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Abstract

Earth’s Archean surface environment was important for the origin and evolution
of life. Here, it is proposed that the pH,, controlled the redox state of the Archean
atmosphere, consistent with the stabilities of detrital minerals, such as pyrite, siderite, and
uraninite. In the marine environment, greenalite, siderite, and hematite, or amorphous
precursors, were primary minerals. Magnetite was formed during diagenesis and
metamorphism. Fluctuations of pH», or pH could oxidize elements such as Mo and Re.
Organic acids were metastable in the surface waters at high pH,, values, possibly
stimulating biologic activity and the formation of organic hazes in the atmosphere.

Reaction path models were used to simulate rainwater, weathering, and river
water chemistry under present-day and late Archean conditions. The thermodynamic
properties of ferrous iron and other end-member minerals important on the early Earth
were estimated using an extended Linear Free Energy Relationship. Modeling of the
present-day weathering of basalt + calcite produced hematite, kaolinite, Na-Mg-saponite,
and chalcedony, and world average river water (WARW) after destruction of 10™ moles
kg' H,O. Late Archean weathering of olivine basalt + calcite produced kaolinite,
chalcedony, and Fe(Il)-rich clays, and WARW with low pH, and high HCO; and Fe.

The behavior of P, Mn, Cr, and Cu during late Archean weathering was
investigated during weathering of olivine basalt. Apatite and Mn-olivine dissolved,
producing high phosphate and Mn(Il) in Archean WARW. Insoluble MnO;,. and
hematite formed during whiff of oxidants. Chromite hardly dissolved but Cr(OH); am

dissolved completely, forming high Cr(IIl) waters. Weathering of chalcopyrite produced
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chalcocite and bornite, but whiffs of oxidants produced native copper, chalcocite, bornite,
and hematite, and high dissolved Cu.

Aqueous Cr*" could be stable in hydrothermal solutions and a dominant species
even with Cr(III)-Cl complexation whereas higher pressure favors Cr(IIl). For example,
at 5 GPa and 1000 °C, Cr*" is the dominant species at geologically reasonable pH and log
/O, values. However, at 5 GPa and 600 °C, Cr’" and Cr*" might coexist. It appears likely
that Cr(II) could play a significant role in low pressure hydrothermal fluids and in

subduction zone fluids.

First reader (thesis advisor): Dimitri A. Sverjensky

Second reader: Robert M. Hazen.

il



Acknowledgments

This work has been supported by many people both within and outside of the
Department of Earth and Planetary Sciences at Johns Hopkins University (JHU-EPS) and
the Geophysical Laboratory at Carnegie Institution of Washington (CIW-GL). I would
like to specially thank my advisor, Professor Dimitri Sverjensky, for his remarkable
support and help throughout my whole PhD program. He created a beneficial and
enjoyable learning environment with great patience since the beginning of my PhD when
I had little background in geochemistry. I also greatly appreciate his forgiveness and
comfort when I made mistakes and complaints. He told me that everyone makes mistakes
and that’s how people grow up, which relieved me greatly during the periods of
depression. He is also very inspiring and encouraging when I initially raised naive
questions or ideas. He always takes every responsibility but gives all credits to his
students.

In addition, I want to acknowledge Dr. Robert Hazen as my mentor at the
Geophysical Laboratory and the second reader of my proposal and thesis. Bob was very
generously supportive during my experimental studies and at conferences. I also
benefited a lot from his recommendations to other distinguished scientists. His creative
ideas and views on origin of life, mineral evolution, and mineral ecology greatly
enlightened me and opened my eyes to a bigger vision of the early Earth system.

I would also like to thank my colleagues in Johns Hopkins University. Professors
John Ferry, Naomi Levin, Linda Hinnov, Kevin Lewis, Anand Gnandadesikan in the
Department of Earth and Planetary Sciences, and Professors Alan Stone and Ciaran

Harman in the Department of Environmental Health and Engineering have kindly served

v



as my committee members and provided insightful feedback to my study and research.
Professor Darrell Strobel and Sarah Horst offered valuable advice and help on the early
atmosphere of planetary bodies. Professor David Veblen provided help learning of
mineralogy and generously shared some software resources. Professor Katalin Szlavecz
offered her inspiring suggestions on weathering and soil chemistry. This work also
benefited from helpful discussion with Professor Emmy Smith.

Since the summer of 2013, I conducted experimental studies in Geophysical
Laboratory as a predoctoral associate. I met wonderful people there who greatly helped
my research and life. Dr. George Cody provided helpful guidance in the analytical
facilities and discussions about my results. Dr. Dionysis Foustoukos supervised
hydrothermal experimental techniques with great patience. Dr. Bjorn Mysen generously
offered his welding lab and provided helpful guidance. Dr. John Armstrong helped
analyze mineral surfaces with the TEM. Dr. Timothy Strobel helped me with X-ray
diffraction analysis.

Furthermore, I would like to thank all of my friends who helped and accompanied
me during these years. Specially, Fang Huang, Coiby Xu, Dongdong Tian, Dongdong
Yao, Zehui Xia, Yuanyuan Xu, Qiaoting Lou are friends since our undergraduate days
and have persistently supported me for more than eight years. Dr. Cécile Feuille, Dr.
Charlene Estrada, and Dr. Namhey Lee are former students and postdoctoral associates of
Dimitri’s and they provided numerous help with my study and research. Dr. Irena
Mamajanov helped prepare and analyze my samples. Dr. Xiaoming Liu and Dr. Chao Liu
are postdocs in GL and they provided helpful suggestions on my PhD research and career

development plan. Merri Wolf, Shaun Hardy, Gefei Qian, and others as supporting staff



at Broad Branch Road have shown remarkable kindness to me during my visit. All of the
other colleagues and friends are also acknowledged here.

I also want to thank all of the funding agencies for the financial support I received
during my PhD, specifically, the JHU EPS Fellowship, JHU Teaching Assistant
opportunities, the W.M. Keck foundation for my tuition and stipend. A grant from the US
Department of Energy, The Robert and Margaret Hazen Foundation, and the Deep
Carbon Observatory also supported my lab expenses. The Deep Carbon Observatory,
NASA, and the Elliott Field Fund also provided financial support for my conference and
field trip travel.

Lastly, I want to thank my parents, brother, and extended families who gave their
selfless love to me. I also thank my girlfriend Chunmiao Ye for her beautiful support of
me.

Some of the chapters were the product of collaborative work. The

acknowledgements are provided after the manuscripts.

vi



Table of Contents

ADSEEACE ccccueeererieiecreneestensneseesaesssesnessesssessssssnsssessssssesssessasssssssessasssessasssssssssssessassnssssssans ii
ACKNOWICAZGIMENLS ..cceeeurrirsnresssnncssnncssrncssssncssssisssssesssssessssesssssssssssssssssosssssssssssessnsssssnssss iv
LISt Of TADIES c.cueeeeenenrenienenieninitinnesensnenneseesnesssssssssesssessnsssessasssssssessasssssssessasssssssenss xii
LiSt Of FIGUIES..ucicuuiiiiniiirsniiissniinssnninssnncnssnncsssncssssnsssasssssssssssssesssssesssssssssssssssssssnsssssssses Xiv
1. INEFOAUCTION ..ccueeneeeecreneesnenaeseessennesanessessnessnessesssessnsssessasssssssessssssssssessssssssssessasssassns 1
RETETEINCE ... 11

2. Importance of atmospheric H,, in surficial environments of the Archean............ 21
1. Redox states on the surface of the Archean Earth ..o 24

2. Importance of H», as the redox indicator before the GOE...............ccccoeeeeeee. 25

2.1 Redox indicators in the near-surface environments: O, or Hy,? ....... 26

2.2 Hy,-world on the Archean Earth surface.............ccocociviiinnn, 27

3. Importance of H,, as the redox indicator before the GOE..............ccccoeeneeeee. 30

3.1 Mobility of trace elements during weathering due to ‘whiffs of
oxygenation’ before the GOE ..........ccccoooiiiiiiiiiiniiee e 30

3.2 Possible connections between haze formation and whiffs of Hy, in late

Archean Near-surface WatersS.........cevveeuerieneriienienieieneese e 33
3.3 Mineralogy in the marine environment..............cceeeveeeueerreenveeseennnennn. 36
4. Summary and concluding remarks...........ccoeeeerieeriieniienieeie e 37
ACKNOWIEAZMENLS. .....eouiieiiiiiiiieiieie ettt ettt e iee e e b e ennes 38
RETETENCES ...ttt 40

vii



3. An extended linear free energy relationship for predicting AG; of crystalline

SOLIAS .eveeereeeeennesireeeeeeenenseesssscssereasssssssssossssassssssssssssssssssssssssssosssssssssssssssssssssnssssssssssssssansnsnee 55

................................................................................................................................ 57
3L CONCIUSION .., 64
Q. RETETENCES ..ottt ettt e et et e e ee et et et et eeeeee et eeeeereeeeeeeeeeeeeeeeeraees 66

4. A model for late Archean chemical weathering and world average river water...80

L. INtrOAUCHION ...ttt st 83
2. Theoretical modeling approach and assumptions............cceceevveveeneerieneenennnn 86
2.1 Modeling approach .........ccecveeiieiieeiiienie ettt 86
2.2 Thermodynamic data used in the calculations............ccccceceeverieneennenn &9
3. Initial conditions for the modeling............ccccoeruieriiieiiiniiiinieeieeeeeeee e 89
3.1 Rainwater models: present-day and the late Archean...............c..c....... 89
3.2 Initial rock types: present-day and the late Archean............cceeueeneee. 91
4. Present-day weathering model results ...........cooceeviieiiiiiiiniicececeeee, 92
4.1 Weathering of basalt + calCite ..........cceevureviieniiieiieeiieieeeeee e 92
4.2 Weathering of granite + CalCite.........ccevvureriieiiieiieniieieeieeee e 94

4.3 Comparison with present-day world-average river water (WARW)...94
5. Late Archean weathering model reSults...........cooovieiieiiiiiiieniieieceeeece e 96

5.1 Weathering of olivine basalt + calCite ........cccceecueveenerienieienieneeee 96

viii



5.2 Weathering of tonalite—trondhjemite—granodiorite (TTG) + calcite ...98

6. Implications for interpretations of the Archean near-surface environment....... 98
6.1 A model for late Archean world-average river water .......................... 98
6.2 Detrital mineral reCords .........cocevuerieniiniiniinieecieeee e 101
6.3 PalEOSOIS .. 102

6.4 Possible connections between haze formation and organic species in

NEAT-SUITACE WALETS ...veeueiiieiieiieeiiesteete ettt 103
7. Summary and concluding remarks...........ccocueeevierieeiiienieiiiee e 104
ACKNOWIEAZMENLS. .....eoiiiieiiieiieiieeieee ettt s ae et saveeeee 107
RETETENCES ...ttt 108

5. Mobility of nutrients and trace metals during weathering in the late Archean...130

L. INtrOAUCHION ...ttt st 134
2. Factors affecting the dissolution of trace elements during the weathering......137
2.1 Redox level of the atmosphere..........c.ccceevieenieniienieiieeeeeeeeeee, 137
2.2 pH of near-surface Waters ..........cccverveereieniiieniienieeieeeie e 138
2.3 Accessory source minerals in the rocks.........ccoecvverienciiiiiiniiieeeen. 140
2.4 Formation of secondary minerals during weathering ....................... 140
3. Theoretical modeling approach and assumptions.............ccceeeeeveeeriverieenneennne. 141
3.1 Late Archean rainwater Chemistry ..........ccceeeveerieeiienieeiienie e 141
3.2 Initial rock type: olivine basalt plus accessory minerals ................... 142
3.3 Model for trace element behavior during weathering........................ 143

X



4. Model results for late Archean weathering of olivine basalt and trace elements

.............................................................................................................................. 144
4.1 Behavior of phoSphoTUS ........cocvieiiieiiieiiecie e 144
4.2 Behavior of Manganese..........cccvvereeriieriieniieeniienieeieeseeeieeseeeneesenes 145
4.3 Behavior of Chromium ............ooveviiiinieiinienieeeeeeee e 147
4.4 Behavior Of COPPET...cccuieriieiieeiiieiieeie ettt ettt 148
5. Discussion and Implications for the Late Archean Environment.................... 149
5.1 Riverine transport of phosphorus and the Great Oxidation Event.....149

5.2 Manganese and chromium during weathering: whiffs of oxidant or
TMOEZ e 152

5.3 Trace Cu-minerals as signatures of the surface environment and

MINETal EVOIULION ..ottt 154
6. CONCIUSIONS ...ttt ettt et sttt et sttt sbe e bt st e saeenae s 155
ACKNOWIEAZMENLS. .....eiiiiieiieeiieiie ettt ettt et ae et eseaeensee s 159
RETETENCES ...ttt 160

6. Chromium Redox Equilibria in Aqueous Fluids Under Hydrothermal and

Subduction-zone CONAItions ........ceeevveeererisensennseecssenssannssncsssecssnssssesssessssessssssssesssassns 180
L. INtrOAUCHION ..ottt st 184

2. Theoretical calculation approach and assumptions.............cceeceeevieerieenieennnnnne. 187

2.1 Calculation approach ..........ccceecveevieriiienieiieeeee e 187

2.2 Assumptions for hydrothermal and subduction-zone conditions....... 188



3. Predicted behavior of aqueous chromium at elevated temperatures and
PIESSULES ..eeeuttteeniieeeiteeeeteeetteeeuteesteeesasteesnsaeesasteesaseeesaseeeaaseeesaseesnnseesnnseesnnseesnnee 189

3.1 Chromium redox equilibria in low-pressure hydrothermal systems..189

3.2 Chromium redox equilibria in high pressure-temperature fluids....... 191
3.3 Solubility of Cr,Os; ., at high temperature and pressure..................... 194
4. Discussions and iMPliCatioNS........ccueeveeriierieeniienieeiie ettt eiee e 196

4.1 The sedimentary banded iron formation record of chromium
BEOCHEIMISIIY ..ottt ettt ettt st eibeebeesebeennee s 196

4.2 Behavior of chromium in hydrothermal and subduction-zone fluids 198

5. Concluding remMarks .........c.oeouieiiieiieiieciiee e 200
RETETEINCES .ottt ettt ettt et e e e e e e e e e et eeeeereeeeeeeeeeeeeeeees 203
T CONCIUSIONS ....ueeeeereeennneeseeeeeerereeessssssssessesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasas 218
RETETEINCE oottt ettt ettt e e e e e e e eeereeeeeeeeeeeeeeeees 226
CUTTICUIUIN VITAC eereeeeureerrieeerreeeeeneessseseesereasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 227

Xi



List of Tables

Chapter 3

Table 1. Summary of regression parameters for oxide, hydroxide, carbonate, and silicate
mineral families generated by regression with Eqn. (1) and plotted in Fig. 1....ccceeeueeueenes 70
Table 2. Comparison of the standard Gibbs free energies of formation of minerals

(AGEMVX) from three different thermodynamic databases used to calculate ay; x values of

orthopyroxene, olivine, and biotite in this StUAY...ccueereessecseecsessncssrcsesssessancesssecsssssesssessane 71
Table 3. Summary of estimated and regression parameters for Berman minerals used in
EQDS. (1) & (2). ceereerersuesuessessessessensunsunsassnesaessessessessessassassasssssssssessssssssasssssassassassassssssssssssasss 72
Table 4. Summary of estimated and regression parameters for Helgeson minerals used in
EQDS. (1) & (2). ceereerersuesuessessessessensunsunsassnesaessessessessessassassasssssssssessssssssasssssassassassassssssssssssasss 73
Table 5. Summary of estimated and regression parameters for Holland & Powell
minerals used in EQNs. (1) & (2). ceveesseesserssnncssnnsssnssssssssnsssssssssssssssssssssssssssssssssssssssasssssssses 74
Table 6. Predicted standard Gibbs free energies of formation of divalent metal silicate
families using Eqn. (1), the parameters in Table 3 and the ionic radii and thermodynamic

data for aqueous cations liSted DEIOW. cecvcceceiessersssrcssenssnnsssnssssnsssnssssnssssssssssssssssssssssssssosanes 75

Chapter 4

Table 1. Summary of the compositions adopted for world-average present day rainwater
(Berner and Berner, 2012) and late Archean rainwater (see text). Full details of the
aqueous speciation of all the elements are given in the initial step of the model

WEALETING TESUILS. terurerserssresserssanesssnsssnesessssnssssssssssssssssssssssssssssssssssssosssssssssssssssassssssssassss 121

Xii



Table 2. Major constituents of fluids from present-day weathering of basalt or granite
plus calcite and Archean weathering of olivine basalt or TTG plus calcite (at log § = -4.0)

compared with modern and Archean world-average river water (WARW)...cccceeeurernnnens 122

Chapter 5

Table 1. Sources of trace elements in the weathering model expressed as amounts of
accessory minerals in olivine basalt estimated from elemental upper continental crust
ADUNAANCES. cerveruerresnessensnnsunsansnessessessessensessasssssssssessesssssessssssssssssessessessesssssassassassssssessessesses 172
Table 2. Potential mineral products that might form during weathering and that were in

the thermodynamic data file used for the MOdEliNg.....cceeerereeseecserssensuecsersecsaecsassancssecnanes 173

Chapter 6

Table 1. Thermodynamic properties of chromium aqueous species and minerals used in

thiS STUAY. terseresrressercssrcssansssnessensssnosssnsssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassss 211

Xiii



List of Figures

Chapter 2

Figure 1. Stability of minerals in Fe-S-C-O system as functions of log fugacity of a. O,
orb. Hyg and So g at 25 °C, 1 DAL weveeerrensensensensnesnessessesessnnsassnesssssessesssssesssssassasssssnssssssesss 51
Figure 2. Correlation between log fugacity of H,, of the volcanic gases with the
temperature of the volcanoes (Symonds ef al., 1994)...ccueicsriessercsncssensssnsssssssssesasssssssans 52
Figure 3. Stability of minerals and aqueous species in Mo-Re-S-O-H system at 25 °C and
L DAL, ceeerueesaecsenssncsuncsnssancssncsssssnesssssesssnessessesssessssssssssssssessasssessssssssssessssssesssessasssssssssssessassae 53
Figure 4. (a) Metastability of carboxylic acids in the aqueous environments on the Earth
surface. Suggested boundary of pH», (bold green line) above which carboxylic acids will
be metastable in the aqueous environments on the Earth surface. (b) Equilibrium phase

diagram of proposed primary Fe minerals in the shallow marine environment. ......cc.cue.. 54

Chapter 3

Figure 1. Graphic representation of Eqn. (4) for minerals with same cation coordination
TNIUINIDET. tevueeueeenseesuesasssessessessessessessassassassnssnsssessessessessassassasssssssssessssssssasssssassassaesasssessessessasss 76
Figure 2. Linear correlation between normalized a (a values divided by number of metal
atoms, ay; x/v) and stoichiometry index (total number of tetrahedral sites divided by total
number of oxygen atoms, (V4| (Vs 1)/Vo). Thermodynamic properties of mineral groups
are from Berman (1988).ccceicecsecsseniesssnecssasessnsesssssessassessasssssasssssasssssasssssasessssssssasssssassossans 77
Figure 3. Linear correlation between normalized a (a values divided by number of metal

atoms, ay; x/v) and stoichiometry index (total number of tetrahedral sites divided by total

X1V



number of oxygen atoms, (V4| (Vs 1)/Vo). Thermodynamic properties of mineral groups
are from Helgeson (1978). wuueicciessercssncssssssnissnssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssases 78
Figure 4. Linear correlation between normalized a (a values divided by number of metal

atoms, ay; x/v) and stoichiometry index (total number of tetrahedral sites divided by total

number of oxygen atoms, (V4| (Vs 1)/Vo). Thermodynamic properties of mineral groups

are from Holland & POWEIl (1998). ccccuiierrurecrsanessnnessansessanscssasssssasessnsesssasessssssssassessnsssssnns 79

Chapter 4

Figure 1. Modeling results of basaltic weathering under present-day atmospheric
CONAITIONS. teueruessessessessessassassanssessessessessessassassassssssessssssssssssssassasssessessessassssssssassassasssssssssssses 123
Figure 2. Modeling results of granitic weathering under present-day atmospheric
CONAITIONS. teueruessessessessessansassasssessessessessessessassasssssssssssssssssssssassasssessessessassssssssassassassassssssssses 124
Figure 3. Predicted river water chemistry during present-day weathering of basalt and
granite plus calcite compared with present-day world-average river water (WARW)
COTMPOSITION. teruresssesssessssesssssssssssssssasosssssssssssssssssossssssssosssssssssssssssssssssssssssssassssssssassssssssassss 125
Figure 4. The distribution of weathering rates calculated with riverine runoff and
diSSOIVEd Si CONCENIALION. werveerrersessesessussensassaessessessessessassassassnesssssessasssssassassassasssessessssses 126
Figure 5. Modeling results of olivine-basaltic weathering under Archean atmospheric
CONAITIONS. teveruessessessessessussassasssessessessessessassassassssssessssssssassassassasssessossessassssssssassassassassssssssses 127
Figure 6. Modeling results of trondjemite-tonalite-granodiorite (TTG) weathering under

Archean atmoSPheriC CONAITIONS. ueesiessresssrssssessssssasesssnsssssssssssassssssssssossssssssessasssssssssssases 128

XV



Figure 7. Predicted river water chemistry during Archean weathering of olivine basalt
and TTG plus calcite compared with present-day world-average river water (WARW)

COMMPOSTTION. teruresssssssessssesssssssssssssssasossssssssssssssssssssssssssossssssassssssssssssssssssssssasssssssssssssssssasss 129

Chapter 5

Figure 1. Equilibrium diagrams in the Fe-S-N-O-H system as a function of pH and a.
DO02g OF D. PH g veeeerncinnesnennennnnnnnnnnnsnsssnssessessessessnssesssssssssssssssesssssessssssssssssessssssssssssssasss 174
Figure 2. Proposed ranges of pH values of late Archean rainwater and river water as a
function of atmoSPheric PCOyg. wuurrenensensunsnesunssessessessessassassasssessessessasssssassassassassssssesssases 175
Figure 3. a. Destruction of 5.5 * 10”7 moles primary apatite during weathering of olivine
basalt under the standard Archean atmospheric conditions. b. Evolution of aqueous
phosphate during the Weathering. ....iceceesseesssessercsresssnsssessssnsssssssssssssssssssssssssssssssssassssses 176
Figure 4. a. & b. Destruction of Mn-bearing olivine during the weathering of olivine
basalt: (a) The standard Archean atmospheric conditions; (b) Whiff of O, . The upper
parts of the figures show the changes of log pH, , during the weathering; (c) & (d)
Evolution of dissolved manganese during weathering during the addition of O, or HNOs,
TESPECTIVELY. tereuresserssaressenssnnessersssnesssssssnssssssssnsssssssssossssssssssssssssssssssssssssssssasssssssssssssssssassss 177
Figure 5. a. Destruction of Cr(OH)j; ,m, stability of chromite (FeCr,04) and formation of
secondary minerals during the weathering of olivine basalt under the Archean
atmospheric conditions. b. Evolution of dissolved chromium during weathering. ......... 178
Figure 6. Destruction of chalcopyrite (CuFeS,) and formation of secondary minerals

during the weathering of olivine basalt under (a) the standard Archean atmospheric

XVi



conditions and (b) Whiff of O, (10 mole O, kg™ H,0). c. Evolution of dissolved

copper dUring WEAthETING. ciccceeseeessrcsssesssnssssssssnessssssnsssssssassssssssssssssssssssssssssssssassssssssassss 179

Chapter 6

Figure 1. Equilibrium diagram of Cr-O-H system at 25 °C and 1 bar. Equal activities of
aqueous species or activities of Cr(aq) equal to 10 define the stability boundaries. .....212
Figure 2. Predicted speciation of aqueous Cr under hydrothermal conditions: (a) 100 °C,
Pgat; (D) 250 PC, Pyar.crreruessessessessessunsunsunsaessessessessessessassassassassssssessesssssassssssssassassassssssessssses 213

Figure 3. Equilibrium boundaries for equal activities between Cr*" and CrCI*" at 250 °C,

Figure 4. Effects of temperature and pressure on the equilibrium constant relating
AQUEOUS CI7 10 CI7 vurrersersesesessssessessessessessessssssssssssessessessessessesssssssessessessessessessessessessese 215
Figure 5. Predicted speciation of aqueous chromium under conditions relevant to
subduction-zones: (a) 1 GPa, 200 °C; (b) 1 GPa, 600 °C; (¢) 5 GPa, 600 °C; (d) 5 GPa,
LO00 OC. crrrrrrresrnerensunsucsunssessessessessassassassnssasssessssssssasssssassasssssasssessesssssssssssassasssssssssssssssssses 216
Figure 6. Effect of Cr-Cl complexation on the solubility of Cr,Os, at conditions relevant

to subduction-zone environments: (a) 600 °C, 0.5 GPa; (b) 1000 °C, 5 GPa...cccceererneees 217

Xvil



Chapter 1

Introduction

Life on Earth may well have originated during the Archean (Arndt and Nisbet,
2012; Cleaves et al., 2012; Hazen, 2005; Valley, 2006). Consequently, the geochemical
environments on the Archean Earth, including the atmosphere, surface water chemistry,
and the minerals and rocks exposed at the surface, play a central role in theories of the
origin and evolution of life (Hazen and Sverjensky, 2010; Kasting and Catling, 2003;
Jelen et al., 2016). Consequently, numerous studies have been carried out to attempt to
unravel the nature of different parts of the near-surface early Earth system.

The abundance of atmospheric O, at present, its importance for life on Earth
since the Great Oxidation Event (GOE) at about 2.33 Ga (Farquhar et al., 2000; Luo et al.,
2016), and the subsequent increase of atmospheric O, in the early Cambrian (Berner,
1999; Canfield et al., 2007; Canfield & Teske, 1996; Marais et al., 1992; Och & Shields-
Zhou, 2012) has led to enormous interest in the oxidation state of the ancient atmosphere.
Unlike the present-day oxidizing atmosphere, the Archean atmosphere is thought to be
anoxic with trace amounts of O,,. Based on non-equilibrium atmospheric models, the
Archean atmosphere has been described as anoxic (pOsg ~ 10" bar or less) but with

moderately high concentrations of Hy, (pH, ~ 107 to 10 bar or less) (Catling and



Claire, 2005; Kasting, 1993, 2014; Kasting et al., 2001; Kharecha et al., 2005). Sulfur
isotopic studies have further established that the atmosphere was anoxic prior to 2.33 Ga
(Farquhar et al., 2000; Luo et al., 2016). Combined sulfur and carbon isotopic studies,
and atmospheric models, have documented the likely importance of global organic-rich
hazy atmospheres alternating with periods of no haze in the Neoarchean from 2.7-2.5 Ga
(Izon et al., 2015; Zerkle et al., 2012). Under these circumstances, whether O, is an
important gas controlling redox state of the atmosphere is particularly important for
geochemical modeling of the Archean surface processes, such as weathering and
chemistry of surface waters.

It is also expected that many important aspects of weathering and surficial water
chemistry in the late Archean were very different from the present-day. On the late
Archean continents, paleosol studies have inferred the leaching of iron during weathering
caused by the mobility of aqueous Fe*'-species in the near-surface weathering
environment (Rye and Holland, 1998). Detrital mineral records suggested preservation of
uraninite, siderite, pyrite, and ferrous clay minerals during late Archean weathering and
riverine transport (Frimmel, 2005; Hessler and Lowe, 2006; Johnson et al., 2014;
Rasmussen and Buick, 1999). Moreover, mineral evolution studies reported that episodic
deposition and diversification of mineral distribution and species were consistent with
major changes in the near-surface environment (Hazen et al., 2014). It has been suggested
that the oceans were probably rich in dissolved silica (Siever, 1992), low in sulfate
(Crowe et al., 2014), and contained redox-sensitive elements in their reduced forms, for
example H,S(aq), Fe’" and NH," (Catling and Claire, 2005; Holland, 1984; Lyons et al.,

2014). Late Archean shallow marine sediments, represented by banded iron formations,



might consist of greenalite, hematite, and siderite as the primary minerals, but whether
magnetite is primary or not is controversial (Bekker et al., 2014; Klein, 2005; Rosing et
al., 2010). Furthermore, little is really known about the potential linkages between the
atmosphere, the water chemistry during weathering and riverine transport, and the
mineralogic records.

The availability of bio-essential nutrients and trace metals in the surface
environment were critical factors for the origin and evolution of life throughout Earth
history (Anbar, 2008; Anbar & Knoll, 2002; Morel, 2008; Pasek et al., 2015; Saito et al.,
2003; Williams et al., 2003; Zerkle et al., 2006). However, large uncertainties still exist in
estimation of the levels of nutrients and trace elements. For example, in the case of
phosphate, Archean productivity was first thought to be limited by low dissolved
phosphate in the seawater due to adsorption onto iron oxides deposited as banded iron
formations (Bjerrum and Canfield, 2002), but in a subsequent study it was pointed out
that the high concentration of dissolved silica expected in Archean seawater would
effectively block phosphate adsorption sites on iron oxides and therefore dissolved
phosphate might be higher than previously suggested (Konhauser et al., 2007; Planavsky
et al., 2010). Such disputes mainly focused on the removal of phosphate from seawater
and did not address the important role of weathering and riverine transport, which was
the dominant influx of phosphate to the early oceans. The importance of this role has
been emphasized for the Phanerozoic (Guidry and Mackenzie, 2000).

In the case of trace metals, the redox-sensitive trace metals, such as Cr, Cu, U, Mo,
and Re, and their isotopic fractionations recorded in various sedimentary records are now

widely used to infer fluctuations in the redox history of Earth’s surface environment



(Anbar and Rouxel, 2007; Farquhar et al., 2014; Tribovillard et al, 2006). The
atmosphere before the Great Oxidation Event (GOE) is widely accepted to have been
anoxic with a relatively high pH,,. Consequently, during normal weathering processes in
the late Archean, elements such as Cr, Cu, U, Mo, and Re would have been immobile,
and the solubilities of Fe and Mn would have been much higher than in present-day
surface waters. However, recent studies reported enrichments of several trace metals (e.g.
Mo, Re, Cr) and variability of isotopic fractionations in some sedimentary records that
have been interpreted as evidence of “whiffs of molecular oxygen” in the Archean
atmosphere (Anbar et al., 2007; Frei et al., 2009). This interpretation currently contradicts
the overall picture of an anoxic Archean atmosphere as described above suggested by the
mass independent fractionation of S isotopes, the Fe-loss from paleosols, and the
preservation of detrital minerals unstable in the presence of molecular oxygen.
Nevertheless, the exact conditions under which trace metals and their isotopes might have
been mobilized have not been examined in a comprehensive framework of weathering
simulations that link trace metals and their potential sources, major elements and rock-
forming minerals, and perturbations of an anoxic late Archean environment.

One metal that has received a lot of attention as a potential recorder of
fluctuations in the Archean environment is chromium - a trace element in the continental
crust but enriched in ultramafic and mafic rocks. Chromium has three common redox
states: Cr(Il), Cr(Ill), and Cr(VI). Under ambient conditions, Cr(II) requires very
reducing conditions and is not stable in water. Under anoxic to reducing conditions,
Cr(III) is stable. If the surface water is acidic (pH < 5.5), the solubility of Cr(Ill) is high

and Cr’" is the major aqueous species; otherwise, Cr(OH); . will precipitate and limit the



solubility of chromium. Oxidation of Cr(Ill) in the surface environment relies on the
catalysis of strong oxidants, e.g. MnO, ., or H,O; (Oze et al., 2007). If somehow these
oxidants are present, Cr(Ill) can be oxidized to Cr(VI) which greatly increases the
solubility of chromium. These processes facilitate riverine transport of chromium to the
ocean where Cr(VI) can again be reduced and sequestered into sediments. Based on
studies of present-day chromium weathering and riverine transport, recent studies have
utilized the chemical profiles of chromium recorded in ancient marine sediments to
reconstruct the evolutionary history of atmosphere O, ,. For example, high concentrations
of chromium in banded iron formations were interpreted to indicated the appearance of
molecular O, in the early atmosphere before the Great Oxidation Event (Frei et al.,
2009). Besides the question of whether the oxidation of Cr(III) requires molecular O, or
not, all early sedimentary records have experienced diagenesis and low to high-grade
metamorphism which might potentially modify the original geochemical signatures. For
this reason, the aqueous geochemistry of chromium at elevated temperatures and
pressures was investigated in the present study.

At elevated temperature and pressure, previous studies have suggested that low
valence states of trace metals such as Fe(Il), Eu(Il), and Cu(I) are thermodynamically
favorable to predominate in aqueous solutions due to the large differences of entropy
between ions with a difference valence state (e.g. Sverjensky, 1984). If this principle also
applies to chromium, then Cr(II) might be expected in aqueous fluids once the
temperature is increased during advanced diagenesis or low to high-grade metamorphism.
Reduction of Cr(III) to Cr(II) would be expected to increase the solubility of chromium in

aqueous fluids. In this case, the original depositional isotopic signature of chromium may



not be preserved. However, until now, no experimental investigations or theoretical
simulations addressed this possibility.

Overall, the rich record of clues about the nature of the near-surface environment
on early Earth offers a tantalizing, if not confusing, picture that is marked by numerous
uncertainties and outright disagreements. However, the consistency of all these lines of
evidence has not been examined with the aid of geochemical theory. Quantitative
geochemical models of rainwater, river water, the oceans, and water-rock interactions
could, in principle, be applied to early Earth, but have rarely been used (Alfimova et al.,
2014; Fabre et al., 2011; Gonzalez-Alvarez and Kerrich, 2012; Lafon and Mackenzie,
1974; Schmitt, 1999; Sverjensky and Lee, 2010). Nor has there been any attempt to link
such models to the long literature on models of the early Earth atmosphere (e.g. Claire et
al., 2014; Kurzweil et al., 2013). With one exception (Alfimova et al., 2014) involving
paleosols on basalts, the application of quantitative models of chemical weathering that
include the chemical speciation of surface waters on the continents and the chemical
speciation and state of saturation with respect to minerals in the shallow and deep oceans
have not been addressed for the late Archean. The lack of quantitative chemistry prevents
construction of an internally consistent, quantitative picture of the evolution of the near-
surface environment of early Earth through deep time. Moreover, the possibility that
diagnenesis and/or metamorphism involving hydrous fluids could modify the original
geochemical signatures of the sedimentary archives could be examined with
thermodynamic modeling tools but has never been done yet.

Water-rock interactions over wide range of temperatures and pressures generally

generate solid solutions of secondary minerals. One specific example is the replacement



of Ca(Il) in the calcite crystal structure by other divalent cations such as Mg, Mn(II), and
Fe(Il) during diagenesis and hydrothermal alteration. Precipitation of these mineral solid
solutions usually controls the solubility of trace elements in the fluids. In turn, the
chemical signatures of trace metals recorded in secondary minerals that form solid
solutions might reflect the concentrations of trace elements in the aquatic environment.
This principle has been widely applied to infer the availability of trace elements in the
early ocean and is a key theme of studies of the co-evolution of the geosphere and
biosphere. Examples include the speciation of trace elements in sulfides in black shale
(Gregory et al., 2015; Large et al., 2014, 2015), Re in molybdenite (MoS,;) (Golden et
al., 2013), and Zn, Fe in marine carbonates (Canfield, 2005; Liu et al., 2016). Compared
with the bulk analysis of trace elements in whole-rocks, the concentrations of trace
elements in mineral solid solutions potentially provide a more detailed record. In order to
quantitatively examine these signatures, it is necessary to build a thermodynamic model
of speciation of the trace elements in solid solutions. However, this research is currently
hampered by a lack of thermodynamic properties of mineral end-members hosting trace
elements, particularly secondary silicate minerals.

Based on the concerns and unknowns described above, this study was designed to
apply thermodynamic modeling methods to answer four questions:

I. Was O,, important in the Archean surface environment?

II. Are different lines of evidence on geochemical properties of the late Archean
surface environment consistent with each other?

II1. What were the behaviors of trace elements during the Archean weathering and

the influence of fluctuations of atmospheric redox state?



IV. How did diagenesis and metamorphism affect the original signatures of
chromium in sediments?

In this work, I firstly examined the relative importance of O,, and H,, in
reflecting the redox state of the Archean atmosphere based on the stability relations of
iron minerals as functions of redox states (pO,, or pH ;) and sulfur concentration (pS; ).
Iron minerals because iron is geologically abundant and pyrite and siderite are proposed
to be detrital minerals stably preserved during the Archean weathering and riverine
transport (Johnson et al., 2014; Rasmussen et al., 1999). As a dominant source of
reducing gases on the Archean Earth, volcanic outgassing was also investigated in terms
of effects of tectonic settings on its gas compositions, especially pH,,. Furthermore,
implications of fluctuations of pH,, in the late Archean on the mobility of trace elements
and haze formation were also explored with the aid of thermodynamic modeling tools.
Finally, the relative stability of proposed primary minerals of BIFs in the proposed
Archean atmosphere and seawater chemistry were tested.

A weathering study was designed to build a quantitative linkage between the
results of atmospheric modeling of early Earth, the chemistry of surface waters on the
continents, and the associated mineral weathering products that might be preserved in the
geologic record. This work focuses on water chemistry and the mineralogic record of
change in the near-surface environment. It was proposed that ferrous clay minerals could
be an important weathering product in the late Archean anoxic atmosphere (Hazen et al.,
2013). However, there are few reported thermodynamic properties of Fe(II)-clay minerals

that can be used in the thermodynamic modeling study. This work proposed an extended

linear free energy relationship for predicting the AG; values of crystalline solids based on



a generalization of a method proposed previously (Sverjensky and Molling, 1992).

Specifically, estimation methods for key parameters characteristic of the structure were
explored by this work which enabled the estimation of the AGy; values of ferrous clays

from a known AG; of another compositional end-member with the same crystal structure.

With the predicted thermodynamic properties of ferrous clay minerals, I applied
theoretical geochemical models of aqueous speciation, solubility, and chemical mass
transfer to weathering on early Earth during the late Archean (3.0 - 2.5 Ga). This time
period was chosen because of the reported occurrences of unusual detrital minerals in
rocks interpreted to represent the sediments from riverine systems (Frimmel, 2005;
Hessler and Lowe, 2006; Johnson et al., 2014; Rasmussen and Buick, 1999) and the
formation of major continents and therefore weathering and riverine transport (Taylor &
McLennan, 2009). Similar approaches have focused previously on chemical weathering
processes on Mars (Catalano, 2013) and on perturbations of early Earth’s atmosphere that
might affect weathering (Sverjensky and Lee, 2010), but these emphasized pO,, in the
early atmosphere. Here, I focused on the simulation of weathering processes with a
steady-state atmosphere defined by atmospheric models in which the role of H,, is
emphasized. An overall goal was to build a chemical model of the connection between
weathering and late Archean world-average river water (WARW). This model will serve
as a framework for examining the potential mobility of trace metals and nutrients during
weathering processes and is also a first step towards developing a geochemical model for
the late Archean oceans.

Based on the recently developed weathering model (Hao et al., 2017), I further

simulated the dissolution of minerals that are hosting the nutrient P and the trace metals



Mn, Cr, Cu during weathering of olivine basalt and the mobility of these trace elements
in late Archean (3.0-2.5 Ga) surface waters. Again, this time period is selected because
life probably originated in the Archean (Arndt and Nisbet, 2012) and a supply of
nutrients and trace metals is vitally important for the habitability and evolution of early
life (Anbar, 2008). Geochemical modeling, which considers many environmental factors
simultaneously, can approximate the major chemical reactions involved in weathering
consistent with present-day world average river water (Hao et al., 2017). The goal of this
project was to calculate the dissolution and speciation of these four elements during
Archean weathering and riverine transport. Additionally, the influence of whiffs of
oxidants, e.g. O, , or HNOs3, on the behaviors of trace elements were investigated.

To reveal the behaviors of chromium during diagenesis and metamorphism, this
study applied the recently developed Deep Earth Water (DEW) Model (Sverjensky et al.,
2014) to calculate the speciation and solubility of chromium in aqueous solutions over a
wide range of temperatures and pressures covering hydrothermal, subduction-zone, and
upper mantle conditions. In addition, the effects of redox state, pH, and complexation
with possible ligands on the behavior of chromium were investigated. The goal of this
project was to use theoretical thermodynamic calculations to explore the possible
behavior of chromium in aqueous fluids as a guide to future experiments and as an aid to

the interpretation of the chromium concentrations in minerals.
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Chapter 2

Importance of Atmospheric H,, in Surficial

Environments of the Archean

The Archean atmosphere is widely recognized as anoxic with negligible pO,, and
moderately high pH,, despite recent studies suggesting occasional whiffs of oxygen and
oscillatory haze formation. Here we emphasize that pO,, is too low to control the redox
state of the Archean surface environment; however, pH», is high enough to control the
redox state and plays important roles in various biogeochemical processes.

For example, under Archean pO,, boundary conditions, hematite is
thermodynamically stable, inconsistent with detrital mineral records. In contrast, within
the proposed range of Archean pH,,, siderite and pyrite are thermodynamically stable,
consistent with detrital mineral records. Therefore, pH», rather than pO,, is the more
useful redox indicator for Archean surface environments. Furthermore, pH,, in present-
day volcanic gases varies greatly with different temperatures and the tectonic settings of
the volcanoes. Thus, the effects of temperature and tectonic setting of volcanoes on
outgassing flux of H,, should be considered to estimate Archean pH,,. Moreover, early

biological activity could greatly affect pH» ,.
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A transient drop in pH» ,, or increase of pH, could cause oxidation and mobility of
the trace elements Mo and Re without O, ,. At high pH, (~10™* bar or greater), modeling
of Archean rainwater shows no thermodynamic driving force to destroy simple aqueous
organic compounds such as formate or acetate. This result implies a possible riverine
transport of aqueous organic C species, and may contribute to haze formation by feeding
methanogens in marginal marine systems. Furthermore, in Archean shallow marine
environments where SiO; ,q might be in equilibrium with solid amorphous silica, a new
estimation of the relative thermodynamic stabilities in the system FeO-Si0,-H,O-CO,-H;
suggests that greenalite, siderite, or hematite should be the primary minerals precipitated
in banded iron formations. Magnetite has no stability field and therefore cannot be used

to constrain atmospheric pCO;, or pOs .
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1. Redox States on the Surface of the Archean Earth

The abundance of atmospheric O, at present, its importance for life on Earth
since the Great Oxidation Event (GOE) at about 2.33 Ga (Farquhar et al., 2000; Luo et al.,
2016), and the subsequent increase of atmospheric O, in the early Cambrian (Berner,
1999; Canfield et al., 2007; Canfield & Teske, 1996; Marais et al., 1992; Och & Shields-
Zhou, 2012) has led to enormous interest in the oxidation state of the ancient atmosphere.
Unlike the present-day oxidizing atmosphere, O, is thought to be a trace constituent in
the Archean atmosphere, but the actual level is poorly known. One estimate for pO,, in
the prebiotic near-surface atmosphere in the early Archean is 10" to 10" bars or less,
based on a photochemical model providing an H, ; concentration determined by a balance
between the average present-day outgassing rate of volcanic H,, and a diffusion-limited
escape rate of H atoms to space (Catling & Claire, 2005; Kasting, 1993, 2014). In the late
Archean, after the advent of oxygenic photosynthesis, an upper limit for near-surface
POy, is < 107 bars, based on evidence from mass-independent fractionation (MIF) of
sulfur isotopes (Farquhar et al., 2000; Pavlov & Kasting, 2002). Along with these
fragmentary pieces of evidence, additional studies have suggested “whiffs” of molecular
O, existed in the Meso- and Neo- Archean (3.0 - 2.4 Ga) atmosphere, based on spikes in
isotopic and trace elemental abundances in the geological record (Anbar et al., 2007;
Crowe et al., 2013; Frei et al., 2009; Gregory et al., 2015; Kaufman et al., 2007; Large et
al., 2014; Stiieken et al., 2015). Overall, the implication of all these studies is that the O,
level in the Archean atmosphere is somehow an important indicator of the redox state of

the near-surface environment.
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The purpose of this communication is to assert that O, , levels of 10° to 107" bars
or less are not significant for understanding the evolution of the redox state of the near-
surface environment. The fundamental reason is that such levels of O,, are so low that
they are not capable of participating in significant chemical mass transfer in surficial
geochemical environments involving mineral-water interactions. Instead, we believe that
attention should be focused on the more abundant reducing gas H,, in order to further
unravel the evolution of the redox state of the near-surface environment in the Archean.
In the prebiotic atmosphere of the early Archean it has been estimated that pH,, was
about 107 to 10™* bars, based on the approach discussed above. After the origin of life, it
is likely that the steady state partial pressure of H,, was lower, but still higher than that
of O,,. We show below that such H, levels make more geochemical sense than using the
O, estimates when trying to understand weathering processes in the geologic record of
the late Archean. Furthermore, the steady state volcanic and metamorphic fluxes of H,
to the atmosphere likely influenced the near surface environment in a way that
contributed to an anoxic state for the atmosphere (Catling, 2014; Catling & Claire, 2005).
We also show that non-steady state variations in the volcanic flux of H, g, both increases
and decreases, are to have been expected. In summary, although most previous studies
agree with the concept of an anoxic Archean atmosphere, the redox states on the surface
of the Archean Earth are still not well constrained and the attention focused on O, as an
indicator of redox state may be unwarranted, especially when trying to understand the

evolution of the near-surface environment with time.

2. Importance of H,; as the Redox Indicator Before the GOE
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2.1 Redox indicators in the near-surface environments: O, 4 or H;4?

Here, we examine which gas is the more useful for understanding redox changes
on the early Earth. First, we examine O, as a redox indicator. Fig. la is an equilibrium
diagram showing the stability of minerals in the Fe-S-C-O system as functions of the
logarithms of the partial pressures of O,, and S, at 25 °C and 1 bar. With pO,, in the
range 10 to 10" bars or below suggested by atmospheric models and isotopic studies,
hematite is the stable mineral and siderite and pyrite are predicted to be unstable. This
result is not consistent with our general understanding of the late Archean geologic
record in which detrital siderite and pyrite were preserved during weathering and riverine
transport (Frimmel, 2005; Hessler & Lowe, 2006; Rasmussen & Buick, 1999). Previous
studies have applied kinetic models to explain the preservation of these detrital minerals
with redox controlled by pO,, (Johnson et al., 2014; Reinhard et al., 2013). However, the
amount of O, 44 in aqueous solution in equilibrium with less than 10°to 107" bars of Oz,
is completely negligible. There is just not enough O,,q to participate in any chemical
reactions. Therefore, when pO,, is this low, O, or O, are no longer important
constituents of the near surface environment. Moreover, with O, levels of 10°to 10"
bars or less there are thermodynamic driving forces to oxidize pyrite or siderite to
hematite with available oxidants, such as H,O. Microbes could utilize this
thermodynamic driving force to gain energy while facilitating oxidation of pyrite and
siderite. But hematite is not believed to be either a weathering product or a detrital
mineral in the late Archean. Thus, pO,, is not a useful redox parameter when it comes to

understanding the near-surface environments of the Archean Earth.
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In contrast, Hy, is a useful redox parameter for the Archean. Using H,, as the
indicator of near-surface redox states is consistent with the detrital mineral records. For
example, Fig. 1b shows the stability of minerals in the Fe-S-C-O system as functions of
H,, and S,,. With pH, values in the prebiotic range of 10™ ™ bars, and event down to
at least 10 bars, pyrite and siderite are thermodynamically stable phases under a wide
range of pCO,, conditions. In other words, there is no thermodynamic driving force for
the oxidation of pyrite and siderite during Archean weathering and riverine transport,
consistent with the detrital mineral records. Furthermore, compared with O, (pO2, < 10°
" bar), H,, is abundant enough in the Archean atmosphere (pH,, = 107 ** bar) to
participate in reactions under Earth surface conditions (Walker, 1978). More importantly,
compared with O,,, H>, 1s 15 times lighter and can diffuse much faster between different
chemical conditions to mediate redox conditions (Krupp et al., 1994). Even though the
atmospheric model is not an equilibrium model, we assume that H, dissolves from the
atmosphere into rainwater at equilibrium. It is then available for weathering reactions,
during which we assume that equilibrium exists between dissolved H, and most, but not
all, aqueous species and minerals (Hao et al., 2017). It is therefore more sensible, and
practical, to use pH, , rather than pO,, as a redox parameter for geochemical calculations
under early Earth conditions. Consequently, we advocate using pH,, for monitoring the

redox state of early Earth surface environments.
2.2 H g-world on the Archean Earth surface

As indicated above, the partial pressure of H,, is usually estimated by the balance

between the fluxes of an H,, source and sink in the Archean. Volcanic outgassing is
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widely assumed to have been the most significant source of H,, and other gases into the
Archean atmosphere. Most modern studies have approximated an Archean volcanic flux
based on an average present-day outgassing rate estimated by Holland (Holland, 2002,
2009). Holland took an average value of the ratio of XC/H,O = (0.03 £ 0.02) in present-
day volcanic gases from Symonds et al. (1994) and Giggenbach (1996), and used a total
C flux of 6 X 10" mol/yr to calculate a flux for H,O of 2.0 + 1.5 x 10'* mol/yr from
volcanic outgassing. He then assumed that the equilibrium oxidation state of volcanic
gases in the subsurface was controlled by the reaction
3Fe,Si04 + 2H,0 = 2Fe;04 + 3SiO, + 2H»

and calculated an H», flux from the water flux and the equilibrium constant for the above
reaction.

We would like to emphasize that a single value for the flux of H,, estimated in
this way for the whole Archean is unrealistic. First, it is solely a volcanic flux. Yet there
must be a substantial metamorphic flux as well, e.g., from serpentinization reactions in
ultramafic rocks, which were more abundant in the Archean than in the Proterozoic
(Taylor & McLennan, 2009). Second, as mentioned in Holland (2002), volcanoes from
different tectonic settings have highly variable gas compositions. For example, it can be
seen in Fig. 2 that log pH,, in volcanic gases depends strongly on the tectonic setting and
temperature of last equilibrium. The total range of log pH,, is about 1.8 units. There is
also clearly a positive correlation between log pH,, and the temperature for convergent
plate environments. Moreover, divergent-plate and hot-spot environments have volcanoes
producing the highest values of pH,,. Clearly, tectonic setting and the temperature of

equilibration could greatly affect the estimation of volcanic outgassing fluxes of H, and
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therefore must be considered in the estimation of pH,, in the Archean. Such
considerations raise interesting possibilities for the temporal evolution of the Archean
near-surface environment.

One can expect that before subduction began some type of plume activity might
be widespread (Condie & Benn, 2013; Van Kranendonk, 2010; Wyman & Hollings,
1998). And the relevant temperatures might have been greater (Arndt & Nisbet, 2012). In
this case, hot spot volcanoes would be the relevant analogue for the present day.
Consequently, the H, , partial pressures in the volcanic gases might be much higher than
the present-day, supporting a higher H,, atmosphere in the Archean than previously
suggested. With higher volcanic outgassing rates and slower escape of H, g, mixing ratios
of Hy, might be as high as 0.1 in the early Archean (Tian ef al., 2005). Such an
atmosphere is thought to be relevant for the atmospheric abiotic synthesis and stability of
various organic molecules that are the building blocks of life (Trainer, 2013).

After life originated and spread in the Archean, it would have strongly affected
the atmospheric composition (Walker, 1977). H,, is one of the most readily available
electron donors in the Archean, consequently most metabolisms are thought to have been
H,-based (Canfield et al., 2006; Kasting, 2014; Kharecha et al., 2005). For example,
laboratory culture of methanogens using H>, and CO,, to produce CHs, showed that
methanogenesis can draw pH,, down to ~ 107 bar (Kral et al, 1998). A coupled
ecosystem-climate model of the late Archean atmosphere reported that burial of organic
carbon from methanogenesis could reduce pH, , down to ~ 10 bar (Kasting et al., 2001).
Both evolutionary and isotopic evidence suggested that methanogens were probably

present and prospered in the Archean (Battistuzzi et al., 2004; Canfield et al., 2006; Ueno
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et al., 2006). Apart from methanogens, anoxygenic photosynthesis has also been
proposed to use H», as electron donor to reduce CO,, competing with methanogens for
the use of atmospheric H, (Kasting et al., 2001; Kharecha et al., 2005), and therefore
further drawing down pH,, (Catling & Claire, 2005). Right now, due to a lack of
understanding of anoxgenic photosynthesis, especially with H,, as the electron donor,
more experimental and modeling studies are still needed to be able to estimate how low

pH», could go in the late Archean.

3. Implications of the H,, World
3.1 Mobility of trace elements during weathering due to ‘whiffs of oxygenation’ before
the GOE

Numerous recent studies of the isotopic and trace element composition of the late
Archean sedimentary record have reported non-steady state fluctuations in the redox state
of the near-surface environment at least 50 Ma prior to the beginning of the GOE. These
studies have been interpreted as "whiffs" or pulses of atmospheric O, in the Meso- and
Neo- Archean. The interpretation of "whiffs" of atmospheric O, is based on anomalies
in the concentrations of redox-sensitive elements such as Mo and Re and isotopic records
(e.g. S, N, and Se) in late Archean marine shale deposits (Anbar et al., 2007; Garvin et al.,
2009; Godfrey & Falkowski, 2009; Kaufman et al., 2007; Kendall et al., 2010; Reinhard
et al., 2009; Stiieken et al., 2015), Cr isotopes in BIFs (Frei et al., 2009) and paleosols
(Crowe et al., 2013), and the trace element compositions of sedimentary pyrites (Gregory

et al.,2015; Large et al., 2014).
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The oxidation of elements such as Mo, Re, and Cr has been suggested to result in
the production of the more mobile oxyanions of these elements during weathering,
followed by transport in rivers to the oceans, where subsequent reduction and
preservation in shales or banded iron formations preserved the anomalous abundances of
these elements. However, the continuous presence of the MIF signal of sulfur isotopes
and the presence of detrital minerals unstable in the presence of molecular O, certainly
make it difficult to understand how molecular O, could circulate to any significant extent
in the Archean atmosphere and hydrosphere. One solution to this conundrum is that the
molecular O; responsible for the mobility of trace elements may only exist under mats of
cyanobacterial activity, and it didn’t actually get into the atmosphere (Lalonde &
Konhauser, 2015), i.e. no "whiffs" of O,,. However, without the UV-protective ozone
layer, microbial activity was probably limited on the continents despite various protection
mechanisms (Bishop et al., 2006; Dillon & Castenholz, 1999; Gauger et al., 2015).
Global runoff of the rivers in the Archean was probably larger due to the large area ratio
of ocean to land and no vegetation on the continents (Hao ef al, 2017). A stagnant
riverine transport coated by microbial mats was probably unlikely or unimportant in the
Archean. In addition, reduction of the oxyanions such as CrO4, MoO,*, and ReO4 has
been suggested to be very rapid in presence of Fe(Il) aqueous cations or minerals (Eary &
Rai, 1989; Fendorf & Li, 1996). If Cr, Mo and Re were oxidized in some local oxidizing
environments covered by microbial mats, they might be reduced quickly during riverine
transport and not be preserved in marine sediments.

Here we show that the issue of trace element mobility can be examined with the

aid of stability diagrams that indicate the conditions required for oxidation of elements
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such as Mo, Re, Cr, U, S, and N. Fig. 3 shows the relative stabilities of the reduced and
oxidized forms of Mo, Re, and S as functions of pH», and pH. These are compared with
the ranges of pH,, and pH inferred in the present study for the steady-state levels in the
Archean near-surface environment. Under the latter conditions, it can be seen that
aqueous S would be present in its reduced forms, and that no mobility of Mo and Re can
be expected. Non-steady state transient perturbations of the atmosphere are indeed
required for oxidation of these elements. Such perturbations are indicated by arrows in
the figures. It can be seen that with lower pH,, values, H,S could be oxidized to sulfate,
but this still takes place under reducing conditions. There is certainly no molecular O,
present in such solutions. Therefore, the occurrence of SO4” in the near-surface
environment does not require any molecular O,, despite frequent literature references to
the contrary (Bao, 2015; Canfield, 2005; Stiieken ef al., 2012).

Similarly, with lower pH,, values, less than about 10" bars, MoS,.; and ReS; ¢
in continental rocks could be weathered to the more mobile MoOs> and ReO,*
respectively. Again, this can take place in the complete absence of molecular O,. Only
fluctuations in H,, in the atmosphere, sediments, or weathering zone are needed. These
fluctuations could arise from a variety of causes, for example, the consumption of H, ; by
microbial activity, quiescent periods of volcanism, or a change in the predominant style
of volcanism. Therefore, pulses in the redox state of the near surface environment as
recorded in the sedimentary records may reflect changes in pH, .. Similar reasoning may
also be applicable to the presence of methanotrophy in the late Archean inferred from
carbon isotopic studies (Hayes, 1994; Hayes & Waldbauer, 2006; Rasmussen et al., 2009;

Rye & Holland, 2000; Schidlowski et al., 1983).

32



It can also be seen in Fig. 3 that, apart from fluctuations of log pH» ,, increases of
pH of natural waters can also solubilize and oxidize molybdenite and rhenium sulfide.
The pH of dilute (non-marine) surface waters is mainly controlled by equilibrium with
acidic atmosphere gases, such as CO,,, and the stage of weathering achieved. Late
Archean rainwater and river water have model pH values ranging from about 5.0 to 7.0
based on weathering models at pCO,, = 10" bar (Hao er al., 2017). However, the pH
range would be different given different levels of pCO, 4, i.e., low pH at high pCO,, and
high pH at low pCO,,. A high pH environment could form when very alkaline fluids (pH
~ 10) from ultramafic rock-water interaction flow through the sediments (Barnes et al.,
1967; Bruni et al., 2002; Neal & Stanger, 1983). In another example, decreasing pH
caused by oxidation of sulfide has been suggested as one possible mechanism for the
mobility and enrichment of Cr and its isotopic fractionation recorded in banded iron
formations (Konhauser et al., 2011; Stiieken et al., 2012). Therefore, pH changes in
surface waters can also cause the mobility of trace elements and fractionation of their

isotopes without the appearance of O, .

3.2 Possible connections between haze formation and whiffs of H, 4 in late Archean near-
surface waters

Multiple episodes of organic haze formation in the late Archean atmosphere (2.7
to 2.5 Ga) have recently been inferred based on sulfur and carbon isotopic analyses and
atmospheric models (Izon et al., 2015; Zerkle et al., 2012). It has also been suggested that
organic compounds could be deposited at the surface from a reducing Archean

atmosphere (Kasting, 1990; Kasting & Brown, 1998; Pinto et al., 1980; Trainer, 2013;
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Trainer et al., 2004; Trainer et al., 2006; Ueno & Ito, 2015) or could form by photo-
oxidation of Fe(Il)-compounds in early waters (Joe ef al., 1986). Under present-day
oxidizing conditions, simple organic compounds in surface waters are not stable and
usually have lifetimes from several to tens of days (Berner & Berner, 2012). However, in
the Archean surface environments, much longer lifetime might be expected given the
anoxic atmosphere. All of the above lines of evidence suggest that organic molecules
may have played a significant role in the surficial environment of the Archean. We
examine this suggestion next.

Here, we applied a rainwater model (Hao et al., 2017) to explore the stability of
simple aqueous organic species under the atmospheric conditions discussed above, i.e.,
pCO, = 107" bars and pHy, = 107> bars (Catling & Claire, 2005; Haqq-Misra
et al., 2008; Kasting, 1993 & 2014; Kasting et al., 2001; Kharecha et al., 2005; von Paris
et al., 2008). Rainwater speciation and weathering calculations with these parameters
indicate that aqueous organic carbon species such as acetate and formate could be
thermodynamically metastable in the rainwater and other surficial waters in the late
Archean. This situation arises in the models when the formation of hydrocarbons (e.g.
CHa,q, CoHgaq) 1s suppressed in the aqueous speciation model for kinetic reasons. This
situation permits metastable equilibria amongst a variety of aqueous organic species
including formate and acetate (Manning et al., 2013). One way of interpreting this result
is that carboxylic acids incorporated in rainwater through microbial activity or
photochemical reactions could persist metastably in the rainwater and other surface
waters in contact with the atmosphere. In other words, there would be no thermodynamic

driving force for them to be destroyed during weathering and/or riverine transport. They
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could be transported to the oceans and once there they could provide food supporting
Archean methanogens.

The higher the pH», for a given value of pCO, g, the higher the predicted ratio of
metastable organic carbon to total carbon. For example, at pH, , > 1072 — 10™*° bars, the
dissolved organic carbon species in the rainwater is predicted to exceed 50% of the total
dissolved carbon. Assuming this level as a basis for calculations, we investigated the
effects of different pH,, and pCO,, levels to determine an upper limit of pH» , as shown
in Fig. 4a. Our limit for pH,, is 1072 — 10™*° bars during the Archean, which is a bit
higher than the lower limit set by methanogenesis (Kasting et al., 2001; Kharecha et al.,
2005; Kral et al., 1998).

Levels of pH,, of 10 bars or higher can be easily achieved by flood basalt
volcanism in the late Archean. In more recent Earth history, it is estimated that flood
basalts typically erupt magma and volcanic gases 100 ~ 1000 times faster than normal
basaltic volcanism (Self et al., 2014; Self et al., 2005). Furthermore, it could be expected
that the gases released during flood basalt eruption are plume-like in their chemistry (Fig.
2), with high relative concentrations of H, ;. Consequently, the intensely volcanic activity
could have increased pH,, rapidly in the late Archean, disturbing a period when
methanogens had thrived and kept pH,, at a much lower level (~107 bars) with the
steady state volcanic outgassing rate (Kasting et al., 2001; Kharecha et al., 2005; Kral et
al., 1998). As discussed above, with high pH,,, simple organic compounds become
thermodynamically stable and could provide food for the early methanogens to form
organic hazes. A coupled geosphere-biosphere model of haze formations during the flood

basalt volcanisms will be greatly helpful for understanding these possibilities.
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3.3 Mineralogy in the marine environment

In addition to the possible formation of rainwater and continental surface waters
containing metastable aqueous organic species, indicated by the boundary in Fig. 4a, the
mineral stability relations shown in Fig. 4b have interesting implications for the Fe-
bearing minerals that could be expected to form in an Archean marine environment. The
stability relations shown in the figure for greenalite (Fe;SixOs(OH)s), siderite (FeCOs),
and hematite (Fe,O3) refer specifically to 25 °C and 1 bar and equilibrium with solid
amorphous silica. The standard Gibbs free energy of formation of greenalite used in the
present study was taken from a linear free energy correlation approach (Hao et al., 2017).
One assumption that the water is in equilibrium with amorphous silica is appropriate for
an Archean ocean as it has long been recognized that silica concentrations at that time
would have likely been limited only by the precipitation of amorphous silica, provided
that the temperature is low enough that quartz is kinetically inhibited from forming
(Maliva et al., 2005; Siever, 1992).

Under the conditions shown in Fig. 4b, it can be seen that there is no stability field
for magnetite. Consequently, it cannot be expected that magnetite is a primary mineral in
rocks originating from chemical precipitation from Archean seawater, consistent with the
result of petrographic studies (LaBerge, 1964; Ewers & Morris, 1981). Thermodynamic
calculations show that magnetite can only be stable at lower silica concentrations if
quartz precipitates, and/or at higher temperatures. Fig. 4b is quantitatively consistent with
experimental results for the formation of poorly crystalline greenalite relative to siderite

(Posth et al., 2008), which supports our linear free energy correlation approach used to
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estimate the standard Gibbs free energy of formation of greenalite. However, it
contradicts the assumption made in interpreting the mineral assemblage magnetite +
hematite + quartz in banded iron formations as a primary chemical precipitate (Rosing et

al., 2010).

4. Summary and concluding remarks

The present study has focused on examining the quantification of O, and H,, as
redox indicators of Archean surficial environments based on evidence from atmospheric
models, detrital mineral records, isotopic signals, and abnormal enrichment of trace
metals in sediments. This effort represents a first step towards a more fundamental
understanding of the redox history of Archean surface environments. We carried out
aqueous speciation and mineral solubility calculations to provide insights into
preservation of detrital minerals, mobility of trace elements, and the metastable presence
of simple organic compounds in surface waters during the Archean.

Our main conclusions are as follows:

(1) Using pO,, as the redox indicator of the Archean surface environment is not
consistent with detrital mineral records and therefore not appropriate or useful. However,
pHs, is much higher than pO,, in the Archean atmosphere. Using pH,, as the redox
indicator gives consistent results with detrital minerals. Therefore, pH,, is a more
sensible and practical redox indicator of Archean surface environments.

(2) Volcanic outgassing of H,, is significantly affected by the tectonic settings
and temperatures of the volcanoes. Before subduction began, pH, , might be much higher

than previous estimates, which is very favorable for the origin of life.
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(3) After life appeared and prospered on the Earth, early metabolisms would use
H,, as an important electron donor and therefore draw down pH, , probably to < 10~ bar
in the atmosphere.

(4) Fluctuations of pH, ; and/or pH in the Archean surface environments might be
the major reasons for the abnormal enrichment of trace elements and their isotopic
fractionations recorded in the sediments before the GOE.

(5) Simple organic compounds such as acetate and formate, could metastably
persist in Archean rainwater and river water, which would provide sources of food for
early methanogens, and support haze formation in the Archean. Our Archean rainwater
model predicted an upper limit of pH, , of 107 to 10 bars above which more than 50%
of total C in the waters could be organic present metastably. Intense pulses of volcanic
activity, e.g. flood basalt eruptions, could easily increase pH,, to 10" bars or higher and
trigger hazy atmospheres.

(6) In the Archean marine environment, where it is likely that high concentrations
of silica are set by equilibrium with solid amorphous silica, it is predicted that magnetite
does not have a stability field. Instead, in the H,, world, either greenalite or siderite

should form, depending on the pCO, .
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Figure 1. Stability of minerals in Fe-S-C-O system as functions of log fugacity of a. Oy,
or b. Hy, and S, at 25 °C, 1 bar. The dashed and solid black lines correspond to the
boundaries for equilibrium between two minerals under different pCO,, conditions. Blue
lines show the Archean atmosphere boundary condition from classical atmospheric
modeling studies (Catling & Claire, 2005; Kasting, 1993, 2014). Green line corresponds
to the lower limit of pH» , formed by methanogenesis (Kral ez al., 1998).
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according to atmospheric modeling studies and methanogenesis culture study (Catling &
Claire, 2005; Kasting, 2014; Kasting, 1993; Kasting et al., 2001; Kharecha et al., 2005;
Kral et al., 1998). The red, green, and purple solid lines correspond to the boundaries for
equilibriums between two aqueous species or between a mineral and an aqueous species
by assuming that all aqueous species have equal concentrations as 10° M. Source of
thermodynamic data: MoS,., and ReS,. came from Mills (1974), MoO,” from
Minubayeva & Seward (2010), others from Shock er al. (1997). The brown line
represents the maximum level of log pH,, for the methanotrophy (CH4, + 2 H,O -
CO,4 + 4 Hy,) when log (pCO, o/pCHa ) = 3. Yellow dashed lines represent the range of
pH of rainwater and river water in the later Archean (Authors, in press). Yellow arrow

shows dissolution and oxidation of MoS, ., caused by change of environmental pH.
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diagram of proposed primary Fe minerals in the shallow marine environment. The black

lines show equilibrium boundaries between Fe minerals (hematite, siderite, and greenalite)
at 25 °C and 1 bar with SiO, 44 set by equilibrium with amorphous-silica. The dashed blue

box shows the classic atmospheric modeling and methanogenesis activity constraints for

the Archean atmosphere (Catling & Claire, 2005; Haqq-Misra et al., 2008; Kasting, 2014;

Kral et al., 1998; von Paris et al., 2008).
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Chapter 3

An extended linear free energy relationship for

predicting AG; of crystalline solids

The distribution of trace elements during water-rock interactions is usually
controlled by the precipitation of secondary mineral solid solutions. Quantitively
modeling of the behavior of trace elements in water-rock systems is currently hampered
by a lack of thermodynamic properties of compositional endmembers hosting trace
elements. In this study, we improved the Linear Free Energy Relationship (LFER) for
predicting the Gibbs free energy of formation (AGy) of crystalline solids (Sverjensky and
Molling, 1992) by proposing an estimation method for a key parameter . Specifically,
experimental B values are shown to have a correlation with oxygen numbers and
coordination numbers, representing the stoichiometry of mineral families and the
coordination environment of the cation. The LFER method was applied to estimate the
AG; of isostructural end-members hosting a wide range of divalent cations. The method
and thermodynamic data proposed in this study have important implications for the
thermodynamic modeling of the speciation and solubility of trace metals during surface
weathering, the deposition of marine sediments and their diagenesis, hydrothermal

alteration, and mantle metasomatic processes involving aqueous fluids.
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1. Introduction

Water-rock interactions over wide range of temperatures and pressures generally
generate solid solutions of secondary minerals. One specific example is the replacement
of Ca(Il) in the calcite crystal structure by other divalent cations such as Mg, Mn(II), and
Fe(Il) during diagenesis and hydrothermal alteration. Precipitation of these mineral solid
solutions usually controls the solubility of trace elements in the fluids. In turn, the
chemical signatures of trace metals recorded in secondary minerals which could form
solid solutions might reflect the concentrations of trace elements in the aquatic
environment. This principle has been widely applied to infer the availability of trace
elements in the early ocean which is one key theme of the co-evolution of geosphere and
biosphere. Examples include the speciation of trace elements in sulfides in black shale
(Gregory et al., 2015; Large et al., 2014, 2015), Re in molybdenite (MoS,;) (Golden et
al., 2013), and Zn, Fe in marine carbonates (Canfield, 2005; Liu et al., 2016). Compared
with the bulk analysis of trace elements in whole-rocks, the concentrations of trace
elements in mineral solid solutions potentially provide a more detailed record. In order to
quantitatively examine these signatures, it is necessary to build a thermodynamic model
of speciation of the trace elements in solid solutions. However, this research is currently
hampered by a lack of thermodynamic properties of mineral end-members hosting trace
elements, particularly secondary silicate minerals.

Numerous methods for estimating the standard Gibbs free energies or enthalpies
of formation of crystalline solids at 25°C and 1 bar have been proposed. The most
general of these are based on one of two approaches. In the first approach, the derived

properties of fictive polyhedra are summed to give the properties of a specific mineral
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based on the polyhedra in its crystal structure (Chermak and Rimstidt, 1989, 1990; Hazen,
1988). In the second approach, a correlation is developed between mineral
thermodynamic properties and aqueous ions for a specific chemical stoichiometry, but
different structures with the same stoichiometry are all grouped in the same correlation
(Gaboreau and Vieillard, 2004; Mathieu and Vieillard, 2010; Tardy and Garrels, 1976,
1977; Vieillard and Tardy, 1988). The uncertainties associated with these estimation
techniques are typically at least £2,000 cal-mole™ (Sverjensky and Molling, 1992), based
on the scatter of the known standard Gibbs free energies or enthalpies used to construct
the predictive methods. This large uncertainty is likely owing to the fact that different
crystal structures are mixed in a given estimation approach.

In contrast, if the predictive approach is built on consideration of a family of
crystalline solids with the same crystal structure, it is less general but much more
accurate (Sverjensky, 1984, 1985; Sverjensky and Molling, 1992; Sverjensky, 1992). In
this approach, the different crystalline solids differ only in the identity of a single cation.
The standard Gibbs free energies of the end-member crystalline solids correlate very
closely with the corresponding standard Gibbs free energies of formation of the aqueous
cations corrected for differences of radius in the solid and in the aqueous states. The
uncertainties associated with this estimation technique are typically <1,000 cal-mole™
(Sverjensky and Molling, 1992).

The greater accuracy of the above approach is related to the consideration of only
one crystal structure at a time. It is closely analogous in approach and accuracy to the
widely used Hammett Linear Free Energy Relationship (LFER) for organic species

(Sverjensky and Molling, 1992). In Hammett LFERs the thermodynamic or kinetic
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properties of a given organic structure with exchangeable functional groups is correlated
with the corresponding aqueous protonation constants of the functional groups. For
crystalline solids, the exchange of cations from a given crystal structure is analogous to

the exchange of organic functional groups in a given organic structure.

2. Linear Free Energy Relations for predicting standard free energies of formation

The LFER approach for minerals and aqueous ions has been applied to MO
oxides with the halite and zincite structures (where M represents a family of cations),
M(OH); and MCl, with the CdCl, structure, MF, with the fluorite and rutile structures,
CaCOs; with the calcite and aragonite structures, MSO4 with the barite structure, M,SiO4
with the olivine and phenakite structures (Sverjensky and Molling, 1992; Sverjensky,
1993). Additional applications have been made to surface precipitation (Zhu, 2002) and
to nuclear waste-related compounds (Xu and Wang, 1999a, b, c, d). In all of these
examples, the standard Gibbs free energies of at least three end-members of each crystal
structure were known from experimental studies. In the present study, the LFER for
minerals and aqueous ions has been generalized in order to facilitate the prediction of the
standard Gibbs free energies of formation of additional crystal structures for which only
one end-member was known, typically the Mg-end-member.

The LFER used in the present study represents the compositional end-members of
an isostructural family of solids by the formula M, X, where M represents a cation and X
represents the remainder of the composition of the solid and is generally polyatomic.

Although we focus below mainly on M>" cations, M can be a cation of any charge. The
g y y g

general equation relating the standard Gibbs free energies of formation (AG; M, x) to the
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standard Gibbs free energy of formation of the corresponding divalent cation M*" is
given by
AGgnx = auxAG, yo+ + byx + By x> (1)

where AG’

2+ represents the non-solvation Gibbs free energy of the aqueous cation. It is
a radius-based correction to the standard Gibbs free energy of formation of the aqueous

cation M (AG; v2+) calculated using
0 A0 0
AG, o+ = AGp o - AG_ - (2)

In Eqn. (2), AG: represents the solvation free energy of the aqueous cation calculated

, M2+

from the conventional Born solvation coefficients (o,,2+) using
° 1
AGS, M2t = (DM2+(; - 1) (3)
In Eqn. (1) the coefficients ay x, by x, and By, , were previously obtained by

regression of the standard Gibbs free energies of formation and are characteristic of the

particular crystal structure (M, X); 1,2+ is the Shannon-Prewitt radius (in A) of M in a

M2+
given coordination state. This regression method is only possible and reliable when we

have at least three values of AGE M, X with the same crystal structure, and M refers at least

three cations with a wide range of radius and free energies of the aqueous cations. For
many families of isostructrural silicate minerals, experimentally derived standard Gibbs
free energies for at least three end-member minerals are not known. Under these

circumstances, we show here that it is possible to estimate values of both ay; x and B,
A%

for a given composition and crystal structure. By making these estimations, it is possible

to use Eqn. (1) and the standard Gibbs free energy of formation of a single solid (e.g. the
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Mg end-member) to obtain a value for the parameter by; x and then to estimate many
other end-members with the same crystal structure.

It can be seen in Table 1 that the parameter BMVX depends strongly on the
stoichiometry of the chemical formula and the coordination number of the cation in the
crystal structure as well. In this study, we use the 3 values given in Table 1 to propose an

estimation method to calculate B, , values using the empirical equation
A%

log™X = 4 « (0,,) + b + a’ » log(CN) @)

where Oy 4 represents the stoichiometry of a family of isostructural solids calculated
from the equation

Oy 4 = (vo/ vm) * (2/Z) (5)

and vo and vy represent the number of moles of oxygen and metal atoms, respectively,

per formula unit, Z represents the charge on the metal M, and CN represents the

coordination number of M. Regression of the data in Table 1 gave the values a' = -

0.0812459, b' = 2.48392, and a" = -0.4200737. The fit of Eqn. (4) to a wide variety of

crystal structures and stoichiometries is shown in Fig. 1. It can be seen that close

agreement exists between the calculated curves and the B, , values from Table 1, all of

which were derived from independent regression of free energy data using Eqns. (1), (4)

and (5) were then used to predict values of f3,, | that could be used in turn to develop a
method for estimation of the ay; x parameter.
In contrast to the BMVX parameter, which depends on structure, it was previously

demonstrated that the parameter ay; x depends only on the chemistry and stoichiometry

of a family of crystalline solids and is independent of the coordination number of the
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cation M>" (Sverjensky and Molling, 1992). For example, apco, 1s the same within
uncertainties for the calcite (0.9694 +0.0026) structure and for the aragonite (0.9601
+0.0038) structure. For this reason, we can refer to ay; x as a stoichiometry parameter for
the composition M, X. A similar conclusion was reached for the differences between the
enthalpies of formation of Mg and Fe end-members of major silicate and oxide families
(Helgeson et al., 1978). Indeed, the latter study demonstrated a remarkably close
correlation between these enthalpy differences and a simple coefficient expressing the
stoichiometry of complex silicates. We build on this relationship below.

Using B,,  values predicted with Eqns. (4) and (5), Eqn. (1) can be rewritten for

the Mg- and Fe-end-members of an isostructural family of crystalline solids in the form
av,x (AG, v - AG, \p-) = (AG; = AGry, x) - By y(yer - Tya0) ©6)

Eqn. (6) enables pairs of standard Gibbs free energies of Mg- and Fe-end-members of

isostructural families to be used with the predicted B,, | values to calculate values of
ay,x- Standard Gibbs free energies of formation of orthopyroxene, olivine and biotite
from three different sources of thermodynamic data are given in Table 2. These data

together with predicted values of B, | were used in Eqn. (6) to obtain the ay; x values for

orthopyroxene, olivine and biotite in Tables 3, 4, and 5. The same approach was used for
serpentine, talc, chlorite, and smectite (Tables 2 and 3). The end-member clay minerals
Mg-saponite and Mg-beidellite from Vidal and Dubacq (2009) are consistent with
Berman (1988). However, because the cations in beidellite are in the interlayer, and

probably highly solvated and very weakly coordinated, we assumed there is no specific

coordination number for them. In this instance, we regressed AG; of Ca- and Mg-
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beidellite to obtain an estimate of the B, , value (Table 3). This approach expands

considerably the number of known values of the parameter ay; x for a variety of silicate
structures, particularly those of interest for early Earth weathering calculations.

Because the parameter ay; x is a stoichiometry parameter, we can expect that it
will correlate with the stoichiometry index for silicates and oxides developed previously
for enthalpies (Helgeson, 1978). Accordingly we investigated the application of the
equation

amx/Vm = kyx(Vat + Vsi, /Vo (7)
where v and v represent the number of moles of tetrahedrally coordinated Al and Si
per formula unit and kyx represents a constant for oxygen bearing solids. It can be seen
in Figs. 2 - 4 that the values of ay; x from Tables 3 - 5 correlate very closely with the
stoichiometry index (va; (+Vvsi )/Vo regardless of the source of thermodynamic data.
However, it can be seen in Fig. 2 that the correlation has the highest value for data from
Berman (1988). The success of Eqn. (7) strongly suggests that values of ay x can be
estimated in a way that will be useful for geochemical modeling purposes. Overall, Eqns.
(1) - (7) indicate that with estimated values of ay; x and it becomes possible to use one

experimentally derived standard Gibbs free energy of formation of an isostructural series
(e.g. for a Mg-end-member) to estimate the free energies of all the other divalent cation

end-members of the same isostructural series of crystalline solids.

With the aid of Eqns. (1) - (7), we calculated the AGE M, X of M-silicates for a

variety of mineral families of interest geochemically. The predicted AG; values are given

in Table 6. These values are consistent with Berman (1988). It should be noted that the
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end-member clay minerals Mg-saponite and Mg-beidellite from Vidal & Dubacq (2009)
are also consistent with Berman (1988). Consequently, we used these values to estimate
AG; of Na-Fe(Il)-saponite and Fe(II)-beidellite which were probably common clay
minerals before the Great Oxidation Event (GOE) and therefore incorporated into the late
Archean weathering models (Hao et al., 2017). The thermodynamic properties of end-
member solids hosting trace elements could also be used to model the behavior of trace
elements during surface weathering. For example, Mn is mainly hosted as solid solution
in ultramafic and mafic minerals such as olivine. Weathering models including Mn in the
olivine solid solution have been used to simulate the geochemical behaviors of Mn during
weathering and riverine transport (Hao et al., in preparation).
3. Conclusions

Overall, this study proposed an extended linear free energy relationship for
predicting AG; of crystalline solids with same crystal structure. Specifically, it is now

possible to estimate the parameters necessary to estimate the AG; values of all the

divalent cation end-members of a given crystal structure, based on knowing only the AG;
of the Mg end-member solid. The key parameters characteristic of each structure § and a
(Sverjensky and Molling, 1992) were shown to be predictable from correlations of
experimentally derived B values with the stoichiometry and cation coordination properties
of the silicate mineral families.

Using the LFER approach, the thermodynamic properties of the end-member
solids for eighteen different divalent cations were predicted for crystal structures
corresponding to those of common silicates, including orthopyroxene, olivine, garnet,

biotite, serpentine, chlorite, talc, saponite and beidellite. These predicted standard Gibbs
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free energies of formation can be used to predict trace element distribution between
silicates and aqueous solutions at 25 °C and 1 bar. Together with predicted values of the
entropies, volumes, and heat capacities, the results of the present study could also be
applied to predict trace element distribution at elevated temperatures and pressures. The
results of our study should have considerable practical application to modeling the

behavior of trace during water-rock interactions in geological processes.
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Table 1. Summary of regression parameters for oxide, hydroxide, carbonate, and silicate
mineral families generated by regression with Eqn. (1) and plotted in Fig. 1.

Isostructu lgoe(t)arlil Oxygen b ¢
ral Type  Structure Numb'er nun};%era nM) ap x by, x 5va
(M.X) (CN)

M,0 Na,O 4 1 2 5.4358Y -206.92¢  286.04¢
MO Zincite 4 1 1 0.8756° -277.02°  141.75°
MO Halite 6 1 1 0.8756" -25421"  199. 10"
M,0s Hematite 6 1 2 1.7536% -790.368  237.30%
M(OH),  CdCl, 6 2 1 0.9169" -302.84"  97.67"
MCO; Calcite 6 3 1 0.9694" -339.92"  80.46"
MCOs Aragonite 9 3 1 0.9601" -326.12"  66.64"
MSiO; Snr;h"pymx 6 3 1 0.9408* -44226*  81.9"
M,SiO;  Olivine 6 2 2 1.8422% -701.46°  197.5%
1(\)4132‘“2313 Garnet 8 4 3 27719° -1656.12°  187.34°
*Oy, # defined by Eqn. (5), refers to the oxygen/metal ratio and the cation charge
®kcal-mol ™.

kcal-AL.

‘Based on regression of AG;,Mzo for Li,0O (-134.135), Na,O (-89.898), and Rb,O (-
71.697) in kcal'mole” from Glushko et al. (1981) and values of AG; o+ (Shock and

Helgson, 1988), and r, \+ (Shannon and Prewitt, 1969).

‘Sverjensky (1992).
'Sverjensky & Molling (1992).

®Based on regression of AG;,M203 for AL,Os3 (-378.15; Berman, 1988), Fe,O; (-177.74;
Berman, 1988), and Ga,Os (-238.60; Wagman et al., 1982) in kcal-mole™ and values of

o

AGf’ M3+

al., 1971), and r_, 3+

*Regression of Mg and Fe end-member minerals.

YPredicted with Eqn. (4).

“Regression of Mg, Fe, and Ca end-member minerals.
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Table 2. Comparison of the standard Gibbs free energies of formation of minerals
(AGEMVX) from three different thermodynamic databases used to calculate ayy x values of
orthopyroxene, olivine, and biotite in this study.

AGZMVX (kcal-mole™)

Mineral Type Name
P Berman Helgeson = Holland & Powell

Enstatite -348.51° -348.93° -348.41°

Orthopyroxene . . b .
Ferrosilite -267.08 -267.59 -267.03

.. Forsterite 491.16° -491.56° -490.62°
Olivine ] . b c
Fayalite -329.86 -330.23 -329.58

Bio Phlogopite -1395.08*  -1396.19"  -1395.18°

10t1te . a b c
Annite -1147.24°  -1147.16°  -1146.28

Na-Mg-saponite -1740.36"

Na- it .
a-saponite Na-Fe(II)-saponite  -1494.04°

Mg-beidellite -1679.78°
Fe(I)-beidellite ~ -1667.47°
Beidellite Ca-beidellite -1683.84¢
Na-beidellite -1683.01¢
K-beidellite -1681.27¢

“Berman (1988).

®Helgeson et al. (1978).

‘Holland & Powell (1998).

4Vidal & Dubacq (2009), Mg-beidellite modified by +2.05 kcal-mole™.
‘Estimated using method proposed by Sverjensky & Molling (1992).
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Table 3. Summary of estimated and regression parameters for Berman minerals used in Eqns. (1) & (2).

Isostructural Type Stoichiomet b ¢
(M.X) P Structure Index® Y ayx nM) ay,x/nM) by x B x
MO NaCl 0 0.8756 1 0.8756 254214 199.1¢
MSiO; Orthopyroxene  0.33 0.9408° 1 0.9408 44226 81.9"
M,SiO, Olivine 0.25 1.8422¢% 2 0.9211 -701.46°  197.5Y
M;ALSi;04, Garnet 0.25 27719 3 0.9240 -1656.12*  187.34%
KM;AISi300(OH), Biotite 0.40 2.8911% 3 0.9637 -1648.7°  203.76"
M;Si,05(OH)4 Serpentine 0.40 2.8727 3 0.9576" -1247.59" 245717
M;Si40,0(0OH), Talc 0.40 2.8727 3 0.9576" -1571.68"  203.79Y
M;AL(AlSi3)0;0(OH)s Clinochlore 0.40 4.7878 5 0.9576" 2412.48°  366.047
Na03M3(A1038137)0107H20 Na—saponite.3w 0.40 2.8727 3 09576u -199327V 20376y
1;’3-léAIZ(A1°-3813-7)01°(OH)2' Beidellite 3w 0.40 0.1436  0.15 09576"  -1692.31' 10.03"
2

(Vo1 T Vsid)/Vo defined by Helgeson (1978), refers to the ratio of the number of tetrahedral sites to the number of moles of
oxygen (other than that in OH").

®kcal-mol ™.

“keal-A1,

ISverjensky & Molling (1992).

*Regression of Mg and Fe end-member minerals.

YPredicted with Eqn. (4).

"Predicted using the equation in Figure 2.

“Calculated with Eqn. (1) using AG; of Mg-end member minerals and predicted a and B values.
“Regression of Ca and Mg end-member minerals.
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Table 4. Summary of regression parameters for Helgeson minerals used in Eqns. (1) & (2).

Isostructural Type Stoichiometry

(M.X) Structure Index® an,x n(M) ay,x/n(M) bMva BMVXC
MO NaCl 0 0.8756% 1 0.8756 254214 199.1¢
MSiO; Orthopyroxene  0.33 0.9397% 1 0.9397 -442.64%  81.9Y
M,SiO4 Olivine 0.25 1.8425% 2 0.9213 -701.88  197.5
M;ALSi;01, Garnet 0.25 27719 3 0.9240 -1656.12%  187.34°
KM;AlSi;019(OH),  Biotite 0.40 2.9056" 3 0.9685 -1650.3*  203.76"

‘(v At vsi)/Vo defined by Helgeson (1978), refers to the ratio of the number of tetrahedral sites to the number
of moles of oxygen (other than that in OH").

®keal-mol ™.

“keal-AL.

ISverjensky & Molling (1992).

*Regression of Mg and Fe end-member minerals.

YPredicted with Eqn. (4).
“Regression of Mg, Fe, and Ca end-member minerals.
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Table 5. Summary of regression parameters for Holland & Powell minerals used in Eqns. (1) & (2).

zls\zj;l)lctural Type Structure ISrfglecXt;lometry By x n(M)  ay x/n(M) bMva BMVXC
MO NaCl 0 0.8756° 1 0.8756 254214 199.1¢
MSiO; Orthopyroxene  0.33 0.9402° 1 0.9402 -442.14° 819
M,SiO, Olivine 0.25 1.8314* 2 0.9157 -697.93*  197.5"
M;ALSi;01; Garnet 0.25 27719 3 0.9240 -1656.12"  187.34
KM;AlSi;0,0(0OH), Biotite 0.40 2.9041% 3 0.9680 -1658.9°  203.76"

(v ALt vsit)/Vo defined by Helgeson (1978), refers to the ratio of the number of tetrahedral sites to the number of
moles of oxygen (other than that in OH).

® kcal'mol™.

© kecal-A1,

4 Sverjensky & Molling (1992).

*Regression of Mg and Fe end-member minerals.

¥ Predicted with Eqn. (4).
“Regression of Mg, Fe, and Ca end-member minerals.
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Table 6. Predicted standard Gibbs free energies of formation of divalent metal silicate families using Eqn. (1), the parameters in Table
3 and the ionic radii and thermodynamic data for aqueous cations listed below.

Ortho-

M N AG:1 N » Olivine® Garnet® Biotite® Serpentinef Chlorite®  Talc" Salponitei Beidellite’
; pyroxene
A keal-mole™
Be 045 85.23 -325.22 -455.57 -1335.57 -1310.6 -892.18 -1839.70 -1235.13 -1656.74 -1675.56
Mg 0.72 36.97 -348.51 -491.16  -1418.88 -1395.08 -964.48 -1971.93 -1318.75 -1740.36 -1679.78
Ca 1 -10.83 -370.55 -52391 -1498.8 -1476.25 -1032.99 -2098.29  -1399.00 -1820.62 -1683.84
Mn 0.82 81.26 -298.65 -389.81 -1277.26 -1246.69 -812.67 -1723.27 -1171.14 -1592.75 -1672.42
Fe 0.77 119.17 -267.08 -329.86 -1181.52 -1147.24 -716.05 -1560.07 -1072.42 -1494.04 -1667.47
Co 0.735 131.35 -258.49 -314.32 -1154.34 -1119.19 -689.66 -1514.56 -1044.57 -1466.18 -1666.08
Ni 0.7 136.85 -256.18 -311.1 -1145.65 -1110.42 -682.46 -1501.04 -1035.90 -1457.51 -1665.64
Cu 0.73 160.38 -231.59 -261.83 -1074.8 -1036.28 -607.50 -1377.40 -962.19 -1383.80 -1661.96
Zn  0.745 108.23 -279.42 -35494  -1216.55 -1184 -753.62 -1621.60 -1108.94 -1530.56 -1669.30
Sr 1.16 -24.41 -370.22 -517.33  -1506.47 -148291 -1032.69 -2104.74  -1405.41 -1827.03 -1684.18
Cd 095 106.74 -264.03 -317.2 -1182.27 -1146.53 -707.53 -1553.69 -1071.45 -1493.07 -1667.45
Sn 1.11 106.28 -251.36 -286.45 -1153.58 -1115.26 -669.54 -1497.33 -1040.16 -1461.79 -1665.91
Ba 1.36 -36.73 -365.43 -500.52 -1503.15 -1477.78 -1018.94 -2090.52 -1400.04 -1821.67 -1683.94
Eu 1.17 -20.5 -365.72 -508.15 -1493.76 -1469.57 -1019.00 -2082.36  -1392.14 -1813.76 -1683.52
Hg 1.02 159.07 -209.07 -206.97  -1024.11 -980.98  -540.01 -1277.52  -906.85 -1328.47 -1659.24
Pb 1.18 102.1 -249.56 -280.32  -1152.05 -1113.08 -664.35 -1491.72  -1037.91 -1459.53 -1665.81
Ra 1.39 -40.06 -366.11 -500.73 -1506.76 -1481.29 -1021.13 -2095.48 -1403.49 -1825.12 -1684.12
UoO, 0.754 -85.15 -460.62 -709.41 -1750.89 -1741.24 -1306.94 -2544.17 -1662.63 -2084.25 -1696.97

* Sverjensky & Molling (1992); ® MSiOs; © M2SiOs; ¢ M3ALSi3012; © KM;3AISi;010(OH)z; T M3Si;05(OH)s; & MsAI(AISiz)O01o(OH)s; "
M3Si4010(OH)2; ! Na0,3M3(A10_3Si3_7)O10‘7H20; J Mo_15A12(A10.3Si3_7)010(OH)2'7H20.
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L MO (NaC) as a function of the J
120 - V| Oxygen Number (O ) i
X
I O = (NW)*2/2) 1
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Figure 1. Graphic representation of Eqn. (4) for minerals with same cation coordination
number. The symbols represent experimentally derived values of 3, divided by number of

metal atoms (V).
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Helgeson minerals (1978)
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Figure 3. Linear correlation between normalized a (a values divided by number of metal

atoms, ay; x/v) and stoichiometry index (total number of tetrahedral sites divided by total
number of oxygen atoms, (va; (tVs; )/Vo). Thermodynamic properties of mineral groups

are from Helgeson (1978).
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Holland & Powell minerals
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Figure 4. Linear correlation between normalized a (a values divided by number of metal

atoms, ay; x/v) and stoichiometry index (total number of tetrahedral sites divided by total

number of oxygen atoms, (va; (tVs; )/Vo). Thermodynamic properties of mineral groups

are from Holland & Powell (1998).
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Chapter 4

A Model for Late Archean Chemical Weathering and

World Average River Water

Interpretations of the geologic record of late Archean near-surface environments
depend very strongly on an understanding of weathering and resultant riverine transport
to the oceans. The late Archean atmosphere is widely recognized to be anoxic (pO, =
107 to 107" bars; pHo, = 10~ to 10 bars). Detrital siderite (FeCO3), pyrite (FeS,), and
uraninite (UO,) in late Archean sedimentary rocks also suggest anoxic conditions.
However, whether the observed detrital minerals could have been thermodynamically
stable during weathering and riverine transport under such an atmosphere remains
untested. Similarly, interpretations of fluctuations recorded by trace metals and isotopes
are hampered by a lack of knowledge of the chemical linkages between the atmosphere,
weathering, riverine transport, and the mineralogical record.

In this study, we used theoretical reaction path models to simulate the chemistry involved
in rainwater and weathering processes under present-day and hypothetical Archean
atmospheric boundary conditions. We included new estimates of the thermodynamic
properties of Fe(Il)-smectites as well as smectite and calcite solid solutions. Simulation

of present-day weathering of basalt + calcite by world-average rainwater produced
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hematite, kaolinite, Na-Mg-saponite, and chalcedony after 10 moles of reactant minerals
kg H,O were destroyed. Combination of the resultant water chemistry with results for
granitic weathering produced a water composition comparable to present-day world
average river water (WARW). In contrast, under late Archean atmospheric conditions
(pCOy, = 10" and pHo, = 107 bars), weathering of olivine basalt + calcite to the same
degree of reaction produced kaolinite, chalcedony, and Na-Fe(II)-rich-saponite. Late
Archean weathering of tonalite—trondhjemite—granodiorite (TTG) formed Fe(II)-rich
beidellite and chalcedony. Combining the waters from olivine basalt and TTG weathering
resulted in a model for late Archean WARW with the composition Na'-Ca*'-Fe*"-Mg*"-
CI'-HCO3™-S105 4. The pH of the water was 6.3 and it is much richer in HCOs', and in
Mg + Fe relative to Ca + Na, compared to present-day WARW. At higher pH,, (e.g. 10°
*0 bars) organic acid anions could be metastable. Our results are consistent with the
thermodynamic stability of Fe(Il)-clays, pyrite, uraninite, and, under some conditions,
siderite during weathering and riverine transport. Overall, our results provide a basis for
assessing the formation of organic hazes and the mobility of trace elements and nutrients

due to fluctuations of the late Archean atmosphere.
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1. Introduction

Numerous studies have been carried out to attempt to unravel the nature of
different parts of the near-surface early Earth system. Sulfur isotopic studies have
established that the atmosphere was anoxic prior to 2.33 Ga (Farquhar et al., 2000; Luo et
al., 2016). Based on non-equilibrium atmospheric models, the Archean atmosphere has
been described as anoxic with high pCO,, (Catling and Claire, 2005; Kasting, 2014),
although considerable controversy surrounds the CO,, content of the Archean
atmosphere (Haqq-Misra et al., 2008; Hessler et al., 2004; Kasting, 2014; Ohmoto et al.,
2004; Rosing et al., 2010; Rye et al., 1995; Sheldon, 2006; von Paris et al., 2008).
Combined sulfur and carbon isotopic studies, and atmospheric models, have documented
the likely importance of global organic-rich hazy atmospheres alternating with periods of
no haze in the Neoarchean from 2.7-2.5 Ga (Izon et al., 2015; Zerkle et al., 2012).

It is also expected that many important aspects of surficial water chemistry in the
late Archean were very different from the present-day. For example, it has been
suggested that the oceans were probably rich in dissolved silica (Siever, 1992), low in
sulfate (Crowe et al., 2014), and contained redox-sensitive elements in their reduced
forms, for example H,S(aq), Fe*" and NH," (Catling and Claire, 2005; Holland, 1984;
Lyons et al., 2014). On the late Archean continents, paleosol studies imply the mobility
of aqueous Fe*"-species in the near-surface weathering environment, detrital mineral
records suggest preservation of uraninite, siderite, pyrite, and ferrous clay minerals
(Frimmel, 2005; Hessler and Lowe, 2006; Johnson et al., 2014; Rasmussen and Buick,
1999), and mineral evolution studies are consistent with major changes in the near-

surface environment (Hazen et al., 2014). Furthermore, numerous studies of the
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sedimentary marine record (e.g. banded iron formations and shales) have suggested that
trace metals were mobilized during oxidative weathering processes on the late Archean
continents (Anbar et al., 2007; Frei et al., 2009; Gregory et al., 2015; Konhauser et al.,
2015; Large et al., 2014; Stiicken et al., 2015). Whether or not these processes involved
molecular O, is unclear. Finally, oscillation between hazy and non-hazy atmospheres
proposed for the Neoarchean has been attributed to fluctuations in the production of trace
nutrients (organic species or trace metals) in the weathering environment on the
continents or in the oceanic hydrothermal environment (Izon et al., 2015). However, little
is really known about the potential linkages between the atmosphere, the water chemistry
during weathering and riverine transport, and the mineralogic record, which makes it
difficult to interpret the causes of fluctuations in trace metal or nutrient availability
during late Archean weathering.

Overall, the rich record of clues about the nature of the near-surface environment
on early Earth offers a tantalizing, if not confusing, picture that is marked by numerous
uncertainties and outright disagreements. However, the consistency of all these lines of
evidence has not been examined with the aid of geochemical theory. Quantitative
geochemical models of rainwater, river water, the oceans, and water-rock interactions
could, in principle, be applied to early Earth, but have rarely been used (Alfimova et al.,
2014; Fabre et al., 2011; Gonzalez-Alvarez and Kerrich, 2012; Lafon and Mackenzie,
1974; Schmitt, 1999; Sverjensky and Lee, 2010). Nor has there been any attempt to link
such models to the long literature on models of the early Earth atmosphere (e.g. Claire et
al., 2014; Kurzweil et al., 2013). With one exception (Alfimova et al., 2014) involving

paleosols on basalts, the application of quantitative models of chemical weathering that
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include the chemical speciation of surface waters on the continents and the chemical
speciation and state of saturation with respect to minerals in the shallow and deep oceans
have not been addressed for the late Archean. The lack of quantitative chemistry prevents
construction of an internally consistent, quantitative picture of the evolution of the near-
surface environment of early Earth through deep time.

The present weathering study was designed to build a quantitative linkage
between the results of atmospheric modeling of early Earth, the chemistry of surface
waters on the continents, and the associated mineral weathering products that might be
preserved in the geologic record. We focus here on water chemistry and the mineralogic
record of change in the near-surface environment. In order to do this, we applied
theoretical geochemical models of aqueous speciation, solubility, and chemical mass
transfer to weathering on early Earth during the late Archean (3.0 - 2.5 Ga). This time
period was chosen because of the reported occurrences of unusual detrital minerals in
rocks interpreted to represent the sediments from riverine systems (Frimmel, 2005;
Hessler and Lowe, 2006; Johnson et al., 2014; Rasmussen and Buick, 1999) and the
formation of major continents and therefore weathering and riverine transport (Taylor &
McLennan, 2009). Similar approaches have focused previously on chemical weathering
processes on Mars (Catalano, 2013) and on perturbations of early Earth’s atmosphere that
might affect weathering (Sverjensky and Lee, 2010), but these emphasized pO,, in the
early atmosphere. Here, we focus on the simulation of weathering processes with a
steady-state atmosphere defined by atmospheric models in which the role of H,, is
emphasized. An overall goal in this project is to build a chemical model of the connection

between weathering and late Archean world-average river water (WARW). This model
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will serve as a framework for examining the potential mobility of trace metals and
nutrients during weathering processes and is also a first step towards developing a

geochemical model for the late Archean oceans.

2. Theoretical modeling approach and assumptions
2.1 Modeling approach

Detailed studies of individual riverine, soil zone, aquifer, and weathering systems
have documented the many factors that can influence weathering rates. These factors
include the effects of temperature, pCO,, in the soil, vegetation, precipitation, and runoff
(Bluth and Kump, 1994; Dessert et al., 2003; Gislason et al. 1996; Lasaga et al., 1994;
Maher, 2010; West et al., 2005; White and Buss, 2014), as well as the kinetics of
dissolution of primary minerals and the precipitation of secondary minerals (Bethke,
1996; Brantley and Olsen, 2014; Kump et al., 2000; Steinmann et al., 1994; Zhu, 2009).
Complex weathering models that include chemistry, kinetics, hydrology, and climate
change have addressed all these factors, but are still site-specific, primarily owing to the
need to fit the thermodynamic properties of clay minerals or to test alternate kinetic
models for mineral reactivity using measured weathering fluxes (Beaulieu et al., 2012;
Dosseto et al., 2015; Dupré et al.,, 2003; Goddéris et al., 2006; Maher et al., 2009;
Violette et al., 2010). For the Archean, this degree of constraint is clearly impossible.
Consequently, a simpler approach is warranted.

Our focus is on the simulation of global late Archean weathering and its
contribution to world average late Archean river water chemistry. One source of

uncertainty in our simulations is the surficial temperature. Considering the wide range of
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previously proposed Archean surface temperatures from mild, e.g., T < 35°C (Blake et
al., 2010; Shields and Kasting, 2007) to hot e.g., T ~ 80°C (Knauth, 2005; Robert and
Chaussidon, 2006), we carried out weathering calculations over a range of temperature
conditions. For the purposes of this paper, we only show the results under 25°C
conditions. We further assumed that during the late Archean, biological effects on
weathering would have been small compared to those of the present-day. Soil cover may
have been thinner, permitting greater chemical interaction between the CO,, in the
atmosphere, water, and rock. However, many other factors important at the present day
are not known. Consequently, we applied purely chemical irreversible mass transfer
models (Helgeson, 1979) to simulate reactions between rainwater and representative
minerals in major crustal rocks. All the calculations were carried out with the aqueous
speciation, solubility, and chemical mass transfer codes EQ3 & EQ6 (Wolery, 1992)
using thermodynamic data files prepared as described in Sec. 2.2 and Chapter 3.
Recognizing the simplifications in the above approach, we applied the chemical
mass transfer calculations to present day and late Archean rainwaters reacting with
crustal rocks. The purely chemical model of present-day weathering was developed in
order to calibrate the extent of silicate and carbonate weathering contributions to present-
day world-average river water and provide a basis for taking a similar approach to
predicting late Archean world-average river water. The irreversible reaction of the initial
present-day and late Archean rainwaters with an excess of minerals approximating crustal
rocks was computed. For simplicity, we assumed that the minerals react at relative rates
of unity and that secondary minerals (i.e. weathering products) are precipitated at

equilibrium with the evolving solution chemistry and may further precipitate or dissolve
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as the aqueous solution continues to evolve chemically. Overall, this process simulates
irreversible incongruent dissolution of the reactant minerals, as described in previous
studies (Bethke, 1996; Helgeson, 1979; Sverjensky, 1984). We chose this approach
instead of reaction with oxide components representing average crust. Using specific
mineral solid-solutions imposes a more realistic constraint on the fluid evolution because,
in the model, primary mineral species can actually reach zero chemical affinity for
reaction. In order to simulate the kinetic inhibition of the precipitation of minerals such as
pyrite and quartz under surficial conditions (Bjorlykke and Egeberg, 1993; Schoonen and
Barnes, 1991), precipitation of these minerals was suppressed in the model. Similarly, in
order to account for the likely lack of reactivity of aqueous hydrocarbons under surficial
temperatures (Manning et al., 2013), they too were suppressed.

The conceptual model described above for reaction of rainwaters with rocks also
raises the question of the extent of penetration of the atmosphere into the zone of
weathering. At the present day, this penetration varies substantially in different parts of
the world and is strongly affected by the biota in modern soil zones. For example, pCO,
in modern soils is typically higher than in the atmosphere. However, by the time that
waters from weathering zones have entered riverine systems, the pCO,, affecting the
waters is presumably similar to atmospheric. Therefore, in order to approximate the
overall evolution of rainwater through weathering to river water at the present day, we
used a fixed pCO,, in the weathering zone set by the atmospheric value (see Sec. 3.1).
For the late Archean, it might be expected that the atmosphere more readily interacted
with the weathering zone compared to the present day, as only microbial life was present

and thus, pCO,, in the weathering zone was similar to the atmosphere (Berner, 1992). As
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a first approximation therefore, the calculations modeling both the present day and
Archean weathering processes were carried out at fixed temperature, pO,,, pH>,, and

pCO,, throughout all the reaction steps (see Sec. 3.1).

2.2 Thermodynamic data used in the calculations

Thermodynamic data files used in the calculations were built using data for
aqueous species from Shock et al. (1997), for minerals from Berman (1988), Berman and
Aranovich (1996), and Sverjensky et al. (1991). We also included the thermodynamic
properties of the saponite and beidellite clay minerals (Vidal and Dubacq, 2009), which
are consistent with Berman (1988). We used new estimates of the thermodynamic
properties of Fe*"-bearing clays based on a linear free energy method (Sverjensky and
Molling, 1992) in which correlations are built for individual crystal structure types.
Details of the estimation procedure for ferrous numerous minerals are given in the

Chapter 3.

3. Initial conditions for the modeling
3.1 Rainwater models: present-day and the late Archean

Table 1 shows the compositions and the predicted predominant species in our
present-day and late Archean rainwaters. For the present-day rainwater, we used pCO,, =
107 bars and P02,y = 10 bars. The concentrations of major species were adopted
from an estimate of unpolluted, world-average rainwater (Berner and Berner, 2012). The
concentrations of the minor elements Fe, Al, and Si were fixed by equilibrium with

hematite, gibbsite, and kaolinite respectively, consistent with the possibility that the
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sources of these elements might be soil dust in the atmosphere (Berner and Berner, 2012).
A trace amount of dissolved N (0.56 uM) was added to explore the predicted redox state
of N and the speciation during weathering.

For the late Archean rainwater composition (Table 1), we carried out trial
calculations over the ranges given by atmospheric models: pCO,, = 1072 bars and
pHo, = 1079 29 bars (Catling and Claire, 2005; Kasting, 2014). In the atmospheric
models, pO,, is at negligible values compared to pH,,. Furthermore, they are not at
equilibrium. Consequently we chose to focus on pH» , as the more meaningful measure of
redox state in the Archean atmosphere. As a reference condition representative of these
ranges, we chose pCO,, = 107 bars and pH,, = 10 bars. Results at other partial
pressures were not significantly different except at higher pH,, values, where an
intriguing metastability of aqueous organic species was noted (see Table 2 and
description below). The Archean rainwater was assumed to have the same concentrations
of Na, K, Mg, and Ca as present-day rainwater. The concentrations of Al and Si were
again calculated from equilibrium with gibbsite and kaolinite. However, the
concentrations and speciation of the redox sensitive elements Fe and S must be very
different to those in present-day rainwater. We assumed that in the reducing late Archean
rainwater, Fe(Il) has the same concentration as Mg(Il) because of their similar
geochemical properties and abundance in the crust. The concentration of S was estimated
by assuming that all the S from volcanic outgassing rained out consistent with
atmospheric model assumptions (Claire et al., 2014; Domagal-Goldman et al., 2008).

Although the total dissolved N contents of Archean rainwater are expected to be

dominated by dissolved N, from the atmosphere, as at the present day, the equilibrium
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speciation of N at pH,, = 109 bars is expected to involve reduced N-species. Just as
with carbon, if reduced N is somehow incorporated into Archean rainwater (e.g. through
lightning), it should be stable in the rainwater. Consequently, we added a trace amount of
reduced dissolved N (0.56 uM) to track its predicted redox state during the weathering

Pprocessces.

3.2 Initial rock types. present-day and the late Archean

The composition of the present-day upper continental crust was in part
approximated by a combination of silicate and carbonate minerals. For the silicates, we
used basalt consisting of the solid solutions plagioclase (albitessanorthitess) and augite
(enstatiteyyferrosilitesdiopsides,hedenbergiters) and granite consisting of plagioclase
(albitegpanorthitey), biotite (annitessphlogopite,s), muscovite, and K-feldspar (Blatt et al.,
2006). However, intensive studies of present-day river water chemistry have indicated a
major influence from weathering of both silicate and carbonate rocks (Berner and Berner,
2012). River water chemistry ranges towards high Ca/Na, Mg/Na, and HCO;/Na ratios
because of the effect of carbonate rock weathering (Berner and Berner, 2012). Indeed, it
is now widely recognized that the dissolution of trace amounts of carbonate rocks (or
epidote or apatite-bearing hydrothermally altered rocks) can, in some cases, dominate the
Ca’" and HCOy budgets of rivers (Beaulieu et al., 2012; Berner and Berner, 2012; Oliva
et al., 2004). Consequently, we included a trace amount of calcite (0.001 moles, plus 1
mole of each silicate minerals) in the weathering models for basalt and granite.

Considering that weathering reactions are limited in extent by water flow rate and soil
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cover, we only showed model weathering results up to 10° moles of reactant minerals
destroyed kg™ of water (i.e. log & up to -3).

In contrast to the present-day upper crust, which is mainly granitic (Rudnick and
Gao, 2003), the Archean upper crust had approximately equal amounts of basalt +
komatiite and rocks of granitic affinity known as the tonalite—trondhjemite—granodiorite
or TTG suite (Taylor and McLennan, 2009). Given that komatiite is essentially olivine,
we used an olivine basalt and a granodiorite as representative of Archean crust. As in the
case of the present-day crust, we included the same trace amounts of calcite as an
additional reactant. Even though limestones and dolomites were probably much less
abundant in the late Archean, calcite could have been weathered from metamorphic rocks

and veins in altered igneous rocks.

4. Present-day weathering model results
4.1. Weathering of basalt + calcite

It can be seen in Fig. la that simulated weathering of basalt + calcite under
present-day conditions initially produced a trace amount of gibbsite, followed by much
greater amounts of kaolinite and hematite until log & ~ -4.0, after which Na-Mg-saponite,
chalcedony, and eventually calcite solid solution (almost pure calcite) were produced.
Kaolinite, hematite, and smectite commonly form under present-day conditions (Gislason
et al., 1996). Previous field studies have suggested saponite as a low-temperature
alteration and weathering product of mafic and ultramafic volcanic rocks (Huang et al.,
2013; Treiman et al., 2014). It should be emphasized that the product minerals in the

model refer to well-crystallized phases, which are not the initial minerals produced in
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natural settings. Instead the model minerals represent what natural assemblages are
evolving towards. In some instances this situation can be approximated directly. For
example, instead of the thermodynamically stable quartz, microcrystalline silica such as
chalcedony usually forms as a primary precipitate during weathering (Gislason et al.,
1997). In our model, this was approximated by suppressing the precipitation of quartz,
which enabled some chalcedony to be produced at an advanced stage of basalt
weathering.

The composition of the water also evolved during reaction progress (see Fig. 1b).
World-average rainwater is a Na'-Cl'-type water, but during reaction with basalt + calcite
it evolved towards a predominantly CaZ+-Na+-HCO3'-SiOz,aq composition by log & ~ -4.0,
which is broadly consistent with present-day world-average river water (WARW) (Berner
and Berner, 2012). The composition of the water at log £ ~ -4.0 can be compared with
WARW in Table 2. At this value of log &, with the exception of the low K and Mg
concentrations, the model water is comparable in composition to WARW with respect to
Na, Ca, Si, and C. In addition, the model pH = 8.0 at log & = -4.0, which lies within the
range for many present-day rivers (Gaillardet et al., 2014).

For values of log & ~ -4.0 to -3.0, it can be seen in Fig. 1b that the Mg content of
the predicted waters drops significantly, but Ca, Na, C, and Si remain the major
constituents. As expected, the trace N in the water during the weathering process was
present in its most stable oxidized form, i.e. NOs". In summary, our modeling results for
weathering of basalt + calcite under present-day conditions are broadly consistent overall
with natural water chemistry and an approximation to the major minerals in weathered

basaltic rocks.
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4.2 Weathering of granite + calcite

It can be seen in Fig. 2a that weathering of granite + calcite produced beidellite
solid solution and hematite until log & ~ -4.0, after which chalcedony and carbonate solid
solution were produced. The proportions of the Ca, Mg, and Na end-members of
beidellite are nearly constant during weathering (see Fig. 2b). For the carbonate solid
solution (Fig. 2c) calcite is again the dominant component. Our modeling results are
consistent with the geologic observation that beidellite commonly forms during granitic
weathering under present-day conditions (Wilson, 2013).

It can be seen in Fig. 2d that the evolving water chemistry became enriched in the
major species Na+-K+-Caz+-Mg2+-HCO3'-SiOz,aq. At log & ~ -4.0, this composition differs
from the predictions for weathering of basalt + calcite in the higher concentration of K
and the lower concentration of Ca. The high K value is attributable to alteration of K-
silicates present in granite model that are absent in basalt. The composition of the water

at log £ =-4.0 is given in Table 2.

4.3 Comparison with present-day world-average river water (WARW)

The compositional evolution of the waters during weathering of basalt + calcite
and granite + calcite can be more conveniently seen in Figs. 3a and b, which focus on the
relative proportions of the dissolved constituents rather than the absolute concentrations.
The reaction paths progressing from log & = -10.0 to -3.0 are shown. The composition of

WARW is also shown in Figs. 3a and b. It can be seen that for weathering of basalt +
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calcite the closest match with WARW occurs at about log & = -4.0. For weathering of
granite + calcite the closest match is at about log § =-3.7.

However, when the model waters from basalt and granite weathering are
compared at the same value of log &, e.g. at -4.0 in Table 2 and in Fig. 3a, it can be seen
that the water from weathering of basalt is much closer to WARW with respect to the
relative proportions of Na, Ca, and Mg than the water from granite. In Fig. 3b, the
evolution of the two waters at log & = -4.0 is similar. As noted above, the major
difference between the two waters is in the K concentration, which is too low for the
basaltic water and too high for the granitic water at log & = -4.0 compared with WARW
(Table 2). Comparative studies of river water compositions for waters draining basaltic
versus granitic terranes suggest that waters from basaltic areas represent a more advanced
degree of weathering (Dessert et al., 2003). This is also reflected in global scale
modeling, which has emphasized the importance of weathering of basaltic relative to
granitic terranes (Berner, 2006) and the faster reaction rates (far from equilibrium)
measured experimentally for mafic minerals compared with felsic minerals (Brantley and
Olsen, 2014).

The value of & = 10™* corresponds to 10 moles of each reactant mineral destroyed
kg H,O. This estimate is a theoretical value of &. It is possible to compare this value of &
with empirical values obtained using studies of present-day rivers. For example,
multiplying the dissolved silica concentrations for the 55 largest rivers with their runoff
rates (Gaillardet et al., 1999) results in a range of calculated silicate weathering rates for
these rivers (Fig. 4). Taking the rates with a 95% confidence interval about the mean

results in a range of calculated rates of 10”2 to 10™* moles.m™.sec™'. Dividing this range
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of rates by the global runoff rate for weathering in temperate climatic regions, 1.48 x

10® m-s' (Meybeck, 1987), results in empirical values of & from 10™** to 10*° moles kg’
"' H,0, which overlaps with the theoretical value of & = 10" moles.kg™ H>O.

The above considerations, together with the model calculations summarized in
Table 2, suggest that a mixture of water derived from a combination of weathering of
basalt + calcite and granite + calcite results in a reasonable first approximation to
WARW. We assumed that the upper crust is represented chemically by 1/4 basalt + 3/4
granite (Rudnick and Gao, 2003). Multiplying these proportions by the relative
weathering rates of basalt versus granite in the ratio of 6:1 (Dessert et al., 2003), we
obtained 2/3 basalt + 1/3 granite as the proportions contributing to the global weathering
flux of silicates. Therefore, in the present study, we mixed 67% water from basalt +
calcite weathering and 33% water from granite + calcite weathering to obtain a model
river water composition from our calculations. It can be seen in Table 2 that our estimate

of WARW corresponds quite closely to the actual WARW.

5. Late Archean weathering model results
5.1 Weathering of olivine basalt + calcite

> and pH,, = 10 bars assumed to

The reference condition of pCO,, = 10"
prevail during the late Archean profoundly changed the mineral products during
weathering compared with the present-day. Instead of the hematite, kaolinite, Na-Mg-
saponite, and Ca-rich carbonate produced under present-day conditions, weathering of

Archean olivine basalt + calcite generated kaolinite plus Na-Fe(II)-rich saponite, and

(Ca,Mg,Fe(Il))-carbonate solid solutions (Fig. 5a - c). To test the persistence of detrital
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pyrite during Archean weathering, we also introduced a trace amount of pyrite (10
moles.kg™ H,0) as a reactant. The result showed that pyrite saturated at log & ~ -6.3. For
values of log & > -6.3 the aqueous solutions in our model became supersaturated with
respect to pyrite. Such fluids could not dissolve pyrite during weathering and riverine
transport. Therefore, our model is consistent with the preservation of pyrite as a detrital
mineral during Archean weathering and sediment transport.

Ferrous-saponite is predicted to be the dominant end-member in our model of
saponite solid solution (Fig. 5b) consistent with clay mineral evolution studies (Hazen et
al., 2013). Moreover, both geologic observations (Huang et al., 2013; Treiman et al.,
2014) and model simulations (Catalano, 2013) showed Mg- and Fe(Il)-saponite as
mineral products during weathering of ferromagnesian silicates in anoxic or reducing
regimes. Overall, these results suggest that Na-Fe(Il)-saponite may have formed during
the late Archean because of the reducing atmosphere.

The predicted evolution of the water chemistry can be seen in Fig. 5d. Due to the
reducing atmosphere, the initial rainwater contained a relatively high concentration of
Fe?", low S(I), and N is in the form of NH,". Moreover, HCO; is high in Archean
rainwater as a result of the much higher pCO,, assumed in the model (Table 1).
Considering the abundant precipitation of ferrous iron minerals and high concentration of
Fe(Il) in the water, iron is clearly mobile during basaltic weathering under Archean
atmospheric conditions as anticipated from paleosol studies (Holland, 1984; Rye and
Holland, 1998). Both geological and modeling studies have pointed out that the
concentration of S(II) in surface environments should be much lower before the Great

Oxidation Event (Claire et al., 2014; Domagal-Goldman et al., 2008; Rasmussen and
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Buick, 1999), which is consistent with our results, even assuming all volcanic S was

rained out as S(II).

5.2 Weathering of tonalite—trondhjemite—granodiorite (TTG) + calcite

In contrast to the modeling results for present-day weathering of granite, the late
Archean weathering of TTG + calcite produced an Fe(Il)-rich beidellite solid solution,
along with chalcedony and an Fe(II)-rich carbonate solid solution (Figs. 6a - c). As in the
case of the Archean olivine basalt weathering, we found that pyrite should persist during
weathering. Our beidellite solid solution is predicted to contain Fe(Il) as a major
interlayer cation under the hypothetical Archean atmospheric conditions. The predicted
carbonate solid solution is different from the olivine basaltic weathering with siderite as
the major component, and magnesite and calcite as minor components (Fig. 6c¢),
reflecting relative higher concentrations of Fe(Il) in the water than during olivine basalt
weathering.

It can be seen in Table 2 that at log & = -4.0, the TTG + calcite weathering model
resulted in a water with similar major species to the present-day granite + calcite
weathering, except for the appearance of aqueous Fe(II) and S(II), the very high total

dissolved C (HCO; and CO,), and the much lower pH values.

6. Implications for interpretations of the Archean near-surface environment
6.1 A model for late Archean world-average river water
We have shown above that model weathering calculations for basalt + calcite and

granite + calcite together can provide a close approximation of present-day WARW. This
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result can be used to provide the basis for a preliminary estimate of the composition of
late Archean WARW. The fundamental assumption involved is that the results of the
weathering models at log & = -4.0 apply to the late Archean. The value of log & = -4.0
corresponds to 10™* moles of each reactant mineral destroyed kg H,O. For this value to
apply to the late Archean, the ratio of the global average weathering rate to the global
average runoff in the late Archean should be the same as at the present-day.

We suggest that the weathering rate in the Archean was faster than at present
because of the higher pCO,, which would lower the pH of the rainwater. Moreover, Fe
in the anoxic environment would be mainly Fe(II) which is much more soluble and
mobile than Fe(Ill). These considerations are confirmed by geological observations, such
as Fe-leaching paleosols before the Great Oxidation Event (Rye and Holland, 1998). It is
also possible that the global runoff was probably larger in the Archean than the present-
day. There were no plants covering the Archean land surface, and there may have been a
larger area of ocean and therefore a more intense hydrological cycle. If both weathering
rates and runoff were higher in the Archean, the increases could have offset each other
resulting in a similar ratio of the global average weathering rate to the global average
runoff. Under these circumstances, it is a reasonable first step to approximate the overall
reaction progress during late Archean weathering with the present-day value, i.e. log & = -
4.0 in the weathering models.

Many poorly quantifiable factors in the late Archean might influence the global
ratio of weathering rate to runoff compared to the present day, including differences in
temperature, land surface elevation, the nature of the soil cover when only microbial life

was present, and differences in lithology that might influence reaction rates. For the
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present-day, we showed above that WARW was closely approximately by combining
67% water from weathering of basalt + calcite and 33% from granite + calcite. Here we
used a similar approach to generate a preliminary estimate of the late Archean WARW.
As mentioned above, late Archean crust was assumed to be approximated by equal
amounts of olivine basalt + TTG. If we assume that the relative weathering rates of those
rock-types are the same as for basalt versus granite, i.e. that the weathering rate of olivine
basalt is 6-times that of TTG, we derive the relative contribution of weathering fluxes to
be 86% water from weathering of olivine basalt + calcite and 14% from TTG + calcite.
The result is given in Table 2 as Archean WARW at pH, , = 109 bars.

In comparison with present-day WARW, late Archean WARW at pH,, = 1079
bars has similar Na, K, Ca, and Si concentrations, but much higher concentrations of
HCOs™ and Fe(Il) + Mg (Table 2). As a result, the late Archean WARW has a lower
Ca/Na ratio and much higher Mg(+Fe)/Na and HCO;/Na ratios than present-day WARW
(Figs. 7a and b). The values of the model pH for the waters from olivine basalt and TTGs
(Table 2) suggest that the pH of late Archean WARW should be ~6.3, substantially lower
than present-day model values at the same extent of reaction progress (Table 2). Despite
the assumptions and uncertainties involved, our model is a useful starting point for
considering the speciation and mobility of trace elements released during weathering. It
can also serve as a first step in quantifying the riverine input to the late Archean ocean.

As mentioned above, we also carried out calculations at higher pH» , = 10*° bars.
Table 2 shows a model WARW at this pH,, for comparison with the reference late
Archean WARW at pH, , = 107 bars. It can be seen that the concentration of aqueous Fe

increased by 50% and the total dissolved C increased by 40%. The large increase in C
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content is due to the predicted metastability of organic acid anions such as CH;COO" and
CH;CH,COQO" (44.4% of total C). In the presence of these organic acids, the pH of the
river water decreased from 6.3 to 6.0. We interpret the results at pH, , = 109 bars as an
indication of the potential for metastable aqueous organics to persist during weathering

and riverine transport in the late Archean, as discussed further below.

6.2 Detrital mineral records

Studies of the apparent survival of pyrite during weathering and riverine transport
in the late Archean have focused on the kinetics of pyrite dissolution (Frimmel, 2005;
Johnson et al., 2014; Rasmussen and Buick, 1999). However, the state of saturation of
weathering solutions or rivers with respect to pyrite has not previously been established.
As discussed above, in our weathering models it was shown that the solutions easily
become supersaturated with respect to pyrite (Figs. 5a and 6a). Kinetic inhibition may
prevent precipitation of pyrite (without help from organisms), so it may remain
supersaturated at near-surface conditions in the late Archean. Consequently, there will be
no thermodynamic driving force for dissolution of pyrite. It should therefore be stably
preserved during weathering and riverine transport in the late Archean, which is
consistent with the detrital mineral record (Johnson et al., 2014).

Detrital siderite has been noted less frequently than detrital pyrite (Hessler et al.,
2004; Rasmussen and Buick, 1999). This difference is perhaps consistent with the fact
that Fe(II)-carbonate solid solutions do not precipitate in our weathering models until
advanced stages of weathering when carbonate solid solutions contain from about 20 to

100% siderite component (Fig. 5c and 6c). These results suggest that there are
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circumstances in the late Archean where siderite could either form during weathering
and/or be stable during weathering and riverine transport, consistent with the detrital
mineral record from this period (Hessler and Lowe, 2006; Rasmussen and Buick, 1999).
Reasons for the apparent stability of uraninite during detrital mineral transport in
the late Archean have also focused on the kinetics of uraninite dissolution during
transport (Grandstaff, 1980; Johnson et al., 2014; Rasmussen and Buick, 1999).
However, under the conditions of atmospheric H,, considered in the present study, it is
clear that uraninite is so insoluble that it is stable during riverine transport in the late
Archean (Sverjensky and Lee, 2010). This result is consistent with the databases for U
concentrations in shales and banded iron formations which show that U was immobile
before the Great Oxidation Event (Partin et al., 2013a; Partin et al., 2013b). Overall, it
should be emphasized here that we are not suggesting that minerals such as pyrite,
siderite, and uraninite were actually in equilibrium with the Archean atmosphere, only
that there was no thermodynamic driving force to destroy them during weathering and

riverine transportation.

6.3 Paleosols

The depletion of Fe in paleosols was proposed to result from low O, levels (<10
4 bars) during the Archean because Fe®" is much more soluble than Fe** (Holland, 1984;
Rye and Holland, 1998). This inference is consistent with our model for late Archean
weathering (Figs. 5 and 6, and Table 2), which provides a preliminary quantification of
the amounts of Fe(Il) in aqueous solution and in the mineral weathering products. For the

weathering of olivine basalt + calcite, it can be seen in Fig. 5 that most of the Fe(Il) is
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mobile in the aqueous phase until log & > -4.0, after which Fe(Il) will be retained in
smectite. For the weathering of TTG + calcite, it can be seen in Fig. 6 that Fe(Il) is
mobile in the aqueous phase until log & > -4.0 and simultaneously present as an
exchangeable interlayer cation in beidellite. When log & > -4.0, Fe(Il) is predicted to be
retained in siderite-rich carbonate solid solution. The maximum aqueous Fe(II)
concentrations are predicted to be about 0.22 mM during weathering of TTG + calcite at
log & =-4.0 (Table 2).

Siderite, however, is characteristically absent from paleosols - a result that has
been used to indicate an upper limit on pCO,, of about 10" bars at 31 °C (Rye et al.,
1995). As noted above, our results with pCO,, = 107 bars at 25 °C indicate that siderite
should not form until advanced stages of weathering, indicating that the formation of
siderite is not just a simple reflection of pCO,, values, but is also a function of the extent
of weathering. Consequently, the absence of siderite is not particularly informative.
Furthermore, Archean paleosols are all altered by diagenesis, metamorphism, and/or
metasomatism, suggesting that the absence of siderite from paleosols might also be
caused by these later processes, rendering the application of paleosols unpersuasive in
constraining pCO,, (Winter and Knauth, 1992). Finally, a recent study has suggested that
siderite may not be stable at Earth’s surface because of photo-oxidation to magnetite by

UV radiation on early Earth (Kim et al., 2013).

6.4 Possible connections between haze formation and organic species in near-surface

waters
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Multiple episodes of organic haze formation in the Neoarchean atmosphere (2.7 to
2.5 Ga) have been inferred based on S and C isotopic analyses and atmospheric models
(Izon et al., 2015; Zerkle et al., 2012). It has also been suggested that organic compounds
could be deposited at the surface from hazes (Trainer et al., 2004; Trainer, 2013) or could
form by photo-oxidation of Fe(Il)-compounds in early waters (Joe et al., 1986). Our
results for late Archean WARW at pH,, = 10™*° bars (Table 2) suggest that if organic
acids were deposited either from hazes or photo-oxidation processes, the aqueous
aliphatic acid anions could persist metastably in near-surface waters.

Alternatively, if acetate was not deposited from hazes or photo-oxidation
processes, it can be expected that its formation by abiotic processes in the near-surface
environment would be kinetically inhibited. Under these circumstances, there would be a
thermodynamic driving force for forming species such as acetate, which would have
provided favorable conditions for acetogens in the late Archean. If such acetogens
flourished, the acetate produced might have survived and been transported in surface
waters, providing a food source for methanogens to contribute to the formation of organic

hazes in the late Archean (Trainer et al., 2004).

7. Summary and concluding remarks

The present study has focused on using previously proposed Archean atmospheric
boundary conditions to model the chemistry of weathering processes on the continents in
the late Archean. This effort represents a preliminary step towards building an internally
consistent, quantitative picture of the evolution of the near surface environment of early

Earth. We carried out theoretical, reaction-path calculations to provide a predictive model
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of the chemistry of present-day weathering processes and present-day world-average
river water as well as late Archean world-average river water.

Our main conclusions are as follows:

(1) World-average present-day rainwater reacting with basalt + calcite and granite
+ calcite (pCO,, = 107 bars, pOs, = 10 bars) produced hematite, kaolinite, smectite,
and chalcedony. Destruction of 10 moles minerals kg™ H,O resulted in Mg/Na, Ca/Na,
and HCOs'/Na ratios, and pH values of 8.0 - 8.1 consistent with present-day world-
average river water (WARW).

(2) World-average late Archean rainwater weathering olivine basalt + calcite and
TTG + calcite (pCO,, = 10" bars, pHo, = 10 bars) produced kaolinite, Fe(II)-
smectite, and chalcedony and waters with much higher concentrations of HCO;3;™ and
Fe(IT) + Mg and a much lower pH of 6.3. The late Archean WARW is predicted to have a
lower Ca/Na ratio and much higher Mg/Na and HCOs/Na ratios than present-day
WARW. Aqueous Fe(II) can reach concentrations of 0.2 mM during weathering, but can
also be stored in clay minerals at advanced stages of weathering, consistent with the
apparent mobility of Fe(Il) in paleosols, but also suggesting that not all paleosols from
the late Archean will record low total Fe contents after advanced stages of weathering.

(3) The late Archean weathering models were applied to further our
understanding of the survival of the detrital minerals pyrite, siderite, and uraninite during
weathering and riverine transport. Previous studies focused on the kinetics of mineral
dissolution. Here we showed that the weathering solutions can easily become

supersaturated with respect to pyrite so that there will be no thermodynamic driving force
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for dissolution of pyrite in the late Archean, which is consistent with the detrital mineral
record. Similar considerations apply to uraninite.

(4) Fe(Il)-carbonate solid solutions (20 to 100% siderite component) only
precipitate in our late Archean weathering models at fairly advanced stages of
weathering. Under these conditions, siderite-rich carbonate might form during weathering
or be stable during weathering and riverine transport, consistent with the detrital mineral
record from this period. Overall, the formation of siderite reflects pCO,, values and also
the extent of weathering.

(5) Late Archean weathering at higher values of atmospheric hydrogen (pH,, =
10*° bars) may have favored the accumulation of aqueous organics, such as acetate,
suggesting a potential link with recently documented occurrences of organic haze
formation. If hazes produced acetate, our models indicate it could have accumulated and
persisted in surface waters. Alternatively, the thermodynamic driving force for the
formation of acetate indicated by our models may have facilitated the activity of
acetogens, generating acetate which might have been used as a food source by

methanogens to form organic hazes.
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Table 1. Summary of the compositions adopted for world-average present day rainwater
(Berner and Berner, 2012) and late Archean rainwater (see text). Full details of the

aqueous speciation of all the elements are given in the initial step of the model
weathering results.

Present-day rainwater | Parameter value® | Most Abundant Species | Parameter value®
Na 0.15 Na" 0.15
K 5.1 %107 K 5.1 %10
Mg 0.021 Mg 0.019
Ca 7.5x10” Ca™” 7.4 x 107
Fe 8.3 x 107" Fe'" 54 x 107"
Al 5.7 %10 Al(OH); 32x10"
Si 6.6 x 10” Si0;.4q 6.6 x 10™
Cl 0.17 Cr 0.17
S 0.021 SO,™ 0.021
C 0.015 CO2.4q 0.011
N 55x10" NO;y 55%x10"
pH 5.85 H 1.4 x 107
log pOs, -0.68 0244 0.26
log pHa -41 Hy.aq 4.8 x 10
log pCO,, 3.5 COy.4q 0.011
Late Archean
rainwater
Na 0.15 Na' 0.15
K 5.1 %10 K 5.1 %10
Mg 0.021 Mg 0.021
Ca 7.5%x10” [ 7.5%x10”
Fe 9.0 x 10~ Fe™' 8.9 x 10~
Al 6.5 % 10° Al(OH)*" 3.5x 10"
Si 6.6 x 10~ Si05.44 6.6 x 10~
Cl 0.17 Cr 0.17
S 1.0 x 10™ H)S g 1.0 x 10
C 1.2 CO2.4q 1.1
N 5.5x 10" NH, 55%x10"
pH 5.15 H' 7.1x10”
log pHa -5.0 Hy.aq 7.8x10°
log pOa -73 0244 1.0x 107"
log pCO,, -1.5 COs.q 1.1

* Concentrations of dissolved elements given in millimolar (mM).
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Table 2. Major constituents of fluids from present-day weathering of basalt or granite
plus calcite and Archean weathering of olivine basalt or TTG plus calcite (at log & = -4.0)
compared with modern and Archean world-average river water (WARW).

Present-day” Basalt Granite | Predicted WARW" WARW*
Na 0.182 0.211 0.192 0.224
K 0.0051 0.305 0.105 0.033
Ca 0.242 0.107 0.197 0.335
Mg 0.053 0.086 0.064 0.136
Si 0.192 0.189 0.191 0.174
Total C 0.567 0.692 0.609 0.853
Cl- 0.169 0.169 0.169 0.162
Total S (SO4%) 0.021 0.021 0.021 0.086
Mg/Na 0.29 0.41 0.33 0.61
Ca/Na 1.33 0.50 1.05 1.50
HCO;/Na 291 3.07 2.96 3.81
pH 8.04 8.13 6.5 to 8°
Archean Olivine TTG Archean WARWe, ‘Archean WARW?,
Basalt reference condition | higher pH, , condition
log pHy » -5.0 -5.0 -5.0 -4.0
Na 0.182 0.216 0.187 0.191
K 0.0051 0.205 0.0331 0.0331
Ca 0.242 0.131 0.226 0.226
Mg 0.207 0.0929 0.191 0.191
Fe(Il) 0.099 0.224 0.112 0.163
Si 0.187 0.187 0.187 0.187
Total C 2.24 2.27 2.24 3.19"
Cl- 0.169 0.169 0.169 0.169
Mg/Na 1.14 0.43 1.04 1.00
Ca/Na 1.13 0.61 1.06 1.19
Fe(Il)/Na 0.54 1.04 0.61 0.85
HCO;/Na 5.81 5.04 5.70 3.02
pH 6.34 6.35 6.34 6.04

* All concentrations given in millimolar (mM).

® Assuming 2/3 basalt + calcite water mixed with 1/3 granite + calcite water.

“Berner and Berner (2012).

4 Gaillardet et al. (2014).

¢ Mixing of waters derived from weathering of olivine basalt + calcite and TTG +
calcite in the proportions of 5/6 and 1/6, respectively.

fIncludes: 1.12 mM COx(aq), 0.577 mM HCO5', 0.509 mM CH3;COO, 0.133 mM

CH;CH,COO'.

122



'3 T T T T T T T T T T T T
| PRESENT-DAY BASALT WEATHERING

4 L CO2 at 1077 bars;

O2 at 107 bars

Chalcedony

Na-Mg-saponite

log (moles New Minerals)

Kaolinite

10 9 8 7 -6 5 4 3

log € (moles of reactant minerals destroyed)

on

log (Activity of Ageous Species)

-8 L i
! H'
-9 . 1 . 1 . 1 . 1 A 1 A
-8 -7 -6 -5 -4 -3 -2

log € (moles of reactant minerals destroyed)

Figure 1. Modeling results of basaltic weathering under present-day atmospheric
conditions. In (a) and (b), the logarithm of the number of moles of new minerals
produced and the activity of the aqueous species during the weathering reactions are
plotted as functions of the logarithm of reaction progress & (the number of moles of
reactant minerals destroyed kg™ H,0).
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Ca+Mg

Figure 3. Predicted river water chemistry during present-day weathering of basalt and
granite plus calcite compared with present-day world-average river water (WARW)
composition.
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Figure 4. The distribution of weathering rates calculated with riverine runoff and
dissolved Si concentration. Data are from 55 large globally distributed rivers, compiled
by Gaillardet et al. (1999). The calculation assumed:
Weathering rates (moles/(m?*second) =
Silica concentration (moles/l) * Runoff (I H,O/(m?*second))
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Figure 5. Modeling results of olivine-basaltic weathering under Archean atmospheric
conditions. In (a) and (d), the logarithm of the number of moles of new minerals
produced and the activity of the aqueous species during the weathering reactions are
plotted as functions of the logarithm of reaction progress & (the number of moles of
reactant minerals destroyed kg™ H,0). In (b) and (c), the activity of end members in solid
solutions is plotted as functions of the reaction progress.
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Figure 6. Modeling results of trondjemite-tonalite-granodiorite (TTG) weathering under
Archean atmospheric conditions. In (a) and (d), the logarithm of the number of moles of
new minerals produced and the activity of the aqueous species during the weathering
reactions are plotted as functions of the logarithm of reaction progress & (the number of
moles of reactant minerals destroyed kg’ H,0). In (b) and (c), the activity of end
members in solid solutions is plotted as functions of the reaction progress. Notice the
variation in the scale of the horizontal axis.
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Figure 7. Predicted river water chemistry during Archean weathering of olivine basalt
and TTG plus calcite compared with present-day world-average river water (WARW)
composition.
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Chapter 5

Mobility of nutrients and trace metals during

weathering in the late Archean

The evolution of the geosphere and biosphere depends on the availability of bio-
essential nutrients and trace metals. Consequently, the chemical and isotopic variability
of trace elements in the sedimentary record have been widely used to infer the existence
of early life and fluctuations in the near-surface environment on the early Earth,
particularly fluctuations in the redox state of the atmosphere. In this study, we applied
late Archean weathering models (Hao et al., 2017), developed to estimate the behavior of
major elements and the composition of late Archean world average river water (WARW),
to explore the behavior of nutrient and trace metals and their potential for riverine
transport. We focused on P, Mn, Cr, and Cu during the weathering of olivine basalt.

In our standard late Archean weathering model (pCO,, = 10" bars, pHo, = 1070
bars), crustal apatite was totally dissolved by the acidic rainwater during weathering. Our
model quantitatively links the pCO,, of the atmosphere to phosphate levels transported
by rivers. The development of late Archean WARW (pH = 6.4) resulted in riverine
phosphate of at least 1.7 umolar, much higher than at the present-day. At the end of the
early Proterozoic snowball Earth event when pCO,, was at least 0.12 bars, WARW (pH

= 5.7) may have transported up to 70 umolar phosphate, depending on the availability of
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apatite, thereby stimulating high levels of oxygenic photosynthesis in the marine
environment.

Crustal levels of Mn in olivine dissolved completely during weathering, except at
large extents of weathering where Mn was stored as a component of a secondary
carbonate mineral. The corresponding Mn content of WARW, about 1.2 pmolar, is
higher than in modern WARW. Whiff of 10” mole O, or HNO; kg™ H,O resulted in the
formation of MnO,, and abundant hematite and simultaneous dramatic decreases in the
concentration of Mn(II) in the WARW.

Chromite dissolution resulted in negligible dissolved Cr in WARW. However,
Cr(OH);3 am representing easily weatherable Cr-bearing minerals dissolved totally during
the weathering, resulting in concentrations of Cr(Ill) in the WARW of up to 0.14 umolar,
higher than at the present-day.

Late Archean weathering of accessory chalcopyrite produced chalcocite and
bornite, and extremely low concentrations of Cu (about 3.2 x 10'® molar) because of the
low solubilities of the copper sulfides. However, pulses of either O,, or HNO; produced
native copper, chalcocite, and bornite, much more hematite, and WARW containing
levels of dissolved Cu comparable to the present-day. Copper mineralogy predicted by
weathering models might provide a new correlation with evidence from studies of copper
mineral evolution.

Overall, our results implied that the redox state of the atmosphere, the pH of
surface waters, and the availability of easily-weathered minerals are all important factors

controlling the dissolution of trace elements in river water. Interpretation of the
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sedimentary signatures of trace elements should consider not only the redox state but also

the pH and availability of accessory minerals.
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1. Introduction

The availability of bio-essential nutrients and trace metals in the surface
environment were critical factors for the origin and evolution of life throughout Earth
history (Anbar, 2008; Anbar & Knoll, 2002; Morel, 2008; Pasek et al., 2015; Saito et al.,
2003; Williams et al., 2003; Zerkle et al., 2006). However, large uncertainties exist in
estimation of the levels of nutrients and trace elements. For example, in the case of
phosphate, Archean productivity was first thought to be limited by low dissolved
phosphate in the seawater due to adsorption onto iron oxides deposited as banded iron
formations (Bjerrum and Canfield, 2002), but in a subsequent study it was pointed out
that the high concentration of dissolved silica expected in Archean seawater would
effectively block phosphate adsorption sites on iron oxides and therefore dissolved
phosphate might be higher than previously suggested (Konhauser et al., 2007; Planavsky
et al., 2010). Such disputes mainly focused on the removal of phosphate from seawater
and did not address the important role of weathering and riverine transport, which was
the dominant influx of phosphate to the early oceans. The importance of this role has
been emphasized for the Phanerozoic (Guidry and Mackenzie, 2000). Here we apply
recent developments in the modeling of late Archean weathering and river water
chemistry (Hao et al., 2017) that can be applied to simulate the dissolution of phosphate
minerals and riverine transport of dissolved phosphate under late Archean atmospheric
conditions.

In the case of trace metals, the redox-sensitive trace metals, such as Cr, Cu, U, Mo,
and Re, and their isotopic fractionations recorded in various sedimentary records are now

widely used to infer fluctuations in the redox history of Earth’s surface environment
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(Anbar and Rouxel, 2007; Farquhar et al., 2014; Tribovillard et al, 2006). The
atmosphere before the Great Oxidation Event (GOE) is widely accepted to have been
anoxic with a relatively high pH,,. Consequently, during normal weathering processes in
the late Archean, elements such as Cr, Cu, U, Mo, and Re would have been immobile,
and the solubilities of Fe and Mn would have been much higher than in present-day
surface waters. However, recent studies reported enrichments of several trace metals (e.g.
Mo, Re, Cr) and variability of isotopic fractionations in some sedimentary records that
have been interpreted as evidence of “whiffs of molecular oxygen” in the Archean
atmosphere (Anbar et al., 2007; Frei et al., 2009). This interpretation currently contradicts
the overall picture of an anoxic Archean atmosphere suggested by the mass independent
fractionation of S isotopes (Farquhar et al., 2000; Luo et al, 2016), the Fe-loss from
paleosols (Rye and Holland, 1998), and the preservation of detrital minerals unstable in
the presence of molecular oxygen (Hessler and Lowe, 2006; Johnson et al., 2014;
Rasmussen and Buick, 1999). However, the exact conditions under which trace metals
and their isotopes might have been mobilized have not been examined in a
comprehensive framework of weathering simulations that link trace metals and their
potential sources, major elements and rock-forming minerals, and perturbations of an
anoxic late Archean environment. Here we address how trace nutrients and metals might
have behaved by using a framework of thermodynamic weathering models (Hao et al.,
2017). After the GOE, the atmosphere became oxic with pO,, around 1% ~ 10% PAL
(Kump, 2008, Lyons et al., 2014), resulting in oxidizing weathering and riverine transport

of trace elements, similar to the present-day (Large et al., 2014).
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Although researchers have relied largely on sedimentary records to probe
paleoredox and paleoproductivity processes, the interpretation of sedimentary profiles
depends strongly on a clear understanding of weathering, riverine transport,
sedimentation, and preservation history. Trace elements are commonly hosted in
accessory minerals and solid solutions in silicates, carbonates, or oxides in the crust.
Dissolution of these host minerals during weathering is controlled by several factors
including the mineral abundance and reactivity, the redox state, the pH of the water, and
complexation with other species (Middelburg et al., 1988). After weathering, dissolved
trace elements are transported by rivers to the ocean where they may be sequestered into
sediments and preserved. Oxidation of several trace elements, e.g. Mn, Cr, Cu, Mo, and
Re, can greatly enhance their solubility in surface waters, along with isotopic
fractionation. Therefore, changes in the chemical profiles of these trace elements and
their isotopic fractionation can be used as indicators of paleoredox. However, apart from
the redox reactions, change of environmental pH, variation of weathering rates and the
availability of easily weatherable accessory minerals, and/or complexation with possible
ligands may also lead to fluctuations in the mobility of trace elements and their isotopic
fractionation. Moreover, sedimentary records, especially Archean ones, are usually the
result of low to medium-grade metamorphism and/or metasomatism. These pot-
depositional changes involving elevated temperature and pressure fluid-rock interactions
can be expected to affect the original sedimentary records, confounding the interpretation
of fluctuations in trace elements.

The present study was designed to simulate the dissolution of minerals that are

hosting the nutrient P and the trace metals Mn, Cr, Cu during weathering of olivine basalt
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and the mobility of these trace elements in late Archean (3.0-2.5 Ga) surface waters. This
time period is selected because life probably have originated in the Archean (Arndt and
Nisbet, 2012) and a supply of nutrients and trace metals is vitally important for the
habitability and evolution of early life (Anbar, 2008). Geochemical modeling, which
considers many environmental factors simultaneously, can approximate the major
chemical reactions involved in weathering consistent with present-day world average
river water (Hao et al., 2017). The goal of this project is to calculate the dissolution and
speciation of these four elements during Archean weathering and riverine transport.
Additionally, the influence of whiffs of oxidants, e.g. O,, or HNO3, on the behaviors of

trace elements will be investigated.

2. Factors affecting the dissolution of trace elements during the weathering
2.1 Redox level of the atmosphere

The chemical weathering of redox-sensitive minerals is greatly affected by the
redox level of the surface environment (Aiuppa et al., 2000). Among the elements
covered in this study, phosphorus only has one stable valence in the ambient environment,
However, under modern reducing, diagenetic environments where Fe*" occurs, PO, can
precipitate as vivianite (Fe3;(PO4),-8H,0O) which controls the availability of phosphate
(Ruttenberg, 2003). This scenario might also be true in the late Archean environment
where high concentrations of Fe(Il) could have occurred in surface waters (Hao et al.,
2017). Consequently, the possible formation of vivianite in the near-surface Archean

environment needs to be addressed. Other elements, namely Mn, Cr, and Cu, have
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variable valences depending on the redox state of the environment and therefore their
weathering is redox-sensitive.

The redox state of the Archean surface environment behaved as though it is
controlled by pHs , (107 to 107 bars) in the atmosphere (Hao et al., submitted). The P02,
(10" to 10" bars or less) is not abundant enough to influence surface redox processes
(Fig. 1a and b). In this environment, Fe*" would have been mobile during weathering, and
the stable redox states of S and N would also have been the reduced ones in surface
waters (Fig. 1b). Fe(Ill)-(hydr)oxides are missing from paleosols and are not predicted to
form during weathering in the late Archean (Hao et al, 2017). Under these circumstances,
the surface adsorption of trace elements onto Fe(IIl)-(hydr)oxides might have been much
less important for riverine transport than at the present-day. Based on this assumption, we
didn’t include the effect of surface adsorption on riverine transport of trace elements.

2.2 pH of near-surface waters

In addition to the redox state, the pH is another important factor controlling the
dissolution and speciation of trace elements during weathering processes. Due to the
limited biological activity on the Archean continents, it is reasonable to assume that the
pCO,, in the weathering zone is the same as in the atmosphere (Berner and Berner, 2012).
A very wide range of values of pCO,, has been suggested for the Archean atmosphere
(Haqg-Misra et al., 2008; Hessler et al., 2004; Kasting, 2014; Ohmoto et al., 2004;
Rosing et al., 2010; Rye et al., 1995; Sheldon, 2006; von Paris et al., 2008). However, the
lowest part of this range, defined in part by the assumed stability of magnetite coexisting
with hematite in the marine environment (Rosing et al., 2010), is not consistent with

thermodynamic calculations when Fe-silicate is taken into account (Hao et al., submitted).
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In the present day, we chose a narrower range of values for pCO,, from 107 to 10 bars
(Fig. 2). A corresponding range of pH values in rainwater can then be estimated.
Furthermore, as weathering reactions proceed, the rainwater chemistry will gradually
evolve towards river water, with increasing pH and alkalinity.

Utilizing the rainwater and weathering models proposed by Hao et al. (2017), we
calculated the pH values of rainwater under the proposed range of Archean pCO,,. The
results are represented by the lower dashed curve in Fig. 2. We then used the range of
rainwater chemistries to model the weathering of olivine basalt. The resulting range of
inferred WARW water pH and pCO,, values is shown by the upper curve in Fig. 2. It
should be emphasized that the results refer to the destruction of 10 moles of each
basaltic mineral in order to compare with the pH and pCO,, of the world average river
water for the late Archean inferred previously (Hao et al., 2017). Overall, the results in
Fig. 2 suggest that the pH of surface waters during the Archean could vary from 3.5 to
7.2 depending on the pCO,, and the assumed extent of weathering.

Other geochemical processes could also have affected the pH of Archean surface
waters. For example, the organic hazes proposed for the late Archean atmosphere (Izon et
al., 2015; Zerkle et al., 2012) might have resulted in organic acids being incorporated into
rainwater (Trainer et al., 2004), which would lower the pH of the rainwater (Hao et al.,
2017). A similar result might have developed from the oxidation of sulfides due to an
increasing oxidation state of the surface environment (Konhauser et al., 2011; Stiicken et
al., 2012). Fluctuations of pH might also result in changes in the solubility of trace
elements, although few studies have considered this possibility.

2.3 Accessory source minerals in the rocks
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Trace elements are mainly hosted in accessory minerals, such as carbonates,
oxides and sulfides but also as solid solutions in geologically abundant minerals such as
silicates. The weathering rates of these host minerals vary considerably. For example,
phosphorus commonly occurs as apatite, Cas(PO4)3;(F,OH,Cl) which weathers at a rate
comparable to or faster than silicate minerals (Brantley and Olsen, 2014). Under these
circumstances, riverine transport of phosphorus could be partly limited by the availability
of apatite in some environments. In contrast, chromite (FeCr,0,), as the principal bearing
mineral of chromium in igneous rocks, weathers extremely slowly under ambient
conditions and usually needs strong oxidants such as MnO, or H,O, (Oze et al., 2007).
Consequently, weathering of chromite contributes little to the riverine transport of Cr.
Instead, the availability of easily weatherable Cr-bearing minerals such as Cr-silicates
might control the concentration of aqueous Cr (Oze et al., 2004).

2.4 Formation of secondary minerals during weathering

Precipitation or adsorption of trace elements during weathering could conceivably
strongly affect their mobility. For example, under Archean atmospheric conditions, S(-II)
is likely to be thermodynamically stable in surface waters, which could lead to the
supersaturation of some sulfide minerals and lower the affinity for destroying other
sulfide minerals (Hao et al., 2017). A similar conclusion is also applicable to the
weathering of chromite. The stability of Fe(Il) in the Archean surface waters leads to an
extremely low solubility for chromite. Other trace elements, for example Mn(II), which
would be released during weathering of mafic silicates under anoxic conditions, could be
incorporated into clays or carbonate minerals. However, as described above the expected

lack of precipitation of Fe(Ill)-(hydr)oxides during the late Archean suggests that surface
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adsorption on such minerals can be neglected. Consideration of all of these interrelated
issues and their effects on water chemistry requires building a thermodynamic model

simulating the dissolution potential of minerals in the Archean weathering environment.

3. Theoretical modeling approach and assumptions
3.1 Late Archean rainwater chemistry

Details of the Archean weathering model we used in this study were provided in
our previous study (Hao et al., 2017). For the purposes of the present study, these results
serve as a set of standard conditions (pHa, = 10” bar and pCO,, = 107 bars) against
which perturbations can be compared. In summary, the major species in the Archean
rainwater were assumed to be the same as in present-day rainwater (Berner and Berner,
2012) but different atmospheric values of pH,, and pCO,, prevailed. The pH of the
rainwater was determined by the pCO,,. The concentration of Fe(Il) in the rainwater was
assumed to be the same as Mg”" due to their similar geochemical properties under anoxic
conditions. Trace amounts of S (107 mole/L) were introduced by assuming rainout of
volcanic S outgassing, representing an upper limit of S concentrations (Claire et al., 2014;
Hao et al., 2016; Domagal-Goldman et al., 2008). During the weathering we suppressed
equilibration with aqueous methane because of the likely lack of reactivity of aqueous
methane at low temperatures (Manning et al., 2013). However, if organic aqueous species
such as acid anions were somehow incorporated into the surface waters, our calculations
suggested that these species could be metastable (Hao et al., 2017). Consequently, surface
waters in the late Archean are predicted to be able to have carried species such as formate

and acetate.
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3.2. Initial rock type: olivine basalt plus accessory minerals

The Archean crust is thought to be dominated by basalt and komatiite, and rocks
of granitic affinity known as the tonalite-trondhjemite-granodiorite (TTG) suite (Taylor
and McLennan, 2009). Due to the much faster weathering rate of mafic and ultramafic
rocks than felsic rocks, river water from weathering of olivine basalt should dominate the
global riverine transport during the Archean. Models for weathering of the two different
rock types were described previously (Hao et al., 2017). Consequently, in the present
study where the focus is on accessory minerals and trace species, we only present results
for weathering of olivine basalt plus accessory minerals.

The amounts of accessory minerals added into the weathering calculations are
summarized in Table 1. They were estimated by multiplying the concentrations of each
trace element in the upper continental crust (Rudnick and Gao, 2003) with the amounts of
olivine basalt rocks used in the weathering calculation. We used apatite solid solution as
the source of phosphorus, (Fe, Mg, Mn)-olivine solid solution as the source of manganese,
and chalcopyrite as the source of copper. With regard to chromium, previous studies have
suggested that primary and secondary Cr-bearing minerals, e.g. olivine, pyroxene,
serpentine and clays, are more important sources of chromium in soil solutions than
chromite because of the sluggish dissolution of chromite (Oze et al., 2004). However, due
to a lack of reliable thermodynamic properties of Cr-silicates, we cannot model their
dissolution behavior in the Archean. Instead, we used the dissolution of Cr(OH); 5 Which
was assumed to represent the easily weatherable Cr in addition to chromite. Dissolution

of Cr(OH)s3 am also determines the solubility of weathered Cr(IIl) in the surface waters.
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3.3 Model for trace element behavior during weathering

In the present study, we first used the model late Archean rainwater to react
irreversibly with representative minerals of olivine basalt and a mineral source of a trace
element under our standard set of late Archean atmospheric conditions: pH, , = 107 bar
and pCO,, = 107" bar. The goal of this approach was to explore the behavior of the trace
elements in the chemical environment established by the weathering of the major
minerals and elements. For each trace element we then examined the influence of
perturbations of the standard conditions. For example, we modeled the effects of whiffs
of oxidants such as O,, or HNOj3 on the mobility of trace metals during weathering. All
the calculations were carried out with the aqueous speciation, solubility, and chemical
mass transfer codes EQ3 & EQ6 (Wolery, 1992) using thermodynamic data as previously
described (Hao et al., 2017). For the purpose of this study, we didn’t include specific
dissolution and precipitation rates of minerals into the model that might be important for
specific drainage basins (Brantley and Olsen, 2014; Kump et al., 2000; Zhu et al., 2009).
Instead, we assumed that all minerals react and precipitate at relative rates of unity. The
major purpose of this model is to explore the weathering behavior of accessory minerals
and riverine transport of trace elements on a global scale in the Archean.

The behavior of each trace element in the weathering model depends on the
mineralogical source of the trace element (Table 1) and the uptake of the trace element in
minerals produced during weathering. Clearly, in our model, minerals will be predicted to
form during the weathering process only if there are thermodynamic characterizations of

them in the data files used in the model. In the present study, the potential mineralogical
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products that could form during weathering are listed in Table 2 for each trace element.
Apart from these listed minerals, there are many other minerals that could presumably
form in the weathering zone, such as birnessite, digenite, and layered hydrous
silicate/oxides as solid solutions. However, these minerals are not included in this study
because either their thermodynamic properties are not experimentally measured or their
composition is so complicated and variable that they cannot be represented in the
chemical system we chosen. As a consequence, the secondary product minerals forming

in our model represent an approximation to the potential complexity of mineral products.

4. Model results for late Archean weathering of olivine basalt and trace elements
4.1 Behavior of Phosphorus

Figs. 3a and b show the model results for weathering of olivine basalt plus apatite
and the calculated concentrations of dissolved phosphate under the conditions adopted as
standard late Archean atmospheric conditions, i.e. pHa, = 10 bar and pCO,,, = 10" bar.
As expected, the secondary minerals and their solid solutions formed during weathering
are almost identical to the weathering results for olivine basalt without apatite (Hao et al.,
2017). If we assume that the typical extent of weathering in the Archean was as
established previously, i.e., 10 moles of primary silicate minerals weathered kg H,0
(Hao et al., 2017), then primary apatite would be totally dissolved during weathering,
without precipitation of any secondary phosphate minerals. Under these circumstances,
we can infer that the phosphate content of river water during the late Archean was 1.7

pmolar (Fig. 3b). Additional calculations show that if apatite were present in excess, the
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maximum dissolved phosphate concentration in WARW under the standard conditions
would be 10.5 pmolar.

However, if the weathering extent was larger, e.g. 10°° moles of primary
minerals weathered kg™ H,0, it can be seen in Fig. 3a that the fluid became saturated
with respect to apatite and secondary apatite formed. Under these circumstances, the
phosphate content of the river water during the late Archean could have been as high as
1.0 pmolar. The two late Archean values can be compared in Fig. 3b with the range of
values for present-day WARW. They are clearly higher than the range of present-day
values based on the crustal abundances of phosphorous we used as input apatite.

The main reason for the dissolution of the apatite is that the predicted pH values of the
water in the weathering model increased from 5.2 in Archean rainwater to only 6.7 in the
Archean WARW (Hao et al., 2017). As noted previously the latter pH value is
significantly lower than most river water pH values at the present day. A limit for
phosphate in Archean river water in our standard model is that at large extents of

weathering, saturation with secondary apatite could be achieved, as shown in Fig. 3a.

4.2 Behavior of Manganese

Fig. 4a shows the model results for weathering of olivine basalt that included a
Mn,SiO4 component in the olivine, again under the conditions adopted as standard late
Archean atmospheric conditions. As with the apatite example discussed above, the
manganese component of olivine was totally destroyed during the weathering (Fig. 4a).

The weathering products were again very similar to the results for olivine basalt (Hao et
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al., 2017) except that the carbonate mineral formed at large extents of weathering
contains Mn in addition to Ca, Mg, and Fe.

The effect of a whiff of oxidant, in this case O,z in the Archean surface
environment is shown in Fig. 4b. This model explores the formation of MnO,, during
the weathering. MnO,,; is itself a strong oxidant for Cr’* in the environment (Oze et al.,
2007) which has been suggested to be of importance for the mobility of chromium in the
Archean and Proterozoic. Whether the formation of MnO,. was thermodynamically
favorable because of whiffs of oxidants and how much oxidants were required are
important parameters for the “whiffs of O,,” hypothesis. It can be seen in Fig. 4b that the
redox state of the environment as monitored by pH,, changed dramatically when 10°
moles Oy, kg H,O were included as a reactant in the weathering model. MnO, ., was
predicted to form, although only under a narrow range of conditions. It should also be
noted that the amount of hematite formed was more than 100 times greater than the
amount of MnO,, that formed. It might even be expected that this hematite would coat
the MnO,, greatly limiting its usefulness as an oxidant for other trace metals such as
chromium.

The concentrations of Mn(Il) in the waters during the weathering with and
without the whiff of O, can be seen in Fig. 4c. Clearly, dissolved manganese eventually
increased rapidly during weathering to levels a bit higher than the average for the present-
day in river water (Gaillardet et al., 2014), both with and without the additional oxidant.
However, during the whiff of oxidation, the concentration of aqueous Mn decreased

dramatically because of the precipitation of MnO,.. Moreover, at large extents of
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weathering, the concentration would also decrease owing to the elevated pH and
associated formation of Mn-rich carbonate solid solution.

Much attention in the literature has focused on whiffs of oxidation caused by non-
steady state pulses of molecular O, in the late Archean (Anbar et al., 2007; Frei et al.,
2009). Oxidants other than O, have rarely been considered (Sverjensky and Lee, 2010).
In Fig. 4d, we present a model in which the whiff of oxidation comes from HNOjs instead
of O, as an added reactant in the weathering model. The results are similar to the
simulation with O,,. Clearly, 10 mole of HNO; kg™ H,0 could also oxidize Mn(II) to

form MnO, .

4.3 Behavior of Chromium

Fig. 5a shows the model results for weathering of olivine basalt including
chromite (FeCr,O4) and Cr(OH);.m under the standard late Archean atmospheric
conditions. Again the major secondary minerals and their solid solutions formed during
weathering are almost identical to the weathering results of olivine basalt without
chromium (Hao et al., 2017). Chromite is so insoluble (Fig. 5a) that it is an unimportant
source of chromium in Archean near-surface environments. Chromite is also kinetically
inhibited from reacting in modern weathering zones (Oze et al., 2007). Consequently, we
suppressed chromite from the model and allowed Cr(OH); . to react during weathering
as a source of chromium. It can be seen in Fig. 5a that the Cr(OH);a.m was totally
dissolved in the water during weathering. Saturation with respect to Cr(OH); ,m Was not
reached. We already showed in the Mn weathering calculation that MnO,. 1is

thermodynamically favored to form during a “whiff of O,,” (Fig. 4b). Given that MnO, ¢
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is an efficient oxidant for Cr(IIl), it can be expected that Cr(III) could also be oxidized to
Cr(VI) if Mn(IT) somehow was oxidized to Mn(IV).

In Fig. 5b it can be seen that Cr(OH);.n was totally dissolved reaching 0.14
pumolar dissolved Cr, based on the mean crustal Cr abundance. However, with higher
Cr(OH)3 .m input, representing local enrichment of easily-weatherable Cr minerals,
Cr(OH);3 am could precipitate during weathering. Under these circumstances, increases of
pH during the weathering caused a decline of Cr(IIl) concentration in the water (Fig. 5a).
At the pH value corresponding to the standard 10 moles of weathering of olivine basalt
minerals, the Cr concentration in predicted late Archean WARW is about the same as the

highest values associated with present-day rivers (Gaillardet et al., 2014).

4.4. Behavior of Copper

Fig. 6a shows the model results for weathering of olivine basalt including
chalcopyrite (CuFeS;) as a reactant mineral in the olivine basalt under the standard late
Archean atmospheric conditions. The secondary minerals and their solid solutions formed
during weathering are again almost identical to the weathering results of olivine basalt
without copper (Hao et al., 2017). In contrast to the apatite example discussed above, the
chalcopyrite was not totally destroyed during the weathering. The Archean weathering of
chalcopyrite produced chalcocite (Cu,S) followed by the precipitation of bornite
(CusFeS,), after which the fluid became saturated with respect to chalcopyrite at a value
of log & of about -5.3 (Fig. 6a). Consequently, chalcocite, bornite, and chalcopyrite are
predicted to be stable under various stages of weathering in the near-surface late Archean

environment.
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The effect of a whiff of O,, is shown in Fig. 6b. In contrast to the normal Archean
weathering, two generations of chalcocite, bornite, and native copper were produced.
Much more abundant hematite also formed, as in the case of the Mn-olivine with olivine
basalt and a whiff of O .

The calculated aqueous concentrations of copper during the weathering can be
seen in Fig 6¢. Without a whiff of oxidant, very low concentrations of Cu (about 3.2 x
10" molar) are to be expected in Archean surface waters because of the consistent
occurrences of low solubility of secondary copper sulfides. However, after adding 107
mole Oy, kg H,0, the reactant chalcopyrite was totally dissolved during weathering at
log & values where no secondary Cu minerals precipitated (Fig. 6¢). The total dissolved
Cu(Il) concentrations increased to a level typical of modern river water. After
consumption of O, in the system, the oxidation state declined, native Cu and chalcocite
formed again, and the total dissolved Cu(Il) concentrations in the water decreased

dramatically.

5. Discussion and Implications for the Late Archean Environment
5.1 Riverine transport of phosphorus and the Great Oxidation Event

Phosphorus has been suggested as the limiting nutrient for early life in the
Archean ocean as revealed by the low phosphorus content in banded iron formations
(Bjerrum & Canfield, 2002). However, more recent studies (Planavsky et al., 2010) have
concluded that the phosphate content of the late Archean oceans was significantly higher
than at the present day. Our results for late Archean WARW described above also

suggest that dissolved phosphate levels were much higher than at the present-day. The
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high phosphate results primarily from the fact that the pCO, is 10" bars in our standard
rainwater model, a value much higher than at the present day. The surface waters in the
late Archean are predicted to have been too acidic for the stability of apatite and possible
secondary minerals such as vivianite. Consequently, the phosphate levels in late Archean
river water were probably not controlled by the solubility of apatite or vivianite.

Previous experimental studies have shown a high dissolution rate of apatite,
especially in low pH waters (Brantley and Olsen, 2014); therefore, the weathering rate of
apatite in the Archean surface environments should be the same or even higher than that
of olivine basalt. Given the fast weathering rate of apatite, our model results suggest that
amounts of phosphate in Archean river water would have been limited by the availability
of apatite rather than by the weathering rate and/or precipitation of secondary minerals.
Furthermore high levels of riverine transport of phosphate might have been facilitated by
the massive increase of continental crust in the late Archean (Taylor & McLennan, 2009).
A large supply of phosphate from acidic rivers may have facilitated photosynthesis in the
marine environment and contributed to the irreversible oxidation of the surface
environment known as the Great Oxidation Event (GOE).

Overall, our model results suggest, perhaps surprisingly, that a high pCO,, level
in the late Archean could, indirectly, be a contributing factor to the GOE. In other words,
we can now consider the interesting possibility that a prolonged spike in atmospheric
pCO,, values could have resulted in a large pulse of phosphate transported by rivers in
the late Archean. Worldwide spikes in pCO,, were likely to have occurred immediately
after snowball Earth events through Earth history (Hoffman et al., 1998). The very high

pCO,, associated with these events was drawn down through intensive weathering as the
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continents were deglaciated. If the pCO,, levels were at least 0.12 bars (Hoffman et al,
1998), reference to Fig. 2 suggests that the rainwater could have had pH values of 4.7 or
lower. Under these acidic conditions, our calculations suggest that the maximum
solubility of apatite was 70 umolar. Consequently, the phosphate concentrations in river
water could have been anomalously high, depending only on the availability of apatite for
weathering, further implying that phosphorus may have been readily available to
stimulate high photosynthetic activity in the marine environment. In turn, the high
biologic activity could have helped drive up the O, levels in the atmosphere.

The stimulation of biologic activity by increased availability of phosphate after
snowball events has previously been suggested (Papineau et al., 2013). However, our
weathering model indicates a specific mechanism for the increased availability of
phosphate in the marine environment: the acidic rainwater associated with the high
atmospheric pCO, was probably able to dissolve any apatite available to weathering at
that time. It should be noted that the Paleoproterozoic snowball event occurred at about
2,200 Ma, some time after the actual beginning of the GOE at about 2,400 Ma.
Consequently, the phosphate stimulation of biologic activity is unlikely to have been the
initial cause of the GOE. Instead, it seems likely that the stimulation of the biologic
activity might have been a contributing cause of the persistence of molecular O; in the
atmosphere after 2,200 Ma. High levels of phosphate in the early Proterozoic oceans may
have finally been removed during the formation of the first major phosphorite rocks at
about 2,000 Ma (Papineau, 2010). This inference suggests a significant change in ocean
chemistry by about 2,000 Ma, possibly a higher Ca concentration and/or a higher pH

value.
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5.2 Manganese and chromium during weathering: whiffs of oxidant or not?

Recently, many studies have suggested that whiffs of molecular O, occurred in
Archean surface environments based on the anomalous enrichments of trace elements and
isotopic fractionations in the sedimentary records (Anbar et al., 2007; Crowe et al., 2013;
Frei et al., 2009; Garvin et al., 2009; Godfrey and Falkowski, 2009; Golden et al., 2013;
Gregory et al., 2015; Kaufman et al., 2007; Kendall et al., 2010; Large et al., 2014;
Reinhard et al., 2009; Stiicken et al., 2015).

Here, our weathering model that included Mn showed that “whiffs of O,,” could
potentially produce MnO, which has been suggested to have catalyzed oxidation of Cr(III)
during weathering. In the model, we needed 10™ to 10 moles O, kg'' H,O or more to
oxidize Mn. This amount of O, is equivalent to a transitory pulse of 10* to 10~ bars of
O,,. In turn this implies a non-steady state of regional and transient pulse of O, in the
Archean aqueous environment could favor the occasional formation of MnO, ;. However,
we also carried out calculations using HNOs3 as an oxidant in order to demonstrate that,
apart from O, there are other potential oxidants. A non-steady state pulse of HNO;
could conceivably have arisen as a by-product of the formation of NOy during periods of
excessive lightning occurrence. As an additional example, the formation of Mn-oxides in
the 2.415 Ga sedimentary record revealed that if thermodynamically favorable, microbes
could oxidize Mn(Il) during photosynthesis and form MnO,, without the appearance of
free O, (Johnson et al., 2013).

The traditional scenario used to interpret the anomalous enrichment of trace

metals and their isotopic fractionations recorded in sediments in the late Archean (Frei et
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al, 2009) involves multiple steps. For example, in the case of Cr isotopes, the first step
involved oxidation of Mn(II) to Mn(IV) during fluctuations of redox states as discussed
above. Second, Mn-oxides catalyzed oxidation of Cr(III) to CrO,*, mobilizing the Cr in
surface waters. Third, dissolved CrO,* was transported by rivers to the ocean where
reduction took place and Cr was incorporated into sediments. One vital step in this chain
of events is the riverine transport of metal-oxyanions. Both paleosols and our modeling
studies pointed out that Fe(I) was likely to have been a significant species in the late
Archean river water (Hao et al., 2016; Rye and Holland, 1998). Experimental studies
have suggested that the reduction of metal oxyanions by Fe*" is very efficient and fast
(Eary and Rai, 1989; Fendorf and Li, 1996; Dgssing et al., 2011). Consequently, stable
riverine transport of metal oxyanions seems unlikely (Hao et al., submitted). Further
modeling work incorporating weathering and riverine transport is needed to explore this
issue.

In addition to a dependence on the redox state of the water, the solubilities of
trace metals also depend strongly on the pH of the water. For example, our weathering
calculation that included chromium showed that saturation with respect to Cr(OH)s am
was not achieved in the Archean acidic surface waters given a reasonable estimate of the
abundance of easily weatherable Cr-bearing minerals. Experimental dissolution studies
have also suggested high solubilities of Cr(OH);.m in low pH waters and/or at high
pCO», (Rai et al., 2007). Consequently, acidic dissolution of easily weatherable Cr-
bearing minerals might be the dominant source of Cr in Archean surface waters.
Examples of easily weatherable Cr minerals include Cr-bearing igneous and metamorphic

silicates in the protolith and clay minerals in the soil (Morrison et al., 2015; Oze et al.,
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2004). Weathering and riverine transport of Cr during the Archean might be limited by
the availability of easily weatherable Cr-bearing minerals. Furthermore, preferential
dissolution of some secondary Cr-bearing minerals with Cr isotopic compositions
different from the mantle source (Babechuk et al., 2016; Farkas et al., 2013; Wang et al.,
2016) might cause noticeable isotopic fractionation, which complicates the interpretation
of small chromium isotopic fractionations as “whiffs of O,,” in the Archean (Frei et al.,

2009).

5.3 Trace Cu-minerals as signatures of the surface environment and mineral evolution
As discussed above, some of the most widely used indicators of fluctuations in
Earth’s near surface environment during the late Archean include anomalous
concentrations or isotopic ratios of trace metals in the sedimentary record. In addition,
attention has long focused on a few detrital minerals, e.g. pyrite, siderite, and uraninite,
whose abundances seem anomalous compared with younger sedimentary records. Our
calculations suggest another potential line of evidence: perturbations in the near-surface
mineralogic environment which might be traceable in the geologic record. We base this
discussion on copper mobility in the late Archean surface environment because copper
has three oxidation states under ambient temperatures and pressures in nature.
Furthermore, it is an element of importance in the biogeochemistry of early enzymes
(Dupont et al., 2010), stable isotopic studies of copper have been linked to fluctuating
redox conditions (Balistrieri et al., 2008; Chi Fru et al., 2016). Finally, because copper

minerals are readily identified in the geologic record and could potentially become an

154



important part of mineral evolution studies that link the coevolution of Earth and life
(Hazen et al., 2014).

Our model calculations of the behavior of copper during late Archean weathering
indicated that product minerals predicted to occur during the weathering could be
potentially used to indicate the redox evolution of the environment. For example,
weathering of chalcopyrite under the standard late Archean atmospheric conditions
produced chalcocite and bornite (Fig. 6a). However, when there were fluctuations in the
oxidation state of the atmosphere, native copper could form (Fig. 6b). If there were
geological observations in Archean weathering profiles showing the occurrence of native
Cu, they might be relatable to fluctuations of the near surface oxidation state. Compared
with the chemical profiles of trace elements preserved in marine sedimentary rocks, the
occurrence of minerals in terrestrial records doesn’t necessarily involve riverine transport,
which may preserve the in situ weathering signatures. Therefore, we want to emphasize
here the potential application of mineral assemblages formed during weathering as an aid
to understanding the evolution of Earth’s surface redox state, especially before the GOE.
Our results could be used in combination with copper mineral evolution studies to
provide a new, thermodynamically interpretable level of detail within the overall
framework derived in previous studies of the supercontinent cycle and the development

of the biosphere (Hazen et al., 2014).

6. Conclusions

This study has applied a recently developed chemical framework for late Archean

weathering to study the behaviors of phosphorus, manganese, chromium, and copper
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during weathering of olivine basalt plus trace element-bearing accessory minerals under a
set of standard Archean atmospheric boundary conditions. Moreover, whiffs of oxidants,
such as O,, and HNOs, were included as reactants to explore their influences on the
mobility and speciation of Mn and Cu during the weathering.

Our main conclusions are as follows:

(1) The set of standard late Archean atmospheric conditions we adopted, i.e. pHs,
= 10" bar and pCOy, = 107" bar, resulted in late Archean WARW with a pH of 6.4.
Excursions of pCO,, away from the standard conditions may have resulted in pH values
of Archean surface waters ranging from 3.5 to 7.2 depending also on the extent of
weathering. The metastability of organic acids deposited from organic hazes, or the
oxidation of sulfides caused by fluctuations of the near-surface redox state, could also
have influenced the pH of late Archean surface waters.

(2) Our model quantitatively links the pCO; of the atmosphere to the level of
phosphate transported by rivers. When pCO, was 107" bars, accessory apatite was totally
dissolved during weathering and the development of late Archean WARW (pH = 6.4)
resulted in riverine phosphate of at least 1.7 pumolar, much higher than at the present-day.
This result is consistent with the high levels of phosphate in late Archean seawater
inferred from the P/Fe ratios of banded iron formations (Planavsky et al., 2010).

(3) At the end of the early Proterozoic snowball Earth event when pCO, was at
least 0.12 bars, the pH of WARW may have been as low as about 5.7, which would have
corresponded to a solubility of 70 umolar phosphate. The amount transported by WARW
would have depended on the availability of apatite. In this way, our model provides a

specific mechanism for the previously suggested high levels of phosphate in the marine
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environment that may have influenced O, levels in the atmosphere by stimulating high
levels of oxygenic photosynthesis (Papineau et al., 2013).

(4) Crustal levels of Mn housed in Mn-olivine were predicted to dissolve
completely without producing any secondary minerals except Mn-bearing carbonate at
large extents of weathering. The corresponding Mn content of WARW reached about 1.2
pmolar, higher than in the modern WARW. Whiffs of 10™ mole 0,5 or HNO3 kg H,0
in the weathering model resulted in the formation of MnO,,, together with about 100
times more hematite. The concentrations of Mn(II) in the WARW would have decreased
dramatically during the precipitation of MnO ;.

(5) Chromite was too insoluble to dissolve during the late Archean weathering of
olivine basalt, resulting in negligible dissolved Cr in the WARW. However, Cr(OH)3 am,
representing easily weatherable Cr-bearing minerals dissolved totally during the
weathering, resulting in concentrations of Cr(IIl) in the late Archean river water of up to
0.14 pmolar, higher than at the present-day.

(6) Late Archean weathering of accessory chalcopyrite in olivine basalt under our
standard conditions produced chalcocite and bornite, along with other secondary minerals.
The predicted concentrations of Cu in the resultant river water would have been
extremely low (about 5.9 x 107" nmolar) because of the low solubilities of the copper
sulfides. However, during a pulse of either 10° mole 0,4 kg'' H,O or 10 mole HNO;
kg' H,0, weathering of chalcopyrite produced two generations of native copper,
chalcocite and bornite, together with about 100 times more hematite. The resultant

WARW contained comparable level of dissolved Cu as the modern river water.
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(7) The copper mineralogy recorded in weathering profiles might be useful as a
signature of the surface redox environment. The thermodynamically interpretable signals
may provide a new correlation with evidence from studies of copper mineral evolution.
Preliminary results suggest that native copper occurrences in the late Archean might
indicate fluctuations in the oxidation state of the weathering zone.

(8) In addition to redox variations, fluctuations in pH and the availability of easily
weatherable accessory minerals could also affect the mobility and speciation of trace
elements in the late Archean. These results suggest that the abnormal enrichment of trace
elements and their isotopic fractionations do not necessarily suggest the appearance of
oxygenic photosynthesis and accumulation of free O, in the early atmosphere. Besides
traditional sedimentary records, secondary mineral assemblages of trace elements can be
potentially useful to understand the evolution of surface environment, especially before

the GOE.
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Table 1. Sources of trace elements in the weathering model expressed as amounts of
accessory minerals in olivine basalt estimated from elemental upper continental crust

abundances.

Amountused in
Abundance!
Trace element Mineral Source the model®

(ppm)
(umoles.kg™ H,0)

Apatite (0.45 F-apatite; 0.45
P 1310 0.55
OH-apatite; 0.10 Cl-apatite)

Mn,SiO4 (0.006) in olivine solid
Mn 775 0.36
solution

Chromite or Amorphous
Cr 92 0.14
CI'(OH)3

Cu 28 Chalcopyrite 0.017

' Concentrations in the upper continental crust (Rudnick and Gao, 2003).

* Values correspond to 10™* moles of primary minerals destroyed per kg H,O.
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Table 2 Potential mineral products that might form during weathering and that were in

the thermodynamic data file used for the modeling.

Trace
Possible secondary minerals Formula
element
P Apatite Cas(PO4)3(OH,F,Cl)
Vivianite F€3(PO4)2 -8H,0
Hausmanite Mn;04
Pyrolusite MnO,
Bixbyite Ml’l203
Mn
Alabandite MnS
Manganosite MnO
Rhodochrosite MnCO;
Cr Amorphous Cr(OH); Cr(OH);
Native copper Cu
Covellite CuS
Chalcocite Cu,S
Bornite FeCusSy
Cu
Cuprite Cu,0O
Tenorite CuO
Malachite Cu,CO3(OH),
Azurite Cu3(CO3)2(OH),
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Figure 3. a. Destruction of 5.5 * 107 moles primary apatite during weathering of olivine
basalt under the standard Archean atmospheric conditions. b. Evolution of aqueous
phosphate during the weathering. Arrows along the lines show the evolving water
chemistry in the direction of increasing reaction extent during the weathering of 5.5 * 10
7 mole (blue solid line) or 10°® mole (blue dashed line) of apatite. Round and square
points suggest the concentrations of dissolved phosphate in the Archean world average
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Chapter 6

Chromium Redox Equilibria in Aqueous Fluids Under

Hydrothermal and Subduction-zone Conditions

Chemical profiles of chromium and its isotopes in sedimentary archives have
been widely used as a paleo-redox proxy. However, sedimentary rocks from early Earth
have all experienced variable degrees of diagenesis and/or low to middle grades
metamorphism. Consequently, b-the behavior of chromium at temperatures and pressures
greater than the original depositional conditions is potentially very important for the
interpretation of the chromium signature but has rarely been reported. In this study, we
applied the recently developed Deep Earth Water (DEW) Model (Sverjensky et al., 2014)
to simulate the speciation and solubility of chromium in aqueous solutions over a wide
range of temperatures and pressures including diagenetic, hydrothermal, and subduction-
zone conditions. Moreover, the effects of redox state, pH, and complexation with Cl" on
the behavior of chromium were also investigated.

In low-pressure diagenetic and hydrothermal environments, our calculations
showed that Cr*" could be a dominant species together with Cr’* within geologically
reasonable ranges of pH and log fO,, at 100 °C and Pgy.. Cr*" is stable at high pH and

low fO,, and Cr’" is stable at low pH and high fO2,. Cr(VI) species are not important
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under these conditions. However, if temperature increases to 250 °C, Cr*" becomes the
only dominant Cr species in aqueous fluids within the reasonable ranges of pH and log
fO2,, suggesting that increasing temperature favors the stability of Cr(II) relative to
Cr(IIT). Further calculation suggested that although Cr(III)-CI" complexation could
promote the stability of Cr’" relative to Cr*", Cr*" is still a dominant species even with
extremely high concentration of CI, and Cr*" is further favored if it too forms complexes.

In high-pressure subduction-zone environments, prediction of the oxidation
reaction of Cr*" to Cr’* suggested increasing stability of Cr** versus Cr’” with increasing
temperature but increasing pressure favors stability of Cr’* versus Cr*". Specifically, at 1
GPa and 200 °C, Cr*" is the only dominant aqueous Cr species within geologically
reasonable ranges of pH and log fO,,. Cr’" could be stable at low pH with log fO2, close
to QFM. The stability of Cr(VI) species requires high fO,, and pH conditions. Similarly,
at 1 GPa and 600 °C, Cr*" is still the only dominant species within ranges of pH and log
fO1, constrained by mineral buffers. Cr’" is not stable under these conditions but HCrO4~
could be stable at log fO,, close to QFM and high pH. At 5 GPa and 600 °C, Cr’" is the
only dominant aqueous Cr within the ranges of pH and log fO,, constrained by mineral
buffers. At log fO,, close to QFM, Cr*" and CrO4> could be stable at moderately high pH
and higher pH respectively. At 5 GPa and 1000 °C, the results are similar to the case at 1
GPa and 600 °C.

Complexation between Cr and Cl" could conceivably promote the solubility of
Cr0;3 . at 0.5 GPa, 600 °C or 6 GPa, 1000 °C, but all of the dissolved species should be
Cr(IT). HCrO4 could be stable at high pH but Cr(III) was predicted to not be stable. Our

calculation results suggested that metamorphism involving aqueous fluids could
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solubilize chromium as Cr(II) or Cr(VI) and modify the original sedimentary signatures.
This process also could cause isotopic fractionation of Cr. High-temperature fluids
carrying high concentrations of Cr(II) might also cause the formation of the hydrothermal
mineral crocoite, chromite ore deposits, and Cr-rich garnets associated with diamond

formation.
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1. Introduction

Chromium is a trace element in the continental crust but enriched in ultramafic
and mafic rocks. Chromium has three common redox states: Cr(II), Cr(IIl), and Cr(VI).
Under ambient conditions, Cr(II) requires very reducing conditions and is not stable in
water as shown in Figure 1. Instead, Cr(IIl) and Cr(VI) can be stable depending on the
pH and log fO,,. Specifically, under anoxic to reducing conditions, Cr(III) is stable. If the
surface water is acidic (pH < 5.5), the solubility of Cr(III) is high and Cr’" is the major
aqueous species; otherwise, Cr(OH);., will precipitate and limit the solubility of
chromium. Oxidation of Cr(IIl) to form Cr(VI) is thermodynamically favorable under
moderately oxidizing conditions even without the existence of molecular O,, (Fig. 1).
However, the oxidation of Cr(IIl) in the surface environment relies on the catalysis of
strong oxidants, e.g. MnO, ., or H,O, (Oze et al., 2007). If somehow these oxidants are
present, Cr(IIl) can be oxidized to Cr(VI) which greatly increases the solubility of
chromium. These processes facilitate riverine transport of chromium to the ocean where
Cr(VI) can again be reduced and sequestered into sediments.

Based on the above understanding of chromium weathering and riverine transport,
recent studies have utilized the chemical profiles of chromium recorded in ancient marine
sediments to reconstruct the evolutionary history of atmosphere O,,. For example, high
concentrations of chromium in banded iron formations were interpreted to indicated the
appearance of molecular O, in the early atmosphere before the Great Oxidation Event
(Frei et al., 2009). However, all early sedimentary records have experienced diagenesis
and low to high-grade metamorphism which might potentially modify the original

geochemical signatures. At elevated temperature and pressure, previous studies have
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suggested that low valence states of trace metals such as Fe(Il), Eu(Il), and Cu(I) are
thermodynamically favorable to form in aqueous solutions due to the large difference of
entropy among valences (e.g. Sverjensky, 1984). If this principle also applies to
chromium, then Cr(II) might be expected in aqueous fluids once the temperature is
increased during advanced diagenesis or low to high-grade metamorphism. Reduction of
Cr(I1I) to Cr(I) would be expected to increase the solubility of chromium in aqueous
fluids. In this case, the original depositional isotopic signature of chromium may not be
preserved.

A limited number of geological observations and experimental studies present a
complicated picture of chromium behaviors to be expected in hydrothermal fluids. For
example, onboard-ship analysis of dissolved Cr in diffuse hydrothermal fluids has been
used to calculate the total chromium concentration in the hydrothermal end-member
(Sander and Koschinsky, 2002) of about 1200 nM without considering any fluid-rock
interactions during the transport of the hydrothermal fluid. Given the likelihood of
possible scavenging processes of aqueous Cr by Fe-Mn oxides along with cooling of the
fluid (German et al., 1991), the concentrations of dissolved Cr in the hydrothermal fluid
end-member might be even higher than the suggested value.

Experimental studies suggest a limited solubility of chromium in low pressure
hydrothermal fluids (Hiroishi et al., 1998; Ziemniak et al., 1998). Specifically, Hiroishi et
al. (1998) measured the solubility of Cr,O; . in pure water at 200 °C and reported 22.4
nM dissolved Cr with pH of the solution as around 4.5 at room temperature. Other
experiments reported less than 1 nM dissolved Cr in alkaline solutions in equilibrium

with Cr,Os3, at temperatures ranging from 25 °C to 300 °C (Ziemniak et al., 1998). In
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order to solve the contradiction between the reported solubilities between geological
observations and laboratory experiments, a better understanding of the speciation of
aqueous chromium is required together with considerations of constraints on the pH and
redox in geological settings.

As in the case of hydrothermal systems, the mobility of chromium under
subduction-zone and upper mantle conditions are rarely addressed and poorly understood.
Evidence from various diamond inclusions showed up to 2.5 wt% Cr, implying high
concentrations of chromium in upper mantle fluids (Klein-BenDavid et al. 2009; Sobolev
et al., 2009). It has been proposed that such high concentrations of chromium were the
result of transport in high salinity fluids, especially with high concentrations of chloride
(Sobolev et al., 2009). Cr-rich veins with up to 4 wt% chromium in eclogite (~600 °C and
~ 2.0 GPa) have been interpreted to represent an external Cr-rich fluid probably derived
from serpentine dehydration (Spandler et al., 2011).

Experiments on the solubility of Cr,O;, with a range of KCI concentrations at
1,000 °C and 4 GPa reported concentrations of dissolved chromium as high as 0.06 molal
(Klein-BenDavid et al., 2011). Similar experiments at lower temperatures and pressures
(Watenphul et al., 2014) showed that solubilities of Cr,Os, in NayCO3 and Na,SizO7
solutions are below the detection limit, whereas the solubility of Cr,O3, in HCl . could
be up to 0.29 M. Various lines of evidence point to the fact that chromium could be very
mobile in fluids at high temperature and pressure. In addition, complexation with ligands,
such as CI" and/or low pH might be expected to increase the solubility of chromium
minerals. However, none of the experimental studies determined the valence of aqueous

chromium during the experiments. The possibility that reduction of Cr(IIl) to Cr(II)
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increases the solubility of chromium at high temperature and pressure cannot be ruled out
experimentally unless the redox state of the system is well controlled and the valence
information of aqueous chromium is analyzed.

The present study was designed to apply the recently developed Deep Earth Water
(DEW) Model (Sverjensky et al., 2014) to calculate the speciation and solubility of
chromium in aqueous solutions over a wide range of temperatures and pressures covering
hydrothermal, subduction-zone, and upper mantle conditions. In addition, the effects of
redox state, pH, and complexation with possible ligands on the behavior of chromium
were investigated. The goal of this project is to use theoretical thermodynamic
calculations to explore the possible behavior of chromium in aqueous fluids as a guide to
future experiments and as an aid to the interpretation of the chromium concentrations in

minerals.

2. Theoretical calculation approach and assumptions
2.1 Calculation approach

The thermodynamic properties of aqueous and solid chromium species used in the
calculations are listed in Table 1. For the aqueous chromium species, we used the
Helgeson-Kirkham-Flowers equations and predictive correlations to calculate the
standard Gibbs free energies of formation at high temperatures and pressures ranging
from hydrothermal to subduction-zone conditions (Helgeson et al., 1981; Shock et al.,
1997; Sverjensky et al., 1997). The calculations were conducted with the Deep Earth
Water (DEW) Model (Sverjensky et al., 2014) which has recently applied to explore the

behaviors of C and N in upper mantle and subduction-zone fluids (Mikhail and
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Sverjensky, 2014; Sverjensky et al., 2014). The Gibbs free energies of formation of Cr-
bearing solids at high temperatures and pressures were calculated using the SUPCRT92b
code, an adaption of SUPCRT92 (Johnson et al., 1992) that we use to compute the
thermodynamic properties of minerals consistent with Berman (1988), Berman and
Aranovich (1996), Sverjensky et al. (1991).

Owing to the lack of stability of Cr(I) in surface waters the thermodynamic
properties of Cr(Il)-complexes are not known. In this study, we examined the potential
role of Cr(II)-Cl complexes on the solubility of chromium minerals by considering a
range of values for the dissociation constant of CrC1". With regard to simple Cr-bearing
solids, we used Cr,O;. even though it is a rare mineral in nature. Chromium occurs
mainly as chromite or as solid solutions in silicate minerals, suggesting that Cr,O3  is not
stable in multicomponent rocks. We considered it because the thermodynamic properties
have been measured and experiments have mainly used Cr,Os, to study the solubility of
chromium at high temperatures and pressures. In this way, our calculations can be
compared with experimental results even though Cr,O;. has little relevance to the

occurrence of chromium in nature.

2.2 Assumptions for hydrothermal and subduction-zone conditions

The temperatures of low-pressure hydrothermal fluids can range from about 50 °C
in the shallow subsurface of the seafloor to at least 400 °C and pressures from a few
hundred bars to several kilobars (Vanko, 1988; Shock, 1992). The oxidation states of
hydrothermal fluids could be in principle constrained by several mineral redox buffers

(Shock 1992; Seewald, 1996). In our study, we chose quartz-fayalite-magnetite (QFM)
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and magnetite-hematite (MH) to represent a wide range of redox states under
hydrothermal conditions. As in the case of the oxygen fugacity, mineral buffers can be
used to indicate the likely ranges of pH of hydrothermal. One common example is the
feldspar-muscovite-quartz assemblage because the equilibrium constant is the activity
ratio of K™ and H" (Sverjensky et al., 1991). At a given temperature and pressure, the pH
values of hydrothermal fluids are determined by a given a(K") value (Hemley and Jones,
1964).

In subduction zones, the appropriate temperatures and pressures vary a lot among
different subduction-zones (Syracuse et al., 2010; van Keken et al., 2011). In this study,
we didn’t investigate speciation of aqueous chromium in one specific subduction-zone
setting; instead, we selected four P-T boundary conditions to explore most of the likely
ranges. The redox states of subduction-zone fluids are thought to be indicated by the
QFM redox buffer, specifically between QFM and QFM - 2 (Parkinson and Arculus,
1999; Kelley and Cottrell, 2009). In order to simulate possible variations of redox states
among tectonic settings, we also calculated the log fO,, values represented by HM and
iron-wiistite. In contrast to the hydrothermal fluids, few studies have considered the
possible pH ranges of subduction-zone fluids (Galvez et al., 2016; Sverjensky et al.,
2014). Given that forsterite and enstatite are two abundant minerals in the ultramafic
oceanic lithosphere, we adopted these minerals to indicate the potential ranges of pH of

subduction-zone fluids in the present study.

3. Predicted behavior of aqueous chromium at elevated temperatures and pressures

3.1 Chromium redox equilibria in low-pressure hydrothermal systems
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Figure 2 shows the predicted relative stabilities of aqueous chromium species in
hydrothermal fluids as functions of pH and log fO,,. It can be seen in Fig. 2a that at
100 °C and the saturation pressure of water vapor (Pg:), the speciation of chromium
varies greatly depending on the pH and redox states of the fluid. Specifically, at log fO,,
between QFM and magnetite-hematite and pH constrained by KMQ, Cr*" and Cr’" are
the dominant aqueous species of chromium. The results indicate that Cr**, which is not
stable under ambient conditions (Fig. 1), could be thermodynamically stable in water as
temperature increases. Moreover, the stability of Cr*" is favored by low log fO2, and high
pH, as suggested by Fig. 2a, whereas formation of Cr’* is favored by high log fO,,, and
low pH. The diagram also indicates that within HCrO4 and CrO4> do not have stability
fields unless both log fO,, and pH are much higher than the geochemically reasonable
ranges considered here. Speciation results in the sulfur system suggested H»S 4 to be the
dominant aqueous sulfur species in hydrothermal fluids within the ranges of log fO,, and
pH constrained by the mineral assemblages in Fig. 2a.

The increased stability of aqueous Cr*” with increasing temperature is shown even
more dramatically in Fig. 2b. Here it can be seen that the stability field of Cr’" retreats to
geochemically unreasonable pH and log fO,, conditions, leaving Cr*" as the predicted
dominant aqueous chromium species. This result confirms the hypothesis that high
temperatures favor the stability of the lower valence of chromium in aqueous solution.
Moreover, Fig. 2b suggests an expansion of the stability field of HCrO, relative to CrO,”.
Nevertheless, HCrOy4™ is still not an important species within the ranges of pH and log
fO2, constrained by the mineral assemblages in Fig. 2b. H,S 54 is again the dominant

aqueous species of sulfur under these conditions.
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The speciation of trace metals such as chromium can be greatly affected by
complexation with anions such as CI’, HS, SO,%, and organics (Sander and Koschinsky,
2000). In this study, we estimated the thermodynamic properties of CrCI*" and explored
its behavior in our calculations at 250 °C and Pg,. The results shown in Fig. 3 indicate
that, as expected, the stability field of Cr(Ill) increases with elevated concentrations of
CI', meaning that complexation between Cr’* and CI” could promote the stability of
aqueous Cr(III) versus Cr(II). However, even with a(Cl) = 1, Cr*" remains a major Cr
aqueous species. The role of Cr(IIl)-Cl complexation does not effectively cancel the
effect of increasing temperature on the stability of Cr(II) versus Cr(III). In addition, Cr(II)
might be expected to have a similar ability to complex with CI', similar to the behaviors
of Fe(I) and Fe(IIT) (Shock and Koretsky, 1995; Sverjensky et al., 1997). In this case, the
complexation of both Cr(II) and Cr(Ill) would oppose each other and tend to cancel,

which would favor the enhanced stability field of Cr(II) at elevated temperatures.

3.2 Chromium redox equilibria in high pressure-temperature fluids

The key equilibrium between Cr** and Cr’" can be expressed as
2+ 1 + 3+ 1
Cr + ZOzyng H - Cr '+ §H2O

The predicted behavior of this equilibrium constant at both elevated temperatures and
pressures can be seen in Fig. 4. As expected, the strong decrease in log K with increasing
temperature favors the relative stability of Cr** compared with Cr’" in the fluid. However,
it can also be seen in Fig. 4 that log K increases with increasing pressure, which opposes

the trend with increasing temperature. In order to explore the relative effects of
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temperature and pressure, in the following discussion, we show four representative cases
covering a large range of temperatures and pressures (Fig. 5).

The results at at 1 GPa and 200 °C (Fig. 5a) are similar to those obtained for the
low pressure hydrothermal systems discussed previously: Cr’" is stable at low pH
whereas Cr*" is stable at high pH at log fO, close to QFM. The most oxidized species,
HCrO4 and CrO.* require log fO», values much higher than QFM. Under conditions
with log fO,, between QFM and QFM - 2 and pH values set by the forsterite-enstatite
buffer, Cr*" is suggested to be the dominant aqueous species. Under these circumstances,
the formation of a Cr’" mineral from an aqueous fluid containing Cr*" will necessarily
involve a redox reaction.

At the same pressure of 1 GPa and the higher temperature of 600 °C, it can clearly
be seen in Fig. 5b that Cr*" and HCrOy are predicted to be the dominant aqueous species
over the whole log fO,, and pH range. At this pressure and temperature, Cr’” and CrO4*
have no stability fields. Consequently, even at 1 GPa, high temperature favors the
stability of Cr*" versus Cr’". Neutral pH doesn’t change much with the increasing
temperature from Fig. 5a to b, however the pH levels of the forsterite-enstatite buffer
drop dramatically from alkaline at 1 GPa and 200 °C to acidic at 1 GPa and 600 °C. The
level of log fO,, indicated by the QFM buffer increases greatly from 200 °C to 600 °C.
Within the ranges of log fO,, and pH constrained by these mineral buffers for pH and log
fO,, Cr*" is the only dominant aqueous species in the fluids. Moreover, our calculation
also shows that aqueous HCrO4 could be stable at high log fO,, but also at high pH
when log fO,, is around QFM. This result indicates that HCrO4” might form in highly

alkaline fluid (pH > 6) without any changes of oxidation states at this temperature and
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pressure, although whether this level of high pH is geologically sensible or not is
unknown.

Much higher pressures are depicted in Fig. 5c and d. In Fig. 5c, it can be seen that
at 5 GPa and 600 °C when log fO,, is between QFM and QFM-2, Cr’ s
thermodynamically stable at low pH, Cr*" at moderate pH, and CrO,> at high pH. Within
the pH range constrained by the forsterite-enstatite assemblage, Cr’* is the dominant
aqueous species, in contrast to the results at 1 GPa, 600 °C which show that Cr*" is the
dominant aqueous species. This result confirms the preliminary conclusion (Fig. 4) that
increasing pressure favors the oxidation of Cr** to form Cr’*. In addition, the calculation
also suggests that Cr(VI) could form in highly alkaline fluids (pH > 6) with log fO,, of
approximately QFM.

At both high pressure and high temperature, i.e. 5 GPa and 1000 °C, it can be
seen in Fig. 5d that the results are similar to those at 1 GPa and 600 °C. Specifically, only
Cr*" and HCrOy  are stable species in the fluids. Within the ranges of log fO», and pH
constrained by mineral assemblages, Cr*" is the only dominant aqueous Cr species.
Obviously, HCrO4™ could form at high log fO, 4, but also form at pH > 4 even when log
fO2, s close to or lower than QFM (Fig. 5d).

Overall, the calculation results at different temperatures and pressures as shown in
Figs. 4 and 5 suggest a complicated picture of the speciation of aqueous chromium
strongly depending on both redox and pH. Although high temperature favors the stability
of Cr’', high pressure favors the stability of Cr’". Considering the large coupled
variations of temperature and pressure inferred for subduction-zone systems (Syracuse et

al., 2010; van Keken et al., 2011), the chromium in the subduction-zone fluids can be
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expected to experience repeated redox reactions, especially between Cr*" and Cr -
species, including their complexes. According to our calculations, the formation of Cr(VI)
would require unusually high log fO,, or high pH. As mentioned above, if the redox
states of subduction-zone mainly lies between QFM and QFM-2, there is little possibility
of forming Cr(VI) via oxidation of Cr(II) or Cr(III). Whether there could be large enough
pH changes during water-rock interaction that could enable the formation of Cr(VI)
without redox changes remains an open question. Previous work has suggested the effect
of pH change due to water-rock interactions in the formation of diamond in eclogitic
environments (Sverjensky et al., 2015). A similar modeling approach could now be

applied to include the behavior of chromium during water-rock interactions in the future.

3.3 Solubility of Cr:03., at high temperature and pressure

Figure 6 shows equilibrium diagrams for the Cr,03-H,O-HCI system that include
Cr0s, at two settings of temperature and pressure. At 0.5 GPa and 600 °C, our
calculation suggests that Cr(Il) and HCrO, are dominant aqueous species in equilibrium
with Cr,0s . There is no stability field for aqueous Cr(IlI), implying that aqueous Cr(III)
is not thermodynamically stable in this environment in the fluid. This result might appear
to contradict suggestions that the dissolved chromium is Cr(III) under similar temperature
and pressure conditions (Watenphul et al., 2014). However, it should be emphasized that
the Watenphul et al. (2014) study involved the solubility of Cr,O;, in very strongly
acidic HCI solutions for which we do not currently have an aqueous speciation model.
Our equilibrium constant calculations reported in Fig. 6 do show a strong dependence of

the solubility of Cr,Os3 on the pH as well as the log fO,, in the water. Specifically,
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under low pH and low log fO,, conditions, aqueous Cr(II) is thermodynamically favored
to form. Given the high solubility of Cr(Il) in the water, the solubility of Cr(Ill)-minerals
will be promoted as long as the reduction of Cr(III) to Cr(Il) proceeds. This process may
partly explain the high solubility of Cr,O; ., in high HCl(aq)-rich solutions (Watenphul et
al., 2014).

Apart from the pH and redox, another important factor affecting the solubility of
minerals is the complexation with ligands. In the case of hydrothermal and subduction-
zone fluids, one of the most abundant species is Cl" (Manning, 2004; Von Damm, 1990).
As we mentioned above, due to the limitation of thermodynamic properties for Cr(II)-Cl,
we simply calculated the effects of complexation by giving a range for the stability
constant (log ). Larger log B values represent stronger complexation. It can be seen in
Fig. 6 that strong complexation between Cr*" and CI” could expand the stability field of
aqueous Cr(II) toward that of Cr,O;,, implying an increase of solubility of Cr,O3 .. Our
results presumably show that complexation of Cr(II) with CI" could increase the solubility
of CrOs, as also suggested by Watenphul et al. (2014). However, to quantitively
examine the complexation effect, a reliable estimation of the thermodynamic properties
of Cr(I1)-Cl complexes will be required.

At 5 GPa, 1000 °C it can be seen in Fig. 6b that aqueous Cr(IIl) is not stable in
the supercritical fluid. However, unlike the case at 0.5 GPa, 600 °C, CrCl" is the
dominant species rather than Cr,O; ., at the redox states close to QFM and neutral pH.
This indicates a moderate or high solubility of Cr,Os, in the hydrous fluid under these
conditions, consistent with the high solubility of Cr,Os in neutral and KCI fluids at

similar temperatures and pressures reported by Klein-BenDavid et al. (2011). However,
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our calculation suggests that Cr(II) is the dominant aqueous species instead of Cr(III)
proposed by Klein-BenDavid et al. (2011). It was also observed that the solubility of
Cr,03 would increase as the concentration of KCl increased (Klein-BenDavid et al.,
2011), indicating potential effects of complexation between aqueous Cr and CI'. Here,
our results showed an expansion of the stability field of CrCl" in response to the stronger
complexation, although we changed the stability constant of CrCl" instead of
concentration of CI" due to a lack of reliable thermodynamic properties of CrCl". In
addition, our results imply a strong dependence of speciation and solubility of chromium
on the pH of the fluids at 5 GPa and 1000 °C. For example, HCrO4 could form at pH > 6
when the redox state is close to QFM. As we mentioned above, formation of HCrO4

would greatly elevate the solubility of chromium minerals.

4. Discussions and implications

Our results overall indicate a perhaps surprising stability for Cr(Il) species in
aqueous solution at temperature of greater than about 100 °C. Increase of pressure oppose
this trend, but Cr(III) can only compete with Cr(II) when the pressure becomes very high,
of the order of 5 GPa at temperatures of about 600 °C or less. These results have
important implications for the geochemistry of chromium and its stable isotopes over a
wide range of geologic environments from diagenetic to low pressure hydrothermal
environments, and to subduction-zone conditions. We now discuss examples of the

implications for chromium in these different environments.

4.1 The sedimentary banded iron formation record of chromium geochemistry
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The chemical profiles of chromium and its isotopes recorded in various kinds of
sedimentary records have been used to reconstruct the evolution of atmosphere pO,,
(Crowe et al., 2013; Frei et al., 2009 & 2016). One of the fundamental assumption behind
these interpretations is that chromium can only be mobile when it is in its oxidized form,
i.e. Cr(VI) ions, although recent studies also pointed out the role of fluctuations of pH in
solubilizing Cr(III)-minerals without any O, (Hao et al., in preparation; Konhauser et al.,
2011). In addition to all the factors affecting the weathering of chromium at ambient
conditions, our study has revealed that even at modest elevations of temperature, Cr(II)
instead of Cr(III) could be the dominant aqueous species at reasonable ranges of log O, ,
and pH constrained by mineral buffers (Fig. 2). Cr(Il) has a higher solubility than Cr(III)
which will enable mobility of chromium. This process might conceivably have been very
important in the geologic record considering that all of the reported Archean sedimentary
archives have experienced at least low- to medium-grade metamorphism.

As with the the reduction of Fe(IlI), the reduction of Cr(IIl) to Cr(II) might also
involve isotopic fractionation. If this is the case, Cr(II) should be isotopically lighter than
Cr(I1I). It can be expected that during the interaction of water and Cr(II)-minerals at
temperatures and pressures where the aqueous phase contains mainly Cr(Il), the light
chromium isotope will be enriched in the Cr(II) and any secondary minerals containing
mainly Cr(III) will be enriched in the heavy chromium isotope. Moreover, at high
temperature and pH, our calculation suggested that HCrO4 could form by oxidation of
Cr(I)/Cr(I1I) at log fO,, close to QFM (Fig. 6 & 7). This also implies that highly alkaline
fluid could mobilize chromium in the form of HCrO4 without log fO,, much higher than

QFM. During this process, HCrO4 will become isotopically heavier and solid residues as
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mainly Cr(III) become isotopically lighter (Schauble et al., 2004). Under these
circumstances, fluid-rock interactions occurring during the diagenesis and metamorphism
of the sediments might generate small but noticeable isotope fractionations, which would
confuse the interpretation of small anomalies of chromium isotopes. Therefore, further
investigation of Archean sedimentary records should consider the influence of
metamorphism especially processes involving hydrous fluids on the chemical profiles of

chromium and its isotopes.

4.2 Behavior of chromium in hydrothermal and subduction-zone fluids

Examples of the involvement of aqueous chromium in hydrothermal and
subduction-zone fluids include serpentinization environments, hydrothermal crocoite
deposits, podiform chromium deposits, and fluids associated with diamond formation. It
has been documented that serpentinites have heavy chromium isotopes compared to the
mantle inventory (Farkas et al., 2013; Wang et al., 2016). This result supports our
inferences discussed above. In the relatively low pressure, high temperature environment
of hydrothermal serpentine formation, aqueous Cr(Il) species should predominate When
ultramafic rocks are altered by hydrothermal fluids the isotopically light Cr(Il) in the
fluids should be associated with isotopically heavier Cr(IIl) in the serpentine that forms
in equilibrium with the fluid.

A second example involves the formation of the chromate mineral crocoite
(PbCrQy4). According to our predictions, crocoite must form from a hydrothermal fluid
containing Cr(II) species by a redox reaction. The oxidation of aqueous Cr(II) to Cr(VI)

in alkaline hydrous fluids should result in very large isotopic fractionations because of
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the difference of four redox units. This prediction provides a mechanism to explain the
extremely heavy isotope compositions of hydrothermal crocoite from a variety of
locations (Schoenberg et al., 2008).

Recent studies have also emphasized an important role for hydrothermal fluids in
the formation of chromium ore deposits (Arai and Akizawa, 2014; Borisova et al., 2012;
Matveev and Ballhaus, 2002). It is necessary to have a high solubility of chromium in the
water in order to form ore-bodies of enormous volumes. As mentioned above,
investigations of the complexation of Cr’* and CI" have emphasized its role in increasing
the solubility of chromium. However, as indicated in the experimental settings, it
generally requires remarkably high concentrations of CI or extreme conditions to have
considerable solubility of chromium. In this study, we found that Cr(II) rather than Cr(III)
is the dominant aqueous species under the redox and pH constrained by geologically
abundant mineral assemblages. The solubility of Cr(Il) should be much higher than
Cr(I1I). Complexation of Cr(II) with ligands like CI" could further increase the solubility
of chromium in the fluid. At high temperature and pressure, these processes should
enable transport of high levels of chromium in aqueous fluids. However, aqueous Cr(II)
might become less stable as the fluids cool and get oxidized to form Cr(Ill)-bearing
minerals. Conceivably, the lower solubility of Cr(IIl) in the fluids would cause the
precipitation of Cr-(hydro)oxides or chromite if Fe(Il) is present in the system, forming
chromium ore deposits. Direct precipitation of chromite from hydrothermal fluids has
been suggested during metasomatic activity in peridotite rocks (Arai et al., 2014),

consistent with our suggestions.
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A final example of the potential importance of aqueous Cr(II) species involves the
numerous lines of evidence for Cr transport by fluids associated with diamond formation
and mantle metasomatism. The fluids recorded in diamond fluid and solid inclusions
indicate dissolved chromium concentrations of the order of 1 wt. % (Klein Ben-David et
al., 2009). Furthermore, garnets associated with diamond formation and mantle
metasomatism typically are Cr-rich and low in Ca (Stachel and Harris, 2008). However,
this association depends on the environment of diamond formation. Garnet inclusions in
diamonds with eclogitic affinity typically have a low Cr content (much less than 1 wt%
Cr203), whereas diamonds with a peridotitic affinity have high Cr contents (typically 7 -
10 % Cr203). The very high Cr concentrations in such garnets have often interpreted to
reflect transport in Cl-bearing fluids (Wang et al., 2011; Stachel and Harris, 2008; Klein

Ben-David et al., 2011).

5. Concluding remarks

This study has predicted the speciation of chromium in aqueous fluids as
functions of log fO,, and pH at elevated temperatures and pressures using the recently
developed Deep Earth Water (DEW) model. It has also investigated the effects of
complexation between Cr(II)/Cr(Ill) and CI” on the relative stability of aqueous species
and the solubility of Cr,03 .

Our main conclusions are as follows:

(1) At 100 °C and Py, Cr*" and Cr’" are the dominant aqueous Cr species given
the ranges of pH and log fO,, constrained by mineral buffers. Low pH and high log fO,,

favors the stability of Cr’" and high pH and low log fO», favors the stability of cr.
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Cr(VI) species are not thermodynamically stable unless at much higher log fO,, than
QFM and very high pH.

(2) At 250 °C and Py, Cr*" becomes the only dominant aqueous Cr species
whereas Cr’* is not stable within ranges of pH and log fO2, constrained by mineral
buffers. HCrO4” becomes more stable compared with the case at 100 °C, Py, but is still
unlikely to form under normal hydrothermal conditions.

(3) Complexation between Cr(Ill) and CI" could promote the stability of Cr’"
relative to Cr*™ at 250 °C and Pg,. However, Cr(I) might have similar complexation
behavior to Cr(IIl) and that would tend to cancel out the stabilization of Cr(III).

(4) At 1 GPa and 200 °C, Cr*" is the only dominant aqueous Cr species within
ranges of pH and log fO,, constrained by mineral buffers. At log fO,, values close to
QFM, Cr’" could be stable at low pH. Again, the stability of Cr(VI) species requires high
fO» and pH conditions.

(5) At 1 GPa and 600 °C, Cr*" is still the only dominant aqueous Cr species
within ranges of pH and log fO,, constrained by mineral buffers. Cr" is not
thermodynamically stable over a wide range of pH and log fO,,. Instead, HCrO4 could
be stable at log fO,, close to QFM and high pH.

(6) At 5 GPa and 600 °C, Cr’" is the only dominant aqueous Cr species within
ranges of pH and log fO,, constrained by mineral buffers. At log fO,, values close to
QFM, Cr*" could be stable at moderately high pH and CrO4> could form at higher pH.

(7) At 5 GPa and 1000 °C, the speciation is similar to the case at 1 GPa and
600 °C, i.e. Cr’" as the dominant aqueous Cr species and the stability of HCrO,  at high

pH.
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(9) Cr*" and its complexes are dominant aqueous species during dissolution of
Cr03. at 0.5 GPa, 600 °C or 6 GPa, 1000 °C. The solubility of Cr,Os, could be
promoted by complexation with CI'. HCrO4 could be stable at high pH and its relative
abundance could also increase the solubility of Cr,O;. at high temperatures and
pressures.

(10) Metamorphism involving hydrous fluids could modify the original
sedimentary signatures of chromium by solubilizing chromium as Cr(II) or Cr(VI). Fluid-
rock interactions under even mild diagenetic temperatures and pressures could cause
isotopic fractionations of Cr under some circumstances, potentially confusing the
interpretation of chemical profiles of Cr isotopes.

(11) Fluids carrying high concentrations of Cr(Il) at elevated temperature and
pressure might play an important role in the formation of the hydrothermal mineral
crocoite, the formation of chromite ore deposits, and the formation of Cr-rich garnets
associated with diamond formation. As all of the minerals involved contain Cr(III), redox

reactions from aqueous Cr(II) to Cr(III) in the minerals would be necessary.
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Table 1 Thermodynamic properties of chromium aqueous species and minerals used in this study. All equation of state parameters
were computed by the Deep Earth Water (DEW) model using correlations with the partial molal properties (Shock and Helgeson,
1988; Shock et al., 1989; and Sverjensky et al., 2014) unless otherwise noted.

g‘%é}?ggs AG}*  AH}* sob Cco® v ax10Y 4,x107* &°  a,x10™" ¢® o x10*T @x107®
cr 36,5708 -34,420%8  -19.0%5 -44" -172" 0.028 -8.50 8.87 -2.43 16.0 -3.93 1.35'
cr’ -45,6505  -54,970°  -71.9%¢ -23.8" -40.0" -7.15 -3.31 133 -2.64 16.8 -7.88 2.67
CrCI* 76,8241 88,614 3797 -120  -178 -1.16 -5.38 935 -2.56 20.5 -3.28 1.63
HCrO4 -181,980 -208,650"  45.51' 1.5™  449™ 10.7  5.90 -0.106 -3.02 157 -2.73 -0.940
CrO4* -173,090¢ -209,610° 12.45% -62.6" 19.8™ 924  -4.09 199 -2.61 2.66 -15.8 3.02
Cr0* -309,530% -352,690°  69.265 -29.1™ 727" 20.6  1.34 -6.51 -2.83 9.05 -8.96 2.16
MINERALS AG}? a AH? a SO b Cg b V() c kl 0 kz 0 k30 k4 0 v, X106 p v, ><1012 p vy X 106‘] v, X 1012 q

CryOse  -253,180%  -272,710" 19.40° 28.76° 29.09' 152.9" -789.5" -0.002" 1" -0.413" 0.2569" 38.310" 1.650"

a b c d e T

cal.mole™’; cal.mole ' K™'; cm>.mole”’; calmole'.bar'; cal.K.mole'.bar'; cal.K.mole; gJohnson and
h

Nelson (2012); Calculated from the given values of S (Johnson and Nelson, 2012) with the equations proposed by

Shock et al., (1997); ‘Calculated from enthalpy of the complexation reaction by Dellien and Hepler (1976);
’Estimated with equations from Sverjensky et al. (1997); “Ball and Nordstrom (1998); 'Retrieved with experimental
data from Palmer et al. (1987); "Shock et al. (1997); "Adjusted value from Shock et al. (1997) with experimental
data from Hovey and Helper (1990); °J.mole ' K '; Pbar-1; 9K™'; "Mah (1954); *Chase et al. (1985); 'Holland and
Powell (2011); “Extrapolated with data from Gurevich et al. (2009) and NIST-JANAF data base (1998) with
Berman-Brown Cp equation from Berman (1988); YExtrapolated with data from Rekhi et al. (2000); “Assume same
with the parameters of hematite from Berman (1988).
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Figure 1. Equilibrium diagram of Cr-O-H system at 25 °C and 1 bar. Equal activities of

aqueous species or activities of Cr(aq) equal to 10™ define the stability boundaries.
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Chapter 7

Conclusions

In this study, I have examined the quantification of O,, and H,, as redox
indicators of Archean surficial environments based on evidence from atmospheric models,
detrital mineral records, isotopic signals, and abnormal enrichment of trace metals in
sediments. I carried out aqueous speciation and mineral solubility calculations to provide
insights into the preservation of detrital minerals, the mobility of trace elements, and the
metastable presence of simple organic compounds in surface waters during the Archean. I
found that using pH,, as the redox indicator can provide consistent results with detrital
minerals and therefore is a more sensible and practical redox indicator of Archean surface
environments compared with pO,,. Volcanic outgassing of H», is significantly affected
by the tectonic settings and temperatures of the volcanoes. Before subduction began,
pH>, might be much higher than previous estimates, which is very favorable for the
origin of life. After life appeared and prospered on the Earth, early metabolisms would
use H,, as an important electron donor and therefore draw down pH, , probably to < 10°
bar in the atmosphere. Fluctuations of pH,, and/or pH in the Archean surface
environments might be the major reasons for the abnormal enrichment of trace elements

and their isotopic fractionations recorded in the sediments before the GOE. This study
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also found that simple organic compounds such as acetate and formate could be
metastable in the Archean rainwater and river water at high pH,, (1077 bar or higher).
Increasing pH,, during intense pulses of volcanic activity might form riverine transport
of organic acids and provide food for early methanogens to form hazy atmospheres.
Under the Archean pH,, conditions, it is predicted that magnetite does not have a
stability field in high-silica seawater; instead, either greenalite or siderite should form,
depending on the pCO,,. Overall, this effort represents a first step towards a more
fundamental understanding of the redox history of Archean surface environments.

For the purpose of geochemically simulating water-rock interactions, this study
proposed an extended linear free energy relationship for predicting AG; of crystalline
solids with the same crystal structure. Specifically, it is now possible to estimate the
parameters necessary to estimate the AG; values of all the divalent cation end-members
of a given crystal structure, based on knowing only the AG; value of the Mg end-member
solid. Key parameters characteristic of each structure (Sverjensky and Molling, 1992)
were shown to be predictable from correlations with the stoichiometry and cation
coordination properties of each silicate mineral family.

Using the LFER approach, the thermodynamic properties of the end-member
solids for eighteen different divalent cations were predicted for crystal structures
corresponding to those of common silicates, including orthopyroxene, olivine, garnet,
biotite, serpentine, chlorite, talc, saponite and beidellite. These predicted standard Gibbs
free energies of formation can be used to predict trace element distribution between
silicates and aqueous solutions at 25 °C and 1 bar. Together with predicted values of the

entropies, volumes, and heat capacities, the results of the present study could also be
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applied to predict trace element distribution at elevated temperatures and pressures. The
results of our study should have considerable practical application to modeling the
behavior of trace during water-rock interactions in geological processes.

By focusing on the previously proposed Archean atmospheric boundary
conditions to model the chemistry of weathering processes on the continents in the late
Archean, this study has carried out theoretical, reaction-path calculations to provide a
predictive model of the chemistry of present-day weathering processes and present-day
world-average river water as well as late Archean world-average river water. The
predicted thermodynamic properties of possible ferrous-clay minerals, i.e. saponite and
beidellite, were also included in the models. This effort represents a preliminary step
towards building an internally consistent, quantitative picture of the evolution of the near
surface environment of early Earth.

Under the present-day atmospheric conditions (»CO, = 107 bars, pOy = 10%
bars), the simulation showed that weathering of basalt + calcite and granite + calcite
produced hematite, kaolinite, smectite, and chalcedony. Destruction of 10* moles of
reactant minerals kg'1 H,0 resulted in Mg/Na, Ca/Na, and HCOs'/Na ratios, and pH
values of 8.0 - 8.1 consistent with present-day world-average river water (WARW).

Under the late Archean atmospheric conditions (pCO,, = 107" bars, pHo, = 1079
bars), weathering of olivine basalt + calcite and TTG + calcite produced kaolinite, Fe(II)-
smectite, and chalcedony and waters with much higher concentrations of HCOs™ and
Fe(Il) + Mg and a much lower pH of 6.3. The late Archean WARW is predicted to have a
lower Ca/Na ratio and much higher Mg/Na and HCOs/Na ratios than present-day

WARW. Aqueous Fe(II) can reach concentrations of 0.2 mM during weathering, but can
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also be stored in clay minerals at advanced stages of weathering, consistent with the
apparent mobility of Fe(II) in paleosols.

The late Archean weathering solutions can easily become supersaturated with
respect to pyrite so that there will be no thermodynamic driving force for dissolution of
pyrite in the late Archean, which is consistent with the detrital mineral record. Similar
considerations apply to uraninite. Fe(II)-carbonate solid solutions (20 to 100% siderite
component) only precipitate at fairly advanced stages of weathering. Under these
conditions, siderite-rich carbonate might form during weathering or be stable during
weathering and riverine transport, consistent with the detrital mineral record from this
period. Overall, the occurrence of siderite in the geologic record might reflect pCO,,
values but also the extent of weathering.

After building the chemical framework for late Archean weathering, this study
has applied it to predict the behaviors of phosphorus, manganese, chromium, and copper
during weathering of olivine basalt plus trace element-bearing accessory minerals under a
set of standard Archean atmospheric boundary conditions. Moreover, whiffs of oxidants,
such as O,, and HNOs, were included as reactants to explore their influences on the
mobility and speciation of Mn and Cu during the weathering.

The set of standard late Archean atmospheric conditions we adopted, i.e. pH, =
10 bar and pCOy, = 10" bar, resulted in late Archean WARW with a pH of 6.4.
Excursions of pCO,, away from the standard conditions may have resulted in pH values
of Archean surface waters ranging from 3.5 to 7.2 depending also on the extent of

weathering. The metastability of organic acids deposited from organic hazes, or the
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oxidation of sulfides caused by fluctuations of the near-surface redox state, could also
have influenced the pH of late Archean surface waters.

When pCO, was 10" bars, accessory apatite was totally dissolved during
weathering and the development of late Archean WARW (pH = 6.4) resulted in riverine
phosphate of at least 1.7 wmolar, much higher than at the present-day. This result is
consistent with the high levels of phosphate in late Archean seawater inferred from the
P/Fe ratios of banded iron formations (Planavsky et al., 2010). At the end of the early
Proterozoic snowball Earth event when pCO, was at least 0.12 bars, the pH of WARW
may have been as low as about 5.7, which would have corresponded to a solubility of 70
pmolar phosphate. The amount transported by WARW would have depended on the
availability of apatite. In this way, the model proposed here provides a specific
mechanism for the previously suggested high levels of phosphate in the marine
environment that may have influenced O, levels in the atmosphere by stimulating high
levels of oxygenic photosynthesis (Papineau et al., 2013).

Crustal levels of Mn housed in Mn-olivine were predicted to dissolve completely
without producing any secondary minerals except Mn-bearing carbonate at large extents
of weathering. The corresponding Mn content of WARW reached about 1.2 pumolar,
higher than in the modern WARW. Whiffs of 10” mole O, or HNO3 kg H,O in the
weathering model resulted in the formation of MnO,, together with about 100 times
more hematite. The concentrations of Mn(II) in the WARW would have decreased
dramatically during the precipitation of MnO ;.

Chromite was too insoluble to dissolve during the late Archean weathering of

olivine basalt, resulting in negligible dissolved Cr in the WARW. However, Cr(OH)3 am,
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representing easily weatherable Cr-bearing minerals dissolved totally during the
weathering, resulting in concentrations of Cr(IIl) in the late Archean river water of up to
0.14 pmolar, higher than at the present-day.

Late Archean weathering of accessory chalcopyrite in olivine basalt under our
standard conditions produced chalcocite and bornite, along with other secondary minerals.
The predicted concentrations of Cu in the resultant river water would have been
extremely low (about 5.9 x 107" nmolar) because of the low solubilities of the copper
sulfides. However, during a pulse of either 10° mole Os, kg™ H,O or 10 mole HNO;
kg' H,0, weathering of chalcopyrite produced two generations of native copper,
chalcocite and bornite, together with about 100 times more hematite. The resultant
WARW contained comparable level of dissolved Cu as the modern river water.

The copper mineralogy recorded in weathering profiles might be useful as a
signature of the surface redox environment. The thermodynamically interpretable signals
may provide a new correlation with evidence from studies of copper mineral evolution.
Preliminary results suggest that native copper occurrences in the late Archean might
indicate fluctuations in the oxidation state of the weathering zone.

In addition to redox variations, fluctuations in pH and the availability of easily
weatherable accessory minerals could also affect the mobility and speciation of trace
elements in the late Archean. These results suggest that the abnormal enrichment of trace
elements and their isotopic fractionations do not necessarily suggest the appearance of
oxygenic photosynthesis and accumulation of free O, in the early atmosphere. Besides

traditional sedimentary records, secondary mineral assemblages of trace elements can be
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potentially useful to understand the evolution of the surface environment, especially
before the GOE.

To assess the effects of diagenesis and metamorphism on the behavior of
chromium in the sedimentary archives, this study has predicted the speciation of
chromium in aqueous fluids as functions of log fO,, and pH at elevated temperatures and
pressures using the recently developed Deep Earth Water (DEW) model. It has also
investigated the effects of complexation between Cr(Il)/Cr(Ill) and CI" on the relative
stability of aqueous species and the solubility of Cr,Os ;.

Under hydrothermal conditions, at 100 °C and P, Cr*" and Cr’" are the
dominant aqueous Cr species given the ranges of pH and log fO, , constrained by mineral
buffers. Low pH and high log fO,, favors the stability of Cr’" and high pH and low log
fO2, favors the stability of Cr*". Cr(VI) species are not thermodynamically stable unless
at much higher log O, than QFM and very high pH. At 250 °C and Py, Cr** becomes
the only dominant aqueous Cr species whereas Cr’* is not stable within ranges of pH and
log 1O, , constrained by mineral buffers. HCrO4 becomes more stable compared with the
case at 100 °C and Pg, but is still unlikely to form under normal hydrothermal
conditions. Complexation between Cr(IIl) and CI could promote the stability of Cr’*
relative to Cr*" at 250 °C and Pg,. However, Cr(I) might have similar complexation
behavior to Cr(IIl) and that would tend to cancel out the stabilization of Cr(III).

Under subduction-zone conditions, at 1 GPa and 200 °C, Cr*" is the only
dominant aqueous Cr species within ranges of pH and log fO,, constrained by mineral
buffers. At log fO,, values close to QFM, Cr’" could be stable at low pH. Again, the

stability of Cr(VI) species requires high fO,, and pH conditions. At 1 GPa and 600 °C,
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Cr*" is still the only dominant aqueous Cr species within ranges of pH and log fO2,
constrained by mineral buffers. Cr’* is not thermodynamically stable over a wide range of
pH and log fO,,. Instead, HCrO4™ could be stable at log fO,, close to QFM and high pH.
At 5 GPa and 600 °C, Cr’" is the only dominant aqueous Cr species within ranges of pH
and log fO, , constrained by mineral buffers. At log fO, values close to QFM, Cr*" could
be stable at moderately high pH and CrO,> could form at higher pH. At 5 GPa and
1000 °C, the speciation is similar to the case at 1 GPa and 600 °C, i.e. Cr*" as the
dominant aqueous Cr species and the stability of HCrO4™ at high pH.

Cr’" and its complexes are dominant aqueous species during dissolution of
Cr03. at 0.5 GPa, 600 °C or 6 GPa, 1000 °C. The solubility of Cr,Os, could be
promoted by complexation with CI'. HCrO4™ could be stable at high pH and its relative
abundance could also increase the solubility of Cr,O;. at high temperatures and
pressures. My results indicate that advanced diagenesis or low-grade metamorphism
involving aqueous fluids could modify the original sedimentary signatures of chromium
by solubilizing chromium as Cr(Il) or Cr(VI). Fluid-rock interactions under even mild
diagenetic temperatures and pressures could cause isotopic fractionation of Cr under
some circumstances, potentially confusing the interpretation of chemical profiles of Cr
isotopes. Moreover, fluids carrying high concentrations of Cr(Il) at elevated temperature
and pressure might play an important role in the formation of the hydrothermal mineral
crocoite, the formation of chromite ore deposits, and the formation of Cr-rich garnets
associated with diamond formation. As all of the minerals involved contain Cr(IIl), redox

reactions from aqueous Cr(II) to Cr(III) in the minerals would be necessary.
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