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ABSTRACT

Oxygenic photosynthesis fundamentally transformed our planet by releasing molecular oxygen and
altering major biogeochemical cycles, and this exceptional metabolism relies on a redox-active
cubane cluster of four manganese atoms. Not only is manganese essential for producing oxygen, but
manganese is also only oxidized by oxygen and oxygen-derived species. Thus the history of
manganese oxidation provides a valuable perspective on our planet’s environmental past, the
ancient availability of oxygen, and the evolution of oxygenic photosynthesis. Broadly, the general
trends of the geologic record of manganese deposition is a chronicle of ancient manganese
oxidation: manganese is introduced into the fluid Earth as Mn(Il) and it will remain only a trace
component in sedimentary rocks until it is oxidized, forming Mn(IIL,IV) insoluble precipitates that
are concentrated in the rock record. Because these manganese oxides are highly favorable electron
acceptors, they often undergo reduction in sediments through anaerobic respiration and abiotic

reaction pathways.

The following dissertation presents five chapters investigating manganese cycling both by
examining ancient examples of manganese enrichments in the geologic record and exploring the
mineralogical products of various pathways of manganese oxide reduction that may occur in
sediments. The first chapter explores the mineralogical record of manganese and reports abundant
manganese reduction recorded in six representative manganese-enriched sedimentary sequences.
This is followed by a second chapter that further analyzes the earliest significant manganese deposit
2.4 billon years ago, and determines that it predated the origin of oxygenic photosynthesis and thus
is supporting evidence for manganese-oxidizing photosynthesis as an evolutionary precursor prior
to oxygenic photosynthesis. The lack of oxygen during this early manganese deposition was
partially established using oxygen-sensitive detrital grains, and so a third chapter delves into what
these grains mean for oxygen constraints using a mathematical model. The fourth chapter returns to
processes affecting manganese post-deposition, and explores the relationships between manganese
mineral products and (bio)geochemical reduction processes to understand how various manganese
minerals can reveal ancient environmental conditions and biological metabolisms. Finally, a fifth
chapter considers whether manganese can be mobilized and enriched in sedimentary rocks and
determines that manganese was concentrated secondarily in a 2.5 billion-year-old example from
South Africa. Overall, this thesis demonstrates how microbial processes, namely photosynthesis and
metal oxide-reducing metabolisms, are linked to and recorded in the rich complexity of the

manganese mineralogical record.



TABLE OF CONTENTS

ACKNOWIEAZEMENLS ......eveeiiiieiieieeeteeie ettt sttt saeeeesse e e ensesaeennens iii
ADSIIACE. ...ttt ettt ettt ettt ettt ebe b vii
Table Of CONENLS .....co.eiveiiieiiriiriereetetetr ettt ettt viii
List of Figures and Tables.........cccoeierieriiriererieieeeeeee ettt X
INEEOAUCTION ..ttt ettt sttt ebe 1
Chapter I: Manganese mineralogy and diagenesis in the sedimentary rock record ...... 6
INEEOAUCTION ..ttt st 7
IMEEROMS ...ttt ettt 22
RESUILS ..ottt ettt 30
DISCUSSION.....etitiieieiieiietertert ettt ettt sttt ettt sb ettt ebe b sae 49
CONCIUSIONS ...ttt ettt ettt ettt ettt st ebe e 58
Tables and FIGUIES......cccveieriirieieieeeeieeeete ettt 61
RETETEICES ...ttt ettt 80
Supplemental Figures and Tables .........ccoecevivirieninieieseeeeeeee e 91
Chapter II: Manganese-oxidizing photosynthesis before the rise of cyanobacteria.... 94
INErOAUCTION ...ttt 95
RESUILS ..ttt et 101
DISCUSSION. ...ttt ettt ettt sttt ettt et et ebe e 107
FAGUIES ..ottt st ettt ettt ene s 112
RETETEICES ..ottt 116
Supporting INformation ............ceeieiererieiiereeeeere et 121
Supporting Figures and Tables..........cccvievieririeieneieieceeee e 136
SUPPOrting REfEIENCES .....ccvevvieiiriieeieerieeee ettt 152
Chapter III: O, Constraints from Paleoproterozoic detrital pyrite and uraninite....... 155
INErOAUCTION ...ttt 156
Observations from the Transvaal Supergroup, South Africa ........ccccvveveruennenen. 160
Combining Physical and Chemical Weathering Processes
to Constrain Ancient Oy Levels......c.ccoeoeveinininininniincncncceceeen 170
Discussion and ConcluSIONS.........c.cecevererenieniernineneneneieeees et 188
Figures and Tables.........ccccveririeierieieeceeee et 194
RETETEICES ..ottt 204

Chapter I'V: Real-time manganese phase dynamics during abiotic and biological

manganese 0xXide reduCtiON ..........ccouevieeririnirenieeerreeceee e 215
INErOAUCTION ...ttt e e e et e e e e e eeaeeeenneeenes 216
Materials and MethodS .........covoiooveiieiiieee e 219
RESUILS ... ettt e e e e et e eeaaeeeteeeennee s 223
DISCUSSION......ccuviiieeie ettt ettt et eete e e et e e e e e eeteeeeareeeeaeeeeteeeeaneeeseeennneean 226
FAGUIES ..ottt et sttt ettt ene s 234
REFEICIICES ...t eanee s 243

SUPPOITING FIGUIES ...ouvieiiiiieiieiesiieeesie ettt sttt st eneens 247

viii



Chapter V: Manganese mobility during metamorphism: An example from the

2.5 Ga Kuruman-Penge FOrmation............ccccovvevverenienenenieneeceeseeens 249
INErOAUCTION ...ttt ettt 250

(€ 0] (0o (S T<]11  F TSRS 254
Materials and Methods ........c..coeoiiviiirinininiieee e 256
RESUILS ..ottt ettt e 260
DISCUSSION. ...ttt ettt sttt ettt sttt be b e 267
Figures and Tables.........coccoiviriiiiiiiniineceenesece e 271
SUPPOTTING TADIES......ccuiiiiiieiieiesiieeere ettt st 286
RETETEICES ..ottt e 292
Concluding Remarks and Future Dir€ctions ..........ccceeevierierenienienieieseseeeese s 296
Appendix A: Supergene manganese deposits: An example from South Africa........ 304
Tables and FIGUIES .....c.ccvvieriireieieieeiesiese ettt st seeeneens 304
Appendix B: Pongola-Witwatersrand examples of Mn enrichments ............c.......... 306
FIGUIES .ttt ettt st sttt st 310
RETETENCES ...ttt sttt 314
Appendix C: Changing redox states in iron formations across the GOE .................. 315
FAGULES ..ottt ettt ettt et sttt e et entesteeneens 317

RETEIEIICES ...ttt ettt e e s eaa e e s s e ate e e e snnaneeeean 326

ixX



LIST OF FIGURES AND TABLES

Page
I. Introduction
I.1 Redox tower with photOSYSIEMS .......couevuiriiriirieiiiririnenceceen e 2
1.2 Schematic of Manganese CYCle .........oceviririirieriiiinininincceeneeeeeeceeaene 3
1. Manganese mineralogy and diagenesis in the sedimentary rock record

1.1 Manganese ore deposits through time...........ccoeceerevieiiininiereceeeeee e 61
1.2 Mn K-edge X-ray absorption spectra of known manganese minerals .............. 62
1.3 Light and electron microscopy of a seafloor manganese nodule....................... 63
1.4 Seafloor manganese nodule XAS images and Spectra...........ceceeeveververeerennnns 64
1.5 Japan Sea Miocene sediments light and electron microscopy.........ccoccevverveenenne 65
1.6 Japan Sea Pliocene-Miocene sediments XAS images and spectra.................... 65
1.7 Jurassic-age Molango deposit light and electron microscopy ..........cceeeeeuenene. 66
1.8 Jurassic-age Molango deposit XAS images and spectra ........cc.cocceevvereeercnnenn. 67
1.9 Santa Cruz Formation light and electron microSCOPY .......cecerveecvereereerverenens 69
1.10 Santa Cruz Formation XAS images and SPectra.........cceeevevvereeecierereeneenennns 70
1.11 Hotazel Formation light and electron microSCOPY.......cceevververeercvereriereeneennns 71
1.12 Hotazel Formation XAS mapping and SPectra .........cceecevveereerercveneneeneenennens 72
1.13 Koegas Subgroup light and electron microSCopy .........coceeeeveeerervereeneeenennenn 73
1.14 Koegas Subgroup XAS imaging and SPectra.......c..cccceevveveeverenenienieneerenennene 74
1.15 Light and electron microscopy of weathered Koegas Subgroup in outcrop ... 75
1.16 XAS imaging and spectra of weathered Koegas Subgroup in outcrop........... 75
1.17 Paleoproterozoic-age Kungarra Formation light and electron microscopy .... 76
1.18 Paleoproterozoic-age Kungarra Formation XAS imaging and spectra........... 77
1.19 Paragenetic model for the diagenetic stabilization of Mn deposits................. 77
1.SI.1 EBSD patterns and identifications...........ccceeeverereerieneneesieseeieneseeseeseeeneens 90
1.S1.2 Raman identification of caryopilite ...........ccecererierierinienieseeiere e 91
1.SL.Tablel Survey of manganese ore deposits through geologic time .................. 92

2. Manganese-oxidizing photosynthesis before the rise of cyanobacteria

2.1 Stratigraphic columns of drill cores GECO1 and GTFO1 .........ccccoeveveirnnen. 112



2.2 Light, Mn concentration, and Mn redox maps from Koegas Subgroup.......... 113

2.3 Elemental maps and 8"C of Mn-bearing carbonates...............coocoowreverenenn. 114
2.4 Multiple sulfur isotope ratio data from GTF01 and GECOI samples ............. 115
2.S1.1 Geologic map of Transvaal Supergroup in Griqualand West..................... 136
2.S1.2 Lack of manganese oxidation in powdered samples.........c.cceccevvevereernnnnen. 137
2.S1.3 Koegas Mn X-ray spectra compared with known minerals ............c.......... 138
2.S1.4 XRF maps and EDS mineral identification in Hotazel Formation.............. 139
2.S1.5 Lack of manganese in mineralized cracks and vein-fill pyrite ................... 140
2.S1.6 SEM images and elemental identifications of Mn in samples.................... 141
2.S1.7 SEM images of detrital pyrite grains in sandstone from GTFO1 ................ 142
2.S1.8 Photomicrographs showing late pyrite teXtures ........ccecerveeeereeneeeeeneennennnnn 143
S.S1.9 Photomicrographs showing domains of chalcopyrite and galena .............. 144
S.SI.10 Sulfur isotopic measurements in sifu on a pyrite fracture...........c.cc.ene..... 145
S.SI.11 GECO1 sulfur and carbon isotopic data plotted against depth.................. 146
S.SI.12 GTFOI sulfur and carbon isotopic data plotted against depth .................. 147
S.SL.Tablel Bulk Mn concentrations from both cores..........cccocvveninevcrccncncnne. 148
S.SL.Table2 5"C and §'*0 measurements from both cores............c..ccooorvrvrrreenne, 150

. O; constraints from Paleoproterozoic detrital pyrite and uraninite
3.1 Geologic map of Kaapvaal craton and map of Griqualand West study area.. 194
3.2 Stratigraphic cross section of the Transvaal Supergroup.........cccccevcveveerernene. 195

3.3 GTFO1 stratigraphic section with locations of pyrite and uraninite grains..... 196

3.4 Electron microscopy of sandstone teXtUIes ..........ceecverereeriererieneneeeesienneenns 197
3.5 Pyrite distributions along ripple forset laminae............cccceceveevienvniecienienne. 198
3.6 Electron photomicrographs of detrital pyrite and uraninite examples............ 199
3.7 Chemical weathering as function of distance traveled and grain size ............ 200
3.8 Calculated constraints on environmental O, levels.........cccoceevinincrcncnnnn 201
3.Tablel Reported occurrences of redox-sensitive detrital grains........................ 203
3.Table2 Estimates of various detrital grain abundances............cccccecvvveverirnenne. 203

. Real-time manganese phase dynamics during abiotic and biological manganese oxide
reduction

4.1 Schematic of flow-through SyStem ..........ccceeeeiiririienienieieeeee e 234



4.2 Representative microbial reduction experiments induced by S. oneidensis ...235

4.3 Representative abiotic reduction eXperiments..........ccoeceeeververeeseereseenuesennens 239
4.4 Kinetic model of manganese reduction pathways.........c.cceccevvevierereenenennnne 242
4.S1.1 Control XPeriment.........cceerueeierierieieriestieteseseeeesteseestesreeeestesseensessesnnens 247
4.S1.2 XRD of manganese standards and experiment product ..............ccecveruenene 248

. Manganese mobility during metamorphism: An example from the 2.5 Ga

Kuruman-Penge Formation

5.1 Core locations and core stratigraphiC SECHiONS ........cccccervereereercierieneerierieneeenns 271
5.2 Photographs of core samples and 1ithologies .........c..ccceeeerveninincncncncnncnn 272
5.3 X-ray fluorescence imaging of iron, calcium and manganese........................ 273
5.4 Microscopic photographs of representative thin sections .............c.ccecveruenenne. 275
5.5 X-ray spectroscopic imaging and electron microscopy of PA 2014m ........... 276
5.6 X-ray spectroscopic imaging and electron microscopy of MF 402m............. 278
5.7 X-ray spectroscopic imaging and electron microscopy of PA 1470m ........... 279
5.8 X-ray spectroscopic imaging and electron microscopy of MF 493m............. 280
5.9 X-ray spectroscopic imaging and electron microscopy of DI 218m. .............. 281
5.10 X-ray spectroscopic imaging and electron microscopy of WB 830m.......... 282
5.11 X-ray spectroscopic imaging and electron microscopy of GKF 338............ 283
5.12 X-ray spectroscopic imaging and electron microscopy of GKP 242............ 284
5.Tablel Bulk Mn concentrations from selected samples ...........cccceccvvvereerernnene. 285
5.SL.Tablel Point elemental abundance measurements ..........cc.cecceevveveereeerenncnn 286

. Appendix A: Supergene manganese preliminary results
A.Tablel Comparing supergene deposit and underlying carbonate...................... 304
A.1 X-ray absorption spectra of Mn deposit ........ccceeereereririienireeiereeeee e 305

. Appendix B: Pongola-Witwatersrand examples of Mn enrichments
B.1 Mn- and Fe- enriched sandstone from DDN-1 core analyses.............ccc.c...... 310
B.2 Manganese-enriched concretion from DBK-1 core analyses........c.ccccccceennene 311

B.3 Manganese-enriched sample from PNG-3 core analyses........c..cccceeeueerennene 313



C. Appendix C: Changing redox states in iron formations across the GOE

C.1 Representative samples from the Moodies Group..........cccecceererencrrecnennenn 317
C.2 Representative sample from the Kuruman Formation.........c..c.ccocevevveercnncnn 318
C.3 Representative regions from the Mt. Sylvia Formation ...........cccccecvevveernene. 319
C.4 Representative area from the Koegas Subgroup.........ccoceevvviecienvnieienienncnne, 321
C.5 Representative area from the Hotazel Formation.............ccoooeeeverenieieninnnne. 322
C.6 Representative sample from the Gunflint Formation ............c.cccccevvevieinnnenne. 323
C.7 Representative sample from the Rapitan Group..........ceceeeveeeiervnvecieniennene. 324

C.8 Representative sample from the Santa Cruz Formation, Brazil..................... 325



Chapter 1

THE SOLAR SYSTEM

To customize this thesis, select File New to re-open this template as a document, and follow the

instructions below.

Insert your information in place of the sample text. Choose File Save As. At the bottom of the
menu, choose Document Template in the Save File as Type: box (the filename extensions should
change from .doc to .dot). Save the file under a new name to protect the original, or use the same

name.

To Create A Document
Choose File New to re-open your thesis template as a document. Your information should appear in

place.

To change the spacing between, for example, body text paragraphs, click your cursor in this
paragraph, and choose Paragraph from the Format menu. Reduce the Spacing After entry, making

additional adjustments as needed.’

To save your Style changes, (assuming your cursor is blinking in the changed paragraph), click on
the Style in the drop-down Style list at the top-left of your screen. Press Enter to save the changes,

and to update all similar Styles.

How To Insert a Picture or Caption
Click on a blank paragraph. Choose Picture or Caption from the Style drop-down list. Type a

caption, or choose Picture from the Insert menu.



BIBLIOGRAPHY

Doe, John B. Conceptual Planning: A Guide to a Better Planet, 3d ed. Reading, MA:
SmithJones, 1996.

Jones, Mary. Life and Visual Perception. City: University Press, 1998.

Smith, Chris. Theory and the Art of Communications Design. State of the University Press,
1997.

Doe, John B. Conceptual Planning: A Guide to a Better Planet, 3d ed. Reading, MA:
SmithJones, 1996.

Jones, Mary. Life and Visual Perception. City: University Press, 1998.

Smith, Chris. Theory and the Art of Communications Design. State of the University Press,
1997.

Doe, John B. Conceptual Planning: A Guide to a Better Planet, 3d ed. Reading, MA:
SmithJones, 1996.

Jones, Mary. Life and Visual Perception. City: University Press, 1998.

Smith, Chris. Theory and the Art of Communications Design. State of the University Press,
1997.

Smith, Chris. Theory and the Art of Communications Design. State of the University Press,
1997.

Doe, John B. Conceptual Planning: A Guide to a Better Planet, 3d ed. Reading, MA:
SmithJones, 1996.

Jones, Mary. Life and Visual Perception. City: University Press, 1998.

Smith, Chris. Theory and the Art of Communications Design. State of the University Press,
1997.

Doe, John B. Conceptual Planning: A Guide to a Better Planet, 3d ed. Reading, MA:
SmithJones, 1996.

Jones, Mary. Life and Visual Perception. City: University Press, 1998.

Smith, Chris. Theory and the Art of Communications Design. State of the University Press,
1997.

Doe, John B. Conceptual Planning: A Guide to a Better Planet, 3d ed. Reading, MA:
SmithJones, 1996.

Jones, Mary. Life and Visual Perception. City: University Press, 1998.



A
Aristotle, 3

F
From a Galaxy, 2

G
Geocentric theory, 2

H
Heliocentric theory, 3

INDEX

M

Mariner space mission, 2
Mercury, 3

Milky Way, 2

(0]
Orbit
Mercury, 3

P
Planets and Moons, 2

R
Rotation
Mercury, 3

S

Solar system
creation, 2
geocentric theory, 2
heliocentric theory, 3
Mariner mission, 2
Voyager mission, 2

T
The Solar System, 2

v

Voyager space mission, 2






Introduction

The invention of oxygenic photosynthesis was difficult — it only occurred once relatively
late in Earth history — and yet the oxygen this metabolism released fundamentally and
forever changed our planet. The emergence of oxygen altered the biogeochemical cycles
of iron, sulfur, carbon, nitrogen, and manganese, and transformed the fitness landscape
for life - laying the foundations for the evolution of complex multicellularity. Manganese
is critically important for the functioning of oxygenic photosynthesis, and thus the history
of manganese is linked to one of the most pivotal evolutionary innovations on ancient
Earth. Manganese oxides are also uniquely sensitive as proxies for ancient oxygen, and
thus the geologic record of manganese offers compelling insights into both the history of

environmental oxygen and oxygenic photosynthesis.

The use of manganese in oxygenic photosynthesis and its specific reactivity with oxygen
stem from the thermodynamic properties of manganese. Manganese has a very high
reduction-oxidation (or redox) potential, and consequently the only common
environmental oxidants that can oxidize manganese are oxygen and oxygen-derived
products like superoxide (Figure 1). Its redox potential and multiple stable redox states
also make it an ideal cofactor for oxygenic photosynthesis: four manganese atoms in the
water-oxidizing complex each donate an electron to Photosystem II, building oxidizing

potential until they can split water and generate an O-O bond to form O,. The integral
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role of manganese in water oxidation forms the basis of an evolutionary hypothesis that
manganese-oxidizing photosynthesis was a transitional step between anoxygenic
photosynthesis (PSI, RCI, RCII in Figure 1) and high-potential oxygenic photosynthesis

(PSII in Figure 1).

PsI
~  Ra
RCll
50,2/50,* 7
H,/ 2H" Psil
o _
9 SYH,S ¢, /o,
e SO%/H,S 25,075
o
2+

o S0.2/1502 Fe**/ Fe(OH),
(O] AsO.*/ AsO >
()
a) NH,*/NO;
© NH,/ NO, NO, /NO, L
@)
P L
S— . ) .

Mn?*/ Min(OH), 7N, /NO,

H,0/ 10,
0,/H,0, .
Figure 1: Redox tower
highlighting manganese and
| oxygen. Photosystems plotted

alongside for comparison.

E,/(mV)

Manganese has a further advantage: the dominant way for manganese to become
concentrated in the sedimentary record is through oxidation, which requires oxygen or a
high-potential photosystem to be present. So the presence of manganese oxides in the
rock record can be understood as proxies for either oxygen or high-potential phototrophy
using a photosystem oxidizing manganese (Figure 2). Without either of these two

oxidation sources, manganese enters the fluid Earth from weathering of igneous rocks or



hydrothermal sources as Mn?" and remains as an aqueous cation. The main sink for
reduced manganese is substitution for calcium in carbonates, and this does not form a

significant manganese enrichment (Figure 2).
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Figure 2: Schematic representation of manganese redox cycle, including how manganese
enters the sedimentary record.

There are several potential problems with this simplified manganese model. Post-
depositional processes (diagenesis) often affect the chemistry of sediments as they
become lithified into a sedimentary rock, and the high redox potential of manganese
makes manganese oxides an especially susceptible phase for diagenesis. Manganese
oxides are highly favorable and reactive electron acceptors for a variety of organic carbon
species, sulfur species, and iron species (Figure 1). Studying the geologic record of
manganese therefore first requires an understanding of how diagenesis affects original
deposits of manganese precipitates. Another potential complexity, especially important in
very ancient sedimentary rocks, is that inferring manganese oxidation from manganese
concentrates in the rock record only is accurate if manganese cannot enter the rocks
another way. Secondary introduction of manganese needs to be always considered as an

alternative hypothesis, and careful analysis is required to resolve whether manganese is
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from original sedimentary processes or later introduction via metamorphic and

metasomatic processes.

To study manganese in ancient, complicated rocks, we developed a multi-faceted
approach applied throughout this dissertation. Inductively-coupled plasma mass
spectrometry assessed bulk manganese concentrations. Synchrotron X-ray spectroscopic
imaging and X-ray absorption spectroscopy were used to measure and map Mn redox and
mineralogical state on a micron-scale. Textural relationships between mineral phases
were established to understand relative timing of different manganese-bearing minerals
using optical and electron microscopy, secondary ion mass spectrometry, and Raman
spectroscopy. These whole-rock and in-situ techniques were all highly complimentary
and proved essential to understanding the diagenetic history of the manganese minerals in

ancient sediments.

The following dissertation focuses on how manganese minerals in the rock record can be
proxies for diverse microbial processes, including photosynthesis and microbially-
mediated manganese oxide reduction during diagenesis. Chapter 1 reviews the current
literature on the various ways manganese can be oxidized and reduced, and presents a
compilation of manganese-enriched sedimentary rock deposits (‘manganese deposits’)
through geologic time. Selected manganese deposits were interrogated for manganese

mineralogy and redox state, and these results led to a model proposing the mineralogical



changes induced during the diagenesis of manganese oxides. Chapter 2 employs South
African drill cores obtained by the Agouron Drilling Project to investigate a hypothesis
from evolutionary biology that Mn-oxidizing photosynthesis was a precursor to oxygenic
photosynthesis. The cores had evidence of primary manganese oxides but two lines of
evidence indicated oxygen was not present, and thus this manganese deposit is geologic
evidence for a transitional Mn metabolism predicted by modern biology. One key
observation to constrain oxygen levels here was redox-sensitive detrital pyrite, and so in
Chapter 3 we expanded upon our findings and added the presence of a second oxygen-
sensitive mineral, uraninite, and constructed a mathematical model to quantify the
oxygen levels implied by these grains. Results from six ancient manganese deposits,
presented in Chapter 1 and Chapter 2, all indicated that manganese is reduced during
diagenesis, potentially via microbially-mediated mechanisms. These results inspired
Chapter 4, in which a flow-through system at the synchrotron was developed to measure
the phase transitions and mineralogical products during bacterial and abiotic manganese
reduction. Chapter 5 returns to scrutinize the assumptions made in Figure 2 and uses a
natural laboratory of correlated strata throughout South Africa that have seen
dramatically different levels of heat, pressure, and hydrothermal fluids (i.e.,
metamorphism). Manganese concentrations increased and mineral speciation changed
with increasing metamorphism, suggesting manganese can be mobilized and enriched by

post-depositional processes but this can be understood using texture-specific techniques.
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