sinter locally colonized
by plants & mvertebraies

William Mackie

The Rhynie Chert:

A 400 million year old sinter
deposit with exceptionally
preserved early terrestrial
plants and animals



The Rhynie Chert

Nonvascular plants and
their spores

Unpolished hand sample

Vascular plants, preserved in place, with small [eaves!




Stems Early plant fossils

Spores and

Horneophitom™ A v S
p‘y .\1;""“ < -3
SPORES: * N




Rhynie Chert Flora




Arborescent Lycopods

2 6};",‘. &-'1:

A o BRI T AT 0

d0m-tall trees with very little wood and branching!
“Tree-sized herbs”: grew fast, didn't live long.

Dominated swampy, black-water environments.



Rise of Devonian Forests

ShegenianPragian « Emsian Ellelian - Givetian

Early Devonian  Middle Devonian Late Devonian

Increase in ecosystem complexity and rooting depth
through the Devaonian.

Effects on bingeochemical cycles

Archaeopteris, the first tree
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The “Age of Coal”




CO, levels
(multiples of pre-industrial levels)

Evolution of Trees Draws Down CO, levels

30

25-

20 -

154

10 4

—8— GEOCARBSULF no volc
—— GEOCARBSULF volc
—BF— GEOCARB III

-600

And leads to glaciation

Berner 2006



Evolution of Trees Increases Atmospheric O, levels

0

And leads to widespread fires
and evolution of
giant flying insects

The formation of pyrite (FeS,), with reduced
Fe?* and S7, is a key factor controlling
atmospheric oxygen levels

Berner 2006



Controls on long-term pO,: balancing production/consumption

Photosynthesis produces oxygen; aerobic respiration consumes it. Oxygen only
accumulates in the atmosphere when organic carbon (and other chemically reducing
phases like pyrite (FeS,)) are buried in marine sediments, swamps, and lakes

O, .\ \
volcanic

outgassing
(sink for O,)

——

weathering
(sink for O,)

org-C, pyrite burial
(“source” of O,)



Stable Isotope Analysis

Stable isotopes are non-radioactive versions of elements with different
weights due to differing numbers of neutrons.

1) metabolic activity generates large isotopic differences between products

and reactants
« which depend upon environmental & ecological conditions

2) isotopic composition of sedimentary phases are the best record of
ancient conditions over Earth history.

C Isotopes:
12C: 98.9%; 13C: 1.1%; 14¢C: < 0.08Q0000001%

Canonically measure 13C/12C ratio:
O13C = [(13C/2C)sqmpe! (FPCIH2C)1q-117103, %0 (V-PDB)




Stable Isotope Analysis

Stable isotopes are non-radioactive versions of elements with different
weights due to differing numbers of neutrons.

1) metabolic activity generates large isotopic differences between products

and reactants

« which depend upon environmental & ecological conditions

2) isotopic composition of sedimentary phases are the best record of

ancient conditions over Earth history.

S Isotopes:

32S: 95.02%: 33S: 0.76%:;

Canonically measure 34S/32S ratio:

34S:  4.20%:;

36S: 0.02%

534S = [(34S/32S) el (34S/32S) - 11¥103 , %o (V-CDT)



&34Sin ~ 3%o0

l

SO4

microbial
sulfate
reduction

A\
pyrite
. ‘5345D1-'F
Isotopic
offset
from

microbial
processing

Overview of the S cycle

534S (%o0)

N
o
1

L
o
|

10 -

&34Sin ~3%o0

0.2

0.4

0.6 0.8

foyr All pyrite

Take away:
higher 834S -
more pyrite burial
-> more oxygen
release to the
atmosphere



Changes in Burial and Inferred Oxygenation

Late Cambrian (510 million years ago)
 Pulse of increased sedimentary burial of organic carbon and pyrite
* Interpreted to reflect pulse of oxygen release to the atmosphere

Increased Increased
A_N_A carbon burial pyrite burial
e
|2 ,
.g ) Ly
S E 3 ¢‘No
a|* o o 2D
el |2 L&
W o
IME
o |2
.g @®
slel e——0 -~ 0 |
° 40 6
A 13 a4
_V_ -v- 6 Ccarb 6 Spyrite
(%u, VPDB) (%D, VCDT)

Gill et al. 2011



Palaeogeography, Palaeoclimatology, Palaeoecology (Global and Planetary Change Section), 75 (1989) : 97-122 97

Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

doi:10.1038/nature09700

Geochemical evidence for widespread euxinia in the
Later Cambrian ocean

Benjamin C. Gill'f, Timothy W. Lyons’, Seth A. Young?, Lee R. Kump®, Andrew H. Knoll* & Matthew R. Saltzman®

A global perturbation to the sulfur cycle during the Toarcian Oceanic Anoxic Event

Benjamin C. Gill *>*, Timothy W. Lyons ®, Hugh C. Jenkyns €

nature Vol 444|7 December 2006 |d0i:10.1038/nature05345

LET TERS

Oxidation of the Ediacaran Ocean

D. A. Fike', J. P. Grotzinger't, L. M. Pratt” & R. E. Summons’



However, Observations ldentify Multiple
Distinct Populations of Pyrite Crystals

What if they have equally distinct
geochemical signatures???

recrystallization

euhedral

masses of nanocrystals




Secondary lon Mass Spectrometry (SIMS)
g

N~ 7f-GEO instrur'hésr'zi't
| oo (basement of
Rudolph Hall)

S101093||02



SIMS Measurements: Geochemical
Analysis down to the micron scale

Allows for the smaller-scale inter- and intra-grain isotopic variability to be more
easily assessed....



Need to investigate geochemical
signatures across spatial scales
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With novel micron-scale analytical techniques:

1. Access environmental information previously beyond our
abilities

2. Document enormous geochemical variability between
different populations in a single sample

« Each of population encodes meaningful biological, and
environmental information

3. Demonstrate that previous inferences about past

environments drawn from ‘bulk’ analyses need to be
revisited

* Working to revise the record of atmospheric oxygen over
Earth History!



From research to teaching to administration...

Pathfinder Fellows in

Environmental Leadership

A FIRST-YEAR AMPERSAND PROGRAM

Environmental Studies
WASHINGTON UNIVERSITY IN ST. LOUIS

Washington University in St.Louis

International Center for Energy, Environment and
Sustainability

Midwest Climate Collaborative Founding Members
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.
Washingon Department of Earth, Environmental 0 [ e

University in St.Louis

ARTS & SCIENCES & PIaHEtary Sciences

Students examining cross-bedded sandstones from
the Aztec formation, Valley of Fire State Park,
Nevada. Photo: Phil Skemer

Creation of 3 new majors (and associated minors). Earth Science, Environmental
Science, and Planetary Science -- and a new minor in Geospatial Science.

We are eager to help lead the Chancellor’s new vision for Environmental, Climate, and
Sustainability work on campus, in the St. Louis region, and around the world.
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