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Abstract

A new version—of-theEarth systenmodel ofintermediate complexityy {CANOPSGRB v1.0}-0 iwas
presentedevelepedfor usein quantitatively assessinthe dynamics andstability of atmospheriand

oceanicchemistryon Earth and Eér-like planetsover geologictimescalesThe new releasis designed to
represent the coupled major element cycle€,dfl, P, O, andS, as well aghe global redox budgéGRB)

in Earthoés atmosghererusy sygteopasing @ procesbased approachThis framework
providesa mechanistienodelof the evolution of atmospheric and oceanicléels on geologic timescales
andenablescomparison witha wide variety of geologicakcord tofurtherconstrain the processes driving
Eart hoés oAk gomegeteadetailedndescription of the resulting Earth systemdel and its new
features argorovided. The performance of CANORERB is then evaluated by comparirgsteadystate
simulation under preseqiay conditios with a comprehensive set of oceanic data and existing global
estimates of bi@lement cycling. Thedynamic response of the model is also examined Vayying
phosphorus availability in thexogenic systenCANOPSGRB reliably simulates the short and longterm
evolution ofthe coupledC-N-P-O2-S biogeochemical cycleandis generally applicabl@crossany-most
period of Earthodés history given suitableeTedifications to bounda
simple and adaptable design of the model also makeseful to interrogatea wide range of problems
rel at ed oxygenaEoahistori andEarthlike exoplanets more broadlffhe model source code
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29 availableon GitHuh andrepresents unique community todbr investigaing the dynamics and stability of

30 atmospheric and oceargbemistry on long timescales
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Short summary:

A new biogeochemical modéCANOPSGRB v1.0) for assessinghe redox stabilityand dynamicof the
oceanatmospheresystemon geologic timescaletias been developed In this paper, we present fall
description of the model and iperformance CANOPSGRB is a useful tool for understanditige factors
regulating atmospheric Qevel andhas the potentiab greatly refineour current understanding & ar t h 6 s

oxygenation history.

1 Introduction « ( aK 1369 , 4+3932 (0o

A quarter century has passed since the first discovery of exop(Mesr and Queloz, 1995In the next
quarter centurya full-scale seah for signs of lifed _biosignature® on Earthlike exoplanets is one of the

primary objectives othe nextgenerationof exoplanetary observational survefféational Academies of

Sciences and Medicine, 2QIBhe LUVOIR Team, 2019 The definition ofbiosignaturesncludes a variety ( afi (0 <)

of signatures that require biological activity theirorigin (Des Marais et al., 2002; Lovelock, 1965; Sagan
et al.,, 1993; Schwieterman et al., 2018; National Academies of Sciences and Medicing, [2Q219)
atmospheric composition hasceived thenmostinterdisciplinary attentiosince the dawn of theearch for

life beyond our own plangHitchcock and Lovelockl967; Lovelock, 1965, 1972, 1975; Sagan et al., 1993)
because of its potential for remote detectabilitydeed it is likely that decipheringof exoplanetary
atmosphericompositionbased on spectroscopic information wéit leastfor the foreseeable futurbe our
only promisingmeans forife detectionbeyond our solar systerflowever,the detection of atmospheric
composition canot immediately answer the questioh the presence or absence afsurface biosphere
becausssignificant gaps remain in our understanding ofréflationships betweeatmospheric composition
and biologicalactivity occurringat the surface orlife-bearingexalanets Many of these gaps arise from a
lack of robusttheoetical and quantitative framerks for the emergence and maintenance of remotely
detectable atmospheric biosignaturethe context of planetary biogeochemistry

It is also important to emphasiteat the abundance of atmospheric biosignature gadiesngf planetswill
evolvevia an intimate interactiobetweenlife and globalbiogeochemical cycles of biessential elements

across a range dimescalesindeed,the abundaces of biosignature gasesuch asnolecular oxygen@>)
3



and methane CHs) i n  E atmbsph&re hee evolved dramatically through coevolutionaipteraction
with E a r tblodplserefor nearly 4 billion yearsd _through remarkable fluctuations iratmospheric
chemistry and climatéCatling and Kasting, 2017; Lyons et al., 2014; Catlamgl Zahnle, 2020)To the
extent thatthe coupled evolution ofife and theatmospherés a universal property of lifbearing planets
that maintainrobust atmospheric biosignatures, thenstruction of abiogeochemicalframework for

diagnosing atmospherkosignatureshould bea subject ofirgentinterdisciplinary interest.

Establishing amechaistic understanding obur own plandis ev ol ut iisalsaanyimpbrtanst or y

milestonefor the construction of a search strategy for life beyond our solar syateitprovides he first

step towardsinderstanding howemotely detectable biosignatures emerge and are maintained on a planetary

scale While numerous atmospheric biosignatgases have been proposetie most promisingandidates

have beed r e-dags e d 6 s p e iomise,(Q), and €CH (Maaslows, 2017; Meadows et al., 2018;

Reinhard et a) 2017a; Krissansefotton et al., 2018)in particular,0: is of great interest to astrobiologists

because of its crucial role metabolism on EarthlThus a considerable efforthas been devoted overcent

decads toward quantitativelyand mechanisticallynderstanctigEar t h6s o xy gle pagic¢uiaron hi st or y.
arecent surge in the generation of e mped subistangal records for

progress in our O6broad stroked understanding of Earthodés oxygenati

biological evolution(Kump, 2008 Lyons et al., 2014 One of the intriguing insights obtained from the
acamulated geochemical recordstligt atmospheric fevelsmight have evolved more dynamically than
previously though® our current p a oxygdnatignhistooyfsugdesighat atdospheric O
levels may have risen and then plummeted during the BPasbgrozoic, then remained Idiprobably<10%

of the present atmospheric level; PAlor much of the ~1 billion years leading up to the catastrophic

climate system perturbations and the inidiersificationof complex lifeduring the late Proterozoic.

The possibil i thi oofi cloo va i lewelsdprings tbesnit-Pré@erozoichas important
ramificationsnot onlyfor our basic theoretical understanding of lédagn G cycle stability on a planet with
biological O> production but also for biosignature detectabilityReinhard et al., 201YaHowever our

guantitative and mechani Lt dyde inudeap dimes stil rudimentary abf t he Eart hods

4
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presentFor example, one possibéxplanation for low atmospheric.@velsduring themid-Proterozoids

simply a less activeor smallerbiosphere(Crockford et al., 2018Derry, 2015 Laakso and Schra@014

Ozaki et al., 2019a However, mechanisms faegulating biotic O, generation rates and stabilizing
atmospheric @levels at low levels on billiofyear timescales remain obscufes a resultthe level of
atmospheric @ and its stabilityduring the earlymid Proterozoic are theubject of vigorous debate
(Bellefroid et al., 2018Canfield et al., 201,8Cole et al., 2016Planavsky et al., 2018lanavsky et al.,

2016 Tang et al., 20L6Zhang et al., 2016 Perhaps even more importantby,relatively rudimentary
guantitative framework for probing the dynamics and stability of the oxygen cycle leads to the imprecision

of geochemical reconstructions of oceamosphere @levels

Planetaryatmospheric @ levels are governedby a kinetic balance between sources and siRésdback
arises because thesponse ofsource/sink fluxes to changes atmospheric @ levels is intimately
interrelated to each otheBince he biogeochemical cycles 6f N, P, andS exertfundamental contrabn
the redox budget througtonlinear interactions anféedback mechanisma mechanistic understanding of
these biogeochemical cycles is critidal understanohg E a r tOh éyde However the wide range of
timegcales that characterize C, N, B, &d S cycling through the reservoirs of the Earth systerdkes it
difficult to fully resolvethe mechanisms governing the dynamics and stability of atmosphdgeelsfrom
geologic records. From thigantage developing newquantitativetools that can explore biogeochemical

cyclesunder conditions very different frothose of thepresen€arthis animportantpursuit

This study is motivated by the conviction tteat ensemble cb o pend6 Ear t h fmmesworksm model i ng

with explicit and flexible representation of the coupledN@-O.-S biogeochemical cycles will ultimately

be required tdully understand the dynamicsasd a b i | i t ®: cyslé andbta contrbliihng facter In
particular a coherent mechanistic framework for understanding the ghedalx ©.) budget(GRB) is

critical for filling remaininggaps i n our understanding of EBadr t ho6s
effect relationships with an evolving biosphekere we develop a new Earth system modeimed
CANOPSGRB, which implementsthe coupled biogeochemical cycles ofNaP-O»-S within the Eartlds

surface system (oceaatmospher&rust) The ore of this model is an ocean biogeochemical model,

5
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CANOPS (Ozaki et al.,, 2011; Ozaki and Tajika, 2013; Ozaki et &0192fOzaki—2011,—Conditions

o)t nia- on a om ofEmension ocean—biogeochem yc'e

weathering’,

examineconditions for the development of widespread oceanic anoxia/euxinia during the Phanerozoic

(Ozaki et al., 2011; Ozaki and Tajika, 2013; Kashiyama et al., 208dd)to quantitatively constrain

biogeochemical cycles during the Precamb(i@ole et al., 2022; Ozaki et al., 2019a; Ozaki et al., 2019b;

Reinhard et al., 2017bln this study, weextend this model to simulate the biogeochemical dynaafitse

coupled oceaatmosphererust systemThe model desigifsuch asthe complexity of the processes and
spatialtemporal resolution of the modek constrained bythe requirement of simulation length Q€L
million years) and actual model rtime. A lack of understanding of biogeochemistry in déiepe and
availability and qality of geologic records also limit the model structiéth this in mind we aim for a
comprehensivesimple, yet realistic representation of biogeochemical processes in the Earth, system
yielding a uniquetool for investigaing couplked biogeochemicatycles withinthe Earth systeraver a wide

range of timescalesWe have placed particular emphasis on the development of a global redox budget in the
oceanatmosphererust system given its importance iime secular evolution of atmosplet©; levels
CANOPSGRB is an initial step towards developing the first largeale biogeochemistry evolution model
suited for the wide range of redox conditions, including explicit consideration of the coue-Q;-S

cycles and the majdniogenic gases in planetary atmospheresaftd CH).
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2 Model description - (

2K

1357 ,

Herewe present éull description of anew version of the Earth system mo@ANOPS6 CANOPSGRB

v1.0 8 _whichis designed to facilitate simulation for a wide range of biogeochemical conditions so as to
permit quantitative examination efolving ocearatmosphere chemistitjiroughoutt a r t h 6 sBelowi st or y
we first describe the concept of model desi@edt. 2.1 Next, wedescribe the overall structure of the

model and thebasic design of global biogeochemical cycléSect 2.2 and 23). That is followed bya

detailed description afach submodel

2.1 CANOPS-GRB in the hierarchy of biogeochemical models

A full under st andi n2gcycle fequitesarquantibative framewdrkvthatn igclud®
mechanisticlinks between biological metabolism, ocemmosphere chemistry, argkologic processes

Such a framework mustlso represent the feedbacks between ocetaosphereredox stateand
biogeochemical cycles of redalependent biessential elements. Oveecent decades, considerable
progress has been made in quantifying the feedbacks between atmospl®red<Cand the coupled-B-P-

02-S biogeochemical cycles over geological timescéBesner, 2004a; Lasaga and Ohmoto, 2002; Betts
and Holland, 1991; Holland, 1978; Bolton et al., 2006; Slomp and Van Cappellen, 2007; Van Cappellen and
Ingall, 1994; Colman et al., 2000; Belcher and Mcelwain, 20B&finements to our understanding of
mechanismsegulatingEar t hés s ur f aebeen imgethenied is lovaesatutiom lBox models
where theocearatmosphere system is expressed figwaboxes (Bergman et al., 2004; Laakso and Schrag,
2014; Lenton and Watson, 2000b, a; Van Cappellen and Ingall, 1996; Handoh and Lenton, 2003; Petsch and
Berner, 1998; Claire et al., 2006; Goldblatt et al., 2006; Alcott et al., 20h&emodelsoffer insights into

basic system behavior ar@n illuminate the fundamental mechanisms that exert the most leverage on
biogeochemical cycles because of tts@inplicity, transparency and low computational demahidsvever,

these model architecturedso hae important quantitative limitations. For examplewith low spatial
resolution the modeler needs to assume reasonablea(luriori) relationships relating to internal
biogeochemical cycles in the systefor instancebecause of a lack of high vertical resolution, oceanic box
models(Knox and Mcelroy, 1984; Sarmiento and Toggweiler, 1984; Siegenthaler and Wenkusagdy
overestimatehe sensitivity of atmospheric GQevels tobiological activity athigh-latitude surface ocean

7
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relative toprojectiors by generhcirculation modelgArcher et al., 2000 Oceanic biogeochemical cycles

and chemical distributionare also characterized Isyrong vertical and horizortaeterogeneities, which

have the potential to affect the strength of feedback proce@3eaki et al., 201)1 In other words, théow-
resolutionbox modeling approach might overlook the strength and response of the internal feedback loops.
Thus, the development of an oceandel withhigh resolution obcean interior and reliable representation

of water circulationis preferredeguiredto investigatethe mechanisms controlling atmospherig |1€vels

under conditions very different frothose of the modern Earth

In the last decade, comprehensive Earth system motigleermediate complexity (EMICs) hawadsobeen
developed and extended to include ocean sediments and Glaaling (Ridgwell andHargreaves, 2007;
Lord et al., 2016)Such models can betegrated over tens of thousands of years, allowkmgrimentation
with hypothetical dynamics of global biogeochemical cyclethangeological pasf{Reinhard et al., 2020;
Olson et al., 2016)However, akey weaknes®f existing EMICs is the need to parameterize (ooig)
boundary (input/output) fluxed _either due to the computational expense of explicitly specifying boundary
conditions or due to poorly constrained parameterizations. For example, the deegpmile is usually
treatedasa closed systenlimitingthemo d e | 6 s atp finescales less thantthe ocedhiesidence
time (~15- 20 kyr). Further, boundary conditions such as continental configuration and oceanic bathymetry
are variable or poorly constrained in deep time and the use of lughiplex models is difficult to justify

the computational cosEinally, exploration ofhypothess concerninghe biogeochemicalynamics in deep
time oftenrequire largeanodelensembls across broad parameter space githerscope ofuncertainy. This

makes the omputationatost of EMICsintractableat present fomanykey questions

The CANOPSGRB model is designed to capture the major components of Earth system biogeochemistry

on timescales longer thanmillenniua-1Q° vears but issimpleenough to allowfor runson the order of ( %
billier1(® model yearsThe model structure is also designed so that the model captures the essen( %

biogeochemical processesgulatingthe global Q budget, vhile keeping the calculation cost as moderate as
possible For example,he simple relationships of biogeochemical transport processes at the intertface of
Earth system(hydrogen escape to space, early diagenesis in marine sediments, and weasnering)

8
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empoyed based on the systematic applicationld& models-in previous studiegBolton et al., 2006;
Daines et al., 2017; Middelburg et al., 1997; Claire et al., 2006; Wallmann, 2@d8eiding a powerful,
computationally efficient means for exploring the Earth system under arardg of conditionsThe
resultant CANOPS5RB modelcan be run on a standard personal computer on a single CPU with an
efficiency of approximately 6 million model yeaper CPU hour. In other words, modehs in excess of

10° model yearsare tractablevith modest walltimes (approximately 7 days). The model is thus not as
efficient as simple box modglbutis highly efficientrelative toEMICs, makingsensitivity experimentand
exploration of larger parameter spameer a billion yeardeasible particularly with implementation on a
high-performance computing cluster (s@@ole et al., 202Z)ole—et-alaccepte)l CANOPSGRB thus
occupesa unique position within the hierarchy of global biogeochemical cycle models, rendering it a useful
tool for the development of more comprehensive,-lmintermediatecomplexity models of Earth system

on very long timescales

2.2 Overall model structure

The overall structuref the modelis shown inFig. 1L The model consists of ocean, atmosphere and
sedimentaryreservoirs. The ®re of the model is an ocean mode&omprisinga highresolution 1D
intermediatecomplexity box modl of the global ocear(Sect 2.4). The ocean model is coupled &
paraméerized marine sediment mody®ect 2.4.4) anda one box model of the atmosphe®e¢t 2.6). The
atmospheic modelincludes @ and CH as chemical componentandabundances of these molecules are
calculated based on the mass balance beta@arces and sink®.g., biogenic flugsof O, and CH from

the ecosystemsnd photochemical reactiongjhe net aisea gas exchange dfemical speciesO, H.S,

NHz and CH) is quantified according to the stagnant film mofless and Slater, 1974; Kharecha et al.,
2005)(Sect 2.4.5). The ocean andtmosphere models are embeddedinr oc k cycl ed model
the evolution okedimentaryeservoirsizes on geologic timescaléSect 2.5). Threesedimentaryeservoirs
(organic carbon@QRG pyrite sulfur,PYR and gypsum sulfulGYP are considereth the CANOPSGRB
model Thesereservoirs interact with the oceatmosphere system through weathering, outgassing, and
burial.

t hat
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T Hydrogen escape

Hydrogen escape ATMOSPHERE
Oz, CH,

ORG Burial

1 Air-sea gas exchange

[H—Hf——— Low-mid latitude surface ayer (L)

Oz, CH4
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Outgassing
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025 0.75
High latitude deepwater (HD) Low-mid latitude deepwater (LD)

Mantle degassing

Figure 1. CANOPSGRB model configuration.aj The schematic of material cycles in the surface (ecean
atmosphererust) system. Three sedimentagservoirs, organic carbo®©RG, pyrite sulfur PYR, and

gypsum sulfur GYP), are considered. Sedimentary reservoirs interact with the -ate@sphere system via
weathering, volcanic degassing, and burial. No interaction with the mantle is includept fexche input

of reduced gases from the mantle. Total mass of sulfur is conserved in the surface bySehenfatic of
ocean and atmospher e modutlmdsatitudé inived surfade laydd and dighn ot e
latitude surface layer, respeely. An ocean area df0% is assumed for H. River flux for each region is
proportional to the areal fraction. Ocean interior is divided into two sectors|dtigle deepvater (HD)

and lowmid latitude deepvater (LD), which are vertically resolvedh& area of HD is 25% of the whole
oceanThe deep overturning circulatiow,, equals the poleward flow in the model surface layer (from L to

H). KJ/(2) andK,"(2) are the vertical eddy diffusion coefficients in the LD and HD regions, respectisgly.

andV, are the horizontal diffusion coefficient and polar convection, respectively. The black hatch represents
the seafloor topography assumed. The parameters regarding geometry and water transport are tabulated in
Table 3

Theoceanmodelis a verticallyresohed transporireactionmodel of the global ocean, whigtas originally
developed by Ozaki et al. (2011) and Ozaki and Tajika (2018 model consists of 122 boxasrosswo
regionso ; alow-mid latitude region and high-latitude region Fig. 18. Theocean model describesater
transport processes as exchange fluxes between boxegaaaddy diffusion termsMore specifically,
ocean circulations modelled as an advectidgdiffusion model of the global ocean _a general and robust
scheme that is capable of producing webBolved modern profiles of circulation tracers using realistic
parameter valuesthe physical set upf the modelcan be found inSect 24.1 and 24.2). The
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239 biogeochemical sutnodelprovides a mechanistic description of the marine biogeochenyicisof C, P,
240 N, Oz, andS (Sect 2.4.3). Thisincludes explicit representation of a variety of biogeochemical processes

241 such as biological productivity in the sunlit surface oceans, a series of respiration pathways and secondary

242
243
244
245

447
448
449

redox reactions under oxic and anoxic conditid®ect 2.4.3), anddeposition, decompositipand burial of
biogenic materials in marine sedimene¢t 2.4.4), allowing a mechanistically based examination of
biogeochemical process@he suite of metabolic reactions included in the model is list@dliel. Ocean
biogeochemical tracers consideriedthe CANOPSGRB modelare phosphate (R®), nitrate (NQ), total
ammonia NH3), dissolved oxygen (£, sulfate (S@), total sulfide H.S), and methane (G Note that

biogeochemical cycling of trace metals (e.g., Fe and isIndt includedn the current version of the model

All HoS and NH degassing from the ocean to the atmospiseassumed to be completely oxidized pyt®

SQZ and NQ and returns to the ocean sudathese simplifications limiapplication of thenodelto very

450 poorly oxygenatedEarth systenstates (pO, < 10° PAL). Ocean model performanaosas tested for the
251 modernday ocean field observational dae€t 3). Simulation resultsvere also compared to previously
252 published integrated global flux estimates.
253
254 Tablel: Biogeochemical reactions considered in the CANGHRB model.

Process Stoichiometry Reaction #

Ammonia assimilation aCo, + bNH; +H,PO, +aH,0- OM +a0, R1

Nitrate assimilation aCo, + bNO; +H,PO, +(a + b)H,0+2b6H" - OM +(a +2b)0, R2

Nitrogen fixation N, +5H,0- 2NH; +20H + goz R3

Aerobic respiration OM +a0, - aCO, + bBNH; +H,PO, +aH,0 R4

T 4 4 . 7 2
Denitrification oM +gaNo3 + gaH - aCo, + bNH; +H,PO, +gaH20 + EaN2 R5
Sulfate reduction oM +%aso§' +aH" - aCo, + bNH +H,PO, +aH,0 +%ast R6
. 1 1 .

Methanogenesis OM - 5aCO2 +5aCH4 + BNH}, + H,PO, R7

Nitrification NH; +20, - NO; +H,0+2H" R8

Aerobic HS oxidatiort SH,5+20,- SO} +2H* R9

11

%

%

%

%%

%

A

%

O U




Aerobic CH, oxidation CH,+20,- CO,+2H,0 R10

Anaerobic CH oxidation CH,+SQ - HS +HCO;+H,0 R11
Photooxidation of CH CH,+20,- CO,+2H,0 R12
Hydrogen escape to space ~ CH,+0,- CO,+4H - R13

255 "OM denotes organic matter, (@Bl)a(NH4")sHsPOy
256 “SH2S = HS + HS

457

458 The CANOPS model has been extended and altered a numbénesf since first publication. The hofis : (0 ) )
459 description of biogeochemical cycles in the original version of CAN@P@ki and Tajika, 2013; Ozaki et hofi. @ (09 )
260 al., 2011)does not include the S and Ekycles because of their aims to investigate the conditions for the( hofis: (09 )

461 development of oceanic anoxia/euxinia on timescales less thatiamméars during the Phanerozoic. More

462 recently, Ozaki et al. (2019) implemented an open system modeling approach for the global S;and CH

263 cycles, enabling quantitative analysis of global redox budget for given atmosphdegel3 and crustal

264 reservoir sizesin this version of CANOPS atmospherie [Bvels and sedimentary reservoirs are treated as

465 boundary conditions because imposing them simplifies the model and significantly reduces computing time.

466 However, this approachods not allow exploration of the dynamic behavior of atmospheria @sponse

267 to other boundary conditiondn the newest version presented here, significant improvements in the

268 representation of global biogeochemistry were achieved by (1) an explmitat®on of atmospheric O

469 levels based on atmospheric mass balance (Sect. 2.6), (2) expansion of the model framework to include

470 secular evolution of sedimentary reservoirs (Sect. 2.5.5), and (3) simplification of the global redox budget

271 between the suré® (ocearatmosphere&rust) system and the mantle (Sect. 2.3.5). These improvements are

472 in |l ine with the requirement of an O0opené Earth system model, w

473 guantitative understanding of Earthds oxygenation history.

( hofis : (09 )




mo d e |

490 gv4antitative uvnderstanding of Earthds oxygenation history.

291 2.3 Global biogeochemical cycles

292 We constructa comprehensivebiogeochemical model in order to investigate the interaction between

293 dynamic behaviors of Earthoés oxygenation history and its biogeoc
294 structure of the oceahlere weprovidethe basic implementation gfobalbiogeochemicatycles ofC, P, N,

295 andS, with particular emphasis qorocesses ahassexchange between reservdingt play a critical role in

96 global redox budge{Fig. 2). Our central aim here is tenake-describethe overall design ofhe

97 biogeochemical cyclesear The details of each suhodelareprovided inthefollowing sections.
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Figure 2. Schematics of global biogeochemical d¢ygl in CANOPSGRBes (a) Global C cycle. The
primary source of C for the oceatmosphere system is volcanic degassing and oxidative weathering of
sedimentary organic carbon, whereas primary sink is burial of marine and terrigenous organic matter into
sediments. Inorganic carboaservoirs (depicted as dashed boxes) and DOC are not considergeh NPP
marine net primary production. DIC = dissolved inorganic carbon. POC = particulate organic b&son.

= microbial sulfate reductioMOM = anoxygenicanaerobicoxidation of methanedCANOPSGRB includes

CHs generation via methanogenesis and its oxidation reactions via methanotrophy and AOM in the ocean
interior, as well as CHdegassing flux to the atmosphere and its photooxidation. The rates of CH
photooxidation and hydrogen escafwe space are calculated based on parameterizations proposed by
previous studiegGoldblatt et al., 2006; Claire et al., 2006)ote that CHl flux from land biosphere is not
shown here.t) Global P cycle schematic. Weathering of reactiv@EJ is the ultimate source, whereas
burial in sediments is the primary sink. A part of the weathered P is buried as terrigenous organic P, and the
remaining is delivered to the ocean. The redependent P burial in marine sediments is modelled by
consideringthree phases (organic P,-BeundserbedP, and authigenic P). DIP = dissolved inorganic
phosphorus. POP = particulate organic phosphorus. The hypothetical P scavengingpéai&®in anoxic
ferruginous waters is depicted, but it is not modelled instamdardnodel configuration(c) Global N cycle
schematic.The abundance dFwe-inorganic nitrogen species (ammonium and nitrate), which are lumped
into DIN (dissolved inorganic nitrogenis affected bgre-transfermed-each-otheia denitrification and
nitrification. The primary source is nitrogen fixation and riverine flux, wherpemary sink is
denitrification and burial in marine sediments. PON = particulate organic nitrogen. The nitrogen
weathering/riverine flux is assumed to be equal to the burial flux so that there is no mass imbalance in global
N budget. Aeolian delivery of from continent to the ocean is not includéd). Global S cycle schematic.

The reservoir sizes wb sedimentaryeservoirssulfur (pyrite sulfur, PYR, and gypsum sulfur, GYP) and

two sulfur species (SO andSH-S) in the oceamre-transformed-eaaltheare controlled bywia volcanic
outgassing, weathering, buridSR, AOM, and suiide oxidation reactions. Weatheriagdvolcanicinputs

are the primary source of S to the ocean, and burial of gndegypsum in marine sediments is the primary
sink. It is assumed that hydrogenfglég escaping from the ocean to the atmosphere is completely oxidized
and returns to the ocean asfaté. Tte organic sdlr cycleis ignored in this study.

2.3.1 Carbon cycle
The CANOPSGRB model includegarticulate organic carbon (POC), atmosph@its, dissolved CH in

the ocean, andedimentaryorganic carbon QRG) as carbon reservoirgFig. 24). AtmosphericCOg,
dissolved inorganic carbom[C), and dissolved organic carbon (DO&E not explicitly modelledh the

current version of thenodel Although we gnore the inorgaic carbon cyclénere for clarity and in order to

simplify interpretation ofmodel resultsthe full coupling ofthe inorganic carbon cyclaithin CANOPS

GRB isanimportant topicfor futurework. The primary sourceof carbon for the oceaatmosphere system

arevolcanic degassing and oxidative weathering@dimentaryorganic carbonwhile the primary sink is

burial of marine and terrigenous organic matter in sediments.
15
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Organic carbon cycle

Thebiogeochemicaiodelis driven bythe cycling of the primary nutrient phosphorus, whighssumed to
betheultimate limiting factor foiological productivity (se&ect 2.4.3). Previous versions of CANOPS do
not take into accounthe impact ofthe activity of terrestriabecosystem on the global.®@udget In the
CANOPSGRB model,we improve on this by evaluatinthe activity levels of terrestrial and marine
ecosystems separatelfihe dobal net primary production (NPRJyer (in terms of organi€), is given as a
sum ofthe oceanicJurF®" and terrestriafdned"®) NPP

Jnep = Iipe W 'E‘é;_ 1)
Biological productionin the ocean surface layer depends Pmvailability while nutrient assimilation
efficiency isassumed to blewer in the high latitude regiofSect 2.4.3). Terrestrial NPP is affected by the
atmospheric @level Sect 2.5.1). In this study, the fluxin terms of moles per yeais expressed with a
capital J, whereas the flux density (in terms of moles per square meter per year) is expressed with a

lowercasq.

In our standard model configuration, oceanic primary production follows canonical Redfield stoichiometry
(C:N:P = 106:16:1)(Redfield et al., 1963 Flexible C:N:P stoichiometry oparticulate organic matter
(POM) can be explored by changiragusesflag. Nutrients P and N are removedfrom seawater in the
photic zonevia biological uptake, and exported BOM to deeper aphotic layershe exported®OM sinks
throughthe water colummith a speed ofirom (the reference value is 100 ri)dAs it settles througlihe

water columnPOM is subjecto decomposition via a series of respiration pathways dipgon the redox

state ofproximal seawatefSect 2.4.3). This gives rise to the release of dissolved constitapacies back

into seawaterWithin each layer dractionof POM isalsointercepted by a sediment layer at the bottom of
each water depth. Fractional coverage of every ocean layer by seafloor is calculated based on the prescribed
bathymetry(Sect 2.4.1). Settling POM reachindhe seafloor undergoes diagenetic alteration (releasing
additionaldissolved speciemto seawater) and/or permanent burithe ocean model has 2x60 sediment

segmentsHD and LD hae 60 layers, respectivelyland for each segment the rates of organic matter

decomposition and burial are calculated by sempirical relationships extracted from ocean sediment data
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and 1-D modelling ofearly diagenesiéSect 2.4.4). Specifically, the organicC (Corg) burial at each water
depth is calculated based on the burial efficie®io(), which is defined as the fraction BOChburied in
sedimentsrelative to that deposited on the seafloor at each water depthisaradso a function of
sedimentation rate and ot water Q levels.Organic mattenot buriedis subject to decomposition.

The key biogeochemical fluxex our reference state (mimicking the present conditgwa)summarized in
Table2. The reference valuker burial rate of terrigenouSorg is set at 3 Tmol C y, assuming that burial of
terrigenous organic matter accounts f@0% of the total burial Combined with the burial rate of marine
Corg in our standard ryrthe total burial rate i$4.3 Tmol C yr?, representinghe dominantO, source flux to
themodernoceanatmosphere systert steadystate, his is balanced bgxidative weathering and volcanic
outgassin@f sedimentanCorg: The reference value of oxidative weathering of organic matter is determined
as13.0 Tmol C yr! based on the global®udget Sect 2.3.5). Previousversiors of CANOPS(Ozaki et al.,
20193 treat sedimentary reservoirs asboundary conditionThis model limitation is removedhithe
CANOPSGRB modeld _the reservoir size asedimentaryCorg (ORG freely evolves based on the mass
balance through burial, weathering, and volcanic outgasSiect 2.5.5). We alopted an ofgjuoted valuef
1250 Emol(E = 109) for our reference valuef the ORG based on literature survéBerner, 1989Garrels
and Lerman, 1981
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de1 Table 2: Key biogeochemical fluxesbtained from the referencen. * denoteshe reference valudmol =

( hofiJ :

382 10 mol.
Fluxes Label Value Comments
Carbon cycle Tmol C yr?)
Marine NPP e 3794 Simulated(Eqg. 24)
Terrestrial NPP Jnpe"d” 5000 PrescribedPrentice et al., 2001
Marine organic C burial Jorg? 0" 11.28 SimulatedEqg. 40)
Terrestrial organic C burial Jorg?nd* 3.0 Prescribed (This study)
Oxidative organic C weathering Jorg"" 13.03 Tuned Eq.15)
Organic Cdegassing Jorg™" 1.25 PrescribedBergman et al., 2004
Phosphorus cycle (Tmol P yi)
Reactive P weathering g 0.158 Egs. (4) and (84)
Terrestrial organic P burial JpPind* 0.003 Eq. 89
Riverine reactive P flux I 0.155 Tuned(This study
Marine organic P burial Jpord” 0.0438 Simulated(Eg. 51)

| Fe-boundserbedP burial Jped” 0.0323 Simulated(Eq. 53)
Cabound P burial Jpc” 0.0788 SimulatedEq. 54)
Nitrogen cycle (Tg N yr)
Nitrogenfixation Intix” 180.5 Simulated
Denitrificationin the water column  Jgen!"®" 102.5 Simulated

| Benthic denitrification Jdented” 62.4 Simulated (Eqg. 55)
Marine organic N burial Inord®” 15.8 SimulatedEg. 56)
Organic N weathering Inorg™”" 15.8 = Inorg™”
Sulfur cycle (Tmol S yr?)
Pyrite weathering Joy* 1.0 Prescribed This study
Gypsum weathering Jayp™" 1.6 Prescribed This study
Pyrite degassing Jpy™" 0.3 Prescribed This study
Gypsum degassing Jgyp™" 0.5 Prescribed This study)
Pyrite burial Joy?” 1.3 Simulated
Gypsum burial Jgy?” 2.1 Prescribed (This studly

383
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384 Methanecycle

385 The oceanmodel includesbiogenic CHs generation via methanogenesis and its oxidation reactions via
86 methanotrophy andnexygenicanaerobicoxidation of methaneAOM) in the ocean interiofR10and RL1
87 in Tablel), as well as. CHs degassing flux to the atmospheTéde landmodel also calculates thgogenic
388 CHs flux from the terrestrial ecosysterto the atmosphereusing a transfer functionSect 2.5.2). The
389 abundance ofHs in the atmospherns explicitly modelled as balance of its source (degassingni marine
390 and terrestrial ecosystejnand sink (photooxidation dnhydrogen escape), whe@Hs sink fluxes are
391 calculated according to parameterized @ependent functien proposed by previoustudies. More
392 gpecifically, the oxidation rate ofCHs in the upper atmospherie calculatedbased on the empirical
393 parameterization obtained from aD1photochemistry modeg(Claire et al., 2006 The rate of hydrogen
394 escape to space @valuatedwith the assunption that it is diffusion limited and that CHs a major H
395 containing chemical compound carrying hydrogen to the upper atmosfibeldblatt et al., 2006 No
396 continental abioticor thermogenic Chi fluxes are taken into account, because previous estisnatehe
397 modernfluxes are negligible relative to the biogenic flux, although we realize that it could have played a
398 role in the global redox budget (<0.3 Tmot'y(Fiebig et al., 2009. We also note that the current version
399 of the model does not include the posgib of aerobic CH production in the seéarl et al., 2008 Our
400 referencerun calculates atmospheric GHo be 0.16 ppmv(Sect 3.3), slightly lower than that of the
401 preindustrial level of 0.7 ppm{Raynaud et al., 1993; Etheridge et al., 1998 we consider this to be
402 within reasonable error given unknowns in thesCtle

403 2.3.2 Phosphorus cycle

404 Phosphorus is an essential element forlifdl on Earthand it isregarded ashed u | t i mbmitiegd bi o
405 nutrient for primary produtivity on geologic timescales(Tyrrell, 1999. Thus the Pcycle plays a

406 prominent role in regulating global.@evels. In the CANOPSGRB model, we model the reactiviee(,

407 bioavailable)P (Pad cycling in the systemand ignorenonbioavailableP. Specifically,dissolvedinorganic

408 P (DIP) and particulate organic P (POP) are explicitly moddleégl 2b), whereasdissolved organic P

409 (DOP) is ignored.

410
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On geologic timescalethe primary source d? to the ocearatmosphere systers continental weathering:
pPhosphorus is released through the dissolution of apatite which exists as mitraca in silicate and
carbonate rocks (~0.1wt%Follmi, 1996). The total Reacflux via weatheringJe®, is given as follows

ESRREY @)

where* denotes the reference valuandfr and fr are parametes that control the availabfy of P in the
system Specifically, fr is a global erosion factor representing the impact of tectonic activity on total
terrestrialweathering rateandfer represents the availability ofeg; which is used i sensitivity experiment
to assess the response of atmosphesite@ls to changing £ availability (Sect 4.1). A fraction of the
weathering fluxJp" is removed vigburial on landwhile the remainder itransported to the ocedBect
25.2):

I = kg @)

=@ -kV)J; @
where Jo*" and J¢" denotethe burial rate of terrigenous organicaRd riverine Rac flux to the ocean,
respectively ki1 is a reference valu®r the fraction ofthe totalP flux removed bythe terrestrial biosphere
andV denotes the vegetation massmalizedto the modern valueThesetreatmers are based atie Earth
system boxmodel COPSE(Bergman et al., 2004; Lenton et al., 2016; Lenton et al., 2018; Lenton and
Watson, 2000bwhich has been extensively tested and validated against gedlegicds during the
Phanerozoicln the CANOPSGRB model JF is tunedso that modelled oceanicifventoryof thereference
state is consistent with modern observations of the global dSean 3.2.4). Our resultingtunedvalueis
0.155 Tmol P yi falling in the midrange of published estimates ofLD.0.33 Tmol P yr!, although

previous estimates aferiverine Preeacflux show large uncertaint{Sect. 3.2.4).

Note thatour representation d&® weathering ignorgthe effect of climate (Eq. 2).In the current version of

the modelthe rate of P weathering treatedas one of the model forcing&lthough ignoring theclimate

feedbackon P mobilitymakes interpretation of the modekults more straightforwarthe inorporationof

aclimatesensitive crustal P cycle animportant avenuéor future work

20



435 Since atmospheric P inpusse equivalent ttess than 10% of the continental P supply tortteelernoceans

436 and much ofhis flux is not bioavailabl§Graham and Duce, 19y,9ve neglect thaeolianflux in this study.

437 Therefore riverine input is the primary source ofeR to the oceanWe highlight that open-system

438 modelling is crucial for realisticsimulations of ocean biogeochemistry on timescales longer than the
439 residence tira of P in the ocean (120 kyr for the modern ocearfHotinski et al., 200f) and in this

440 framework the riverinénput of Reac must be balanced over the letegm by loss to sediments via burial.

441 The dange in totamarine Reacinventory, Me, is given adollows:

dM r ocn
g =% ®)

442 whereJp®°°" denoteghe total buriaflux of Preacin themarine systemwhich is the sum of the burial fluxes
143 of threereactive phasese. organicP (Porg), FeboundserbedP (P.re), andCabound P(P.ca) (Sect 2.4.4):

Jg,ocn = Jpog W g—Fe :stl):—c (6)

Porg

444 O-dependenP burial is taken into accounisingempirical relationshipfom previous studie¢Slomp and
445 Van Cappellen, 2007; Van Cappellen and Ingall, 1996, 19848 burial ofPorg at each water depth is a
446 function of burial efficiency, which iscontrolled by the burial efficiency of organic matter, €/
447 stoichiometry of POM sedimentation ratand bottom watefOz]. We note that the strength of anoxia
448 inducedP recycling in marine sedimentsvery poorly constrainecespeciallyin the Precambrian oceans
449 (Reinhard et al., 201¥bRecent studiealsosuggesthat theP retention potentiah marine sedimentsould

50 be affected not only by bottom wates [Bvels but by redox states (sulfidic vs. ferruginousjandthe Ca*

51 concentratiorof bottom watersas well as various environmental conditions sucleasperature, angH

52 (Zhao et al., 2020; Algeo and Ingall, 200gpadomanolaki et &022). These are fruitful top&for future
453 research.
454
455 We do not explicitly account foP removal via hydrothermal processes, because it is estimated ithat th
456 contribution is secondarin the moderrmarine P cya@ (0.014 0.036 Tmol P yt; (Wheat et al., 1996
457 Wheat et al., 2003. We note however,that thehydrothermalcontribution tothe total P budget inthe
458 geologic past remairgoorly constrainedWe also note thahianoxic,ferruginous ocean® scavenging by
459 Fe-minerals could also play an important rolecontrolling P availability and the overathudget(Reinhard
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460 et al.,, 2017b; Derry, 2015; Laakso and Schrag, 20MQdern observationgDellwig et al., 2010;
461 Turnewitsch and Pohl, 2010; Shaffer, 1986Q modeling effos(Yakushev et al., 20Qof the redoxcline
462 in the Baltic Seaand the Black Seasuggestan intimate relationshigbetweenMn, Fe, and P cycling
463 Trapping efficienies of DIP by seting authigenic Fe and Mrich particleswere found to bes high as
464 0.63 (the trapping efficiency is defined as the downward flux of P in,Mnd Feoxides divided by the
465 upward flux of DIP)(Turnewitsch and Pohl, 20LAlthough ®upled MrFe-P dynamicsnight have been a
466 key aspect of the biogeochemical dynamics in Rnecambrianoceans we excludethis processn our
467 standard modedueto poor constraints and provide a clear and simplified pictuteasic model behavior
468 The key features between tReavailability and atmospheric Jevels are explad by changingfr in this
469 study(Sect 4).

470 2.3.3 Nitrogen cycle

471 In the CANOPSGRB model, wo dissolved inorganiaitrogen(DIN) specieqtotal ammonium SNH4* and
472 nitrate NO3) and particulate organic nitrogen (POIdje explicitly calculatedFig. 29. Atmospheric
473 nitrogen gas isssumed tmever limitbiospheric carbon fixatigrandis not explicitly calculatedDissolved
474 organic N (DON)and terrestrial N cycling (e.g.N fixation by terrestrial ecosystems and riverine
175 terrigenousorganicN transfer)are ignored

476

477 In the surface ocean Mssimilation via nitrate and ammonium depends on the availability of these
478 compoundslf the N required for sustaining given level ofbiological productivityis not available the
479 additionalN requiredis assumed to bprovided byatmospheric i via nitrogenfixers. The ocean model
480 explicitly calculates denitrification and nitrification reactianghe water column and marine sedimgiiRs
481 and R8 inTable ). The benthic denitrification rate is estimatading a semiempirical parameterized
482 function obtained from a -D early diagenetic modékeeSect 2.4.4), while nitrification is modelled as a
483 single step reactiofR8). N2O and its related reactions, sugs anammox, are nadrrentlyincluded.

484

485 The oceanid\ cycle is open to external inputs of nitrog&Mhile the ultimate source ofN to theocean

486 atmosphere systemgeatheringof organic N nitrogenfixation represents the major input flux to the ocean
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with the capacity teompensatéor N loss due to denitrification.fetime evolution ofDIN inventory, M,
in the ocearcan bewritten as follows

dcl\il'I[N :(‘JNflx -Jien stsl) (&’LNOrg ‘]E-Org), v

whereJnix denotes thé\ fixation rate andJgen"® and Juen™® are denitrification ratin the water column
and sediments, respectivelhe firstset ofterns on the righthand side represent the internal N cycle in the
oceanatmosphere systerwhile the secondet ofterms represent the lonterm N budgetvhich interacts
with sedimentary reservoillltimatdy, loss of fixedN from the ocearatmosphere systeonly occurs via
burial oforganic N Norg) in sedimentsJor®. Thislossis compensatefbr by continental weatheringyorg”,
which is assumed to be equal to the burial ratdsgfso thatthe Ncycle has no impact on the global redox
budget. In the current version of the model, igreore aeolian fluxand all riverine N fluxes other than
weatheringsincetheseare minor relative td\ fixation (Wang et al., 2019 As a resultmodelled Nfixation

required foroceanid\ balancecanbe regarded as an upper estimate.

2.3.4 Sulfur cycle

The original CANOPS®ceanmodel(Ozaki and Tajika, 20130zaki et al., 201)itreated two sulfur species,
SQ* and E HS, in a closed systermNeither inputs to the ocean from rivers, hydrothermal vents, and
submarine volaaoes, nor outputs due to evaperormaton and sedimentary pyrite burial were simulated.
This simplification can be justified when the timescalendérestis less tharthe residence timef the S
cycle (<10- 20 Myr). Therecentlyrevised CANOPS modéDzaki et al., 2019aextends the framework by
incorporating theS budgetin the oceanlin their model frameworkhe sedimentar reservoirsaretreated

as boundar conditiors: The size of sedimentagypsum and pyriteeservoirs are prescribeshd no explicit
calculations of mass balaneee performed. INCANOPSGRB, we removed thisnodel limitation and the
sedimentaryreservoirs are explicitly evaluated based on mass balahéeh is controlled byburial,
outgassing and weatheringee Sect 2.4). Specifically, seawaterSQ?, SH,S, and sedimentarysulfur
reservoirs of pyritesulfur (PYR and gypsunsulfur (GYP are explicitly evaluateéh the current version of
the model No atmospheric sulfur species are calculatell H>S degassing from the ocean to the
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atmosphere is assumed to be oxidized to sulfate and return to the Dleeasrganic sulfur cycle isot

consideredn this study.

Sulfur enters the ocean mainly from river rundff, with minorcontributions from volcanic outgassi
sedimentary pyriteJy™ andgypsum Jgys™. The reference valuker theriverine fluxis set at 2.6 Tmol S yr
consistent with thgublishedestimate of 2.6+0.6 Tmol S yr(Raiswell and Canfield, 20)2The iverine
flux is written as the sum of gypsum weathering and oxidative weathering of plgfite:Jgyp"” + Joyr.
Sulfur weathering fluxes amsoassumed to be proportional to the sedimentary reservoirEstimates of
modern volcanic input fall within the range o803 Tmol S yr* (Catling and Kasting, 201 Kagoshima et
al., 2015 Raiswell and Canfield, 2012Valker and Brimblecombe, 1985Ne adoptea value 0f0.8 Tmol
S yrt for this flux (Kagoshima et al., 20350ur total inputof 3.4 Tmol S yr* is also within the range dhe
previous estimate of 3.3+0.7 Tmol SYyRaiswell and Canfield, 20)2Sulfur is removed from the ocean
either via pyrite burialJpy”, or gypsum depositionly,,® (Fig. 2d). The time evolution of the inventowf
total Sin the ocean cathusbe written, as follows

d(Mso, + My, o)

dt

whereMsos and Myzs denote the inventory of sulfate and hydrogen sulfide in the ocespectively Two

=(95 4y, an) (3, ) ®)

pyr ayp, pyr oY/,

sulfur species (S£& and SH.S) are transformed via microbial sulfate reduction (MERg), AOM (R11),

and aerobic sulfide oxidation reactiongR9). The aboveequation thus can be divided into following

equations:
dMSO r m m X
at t=Jds Wo I Jhs Juisrasom ngp, ©)
dM,, ¢ ox
dtz = -‘]HZS Fusreaom ‘];?yr’ (10)

where Ju2s™ denotes the oxidationf hydrogen sulfideand Jusreaom is sulfate reduction via MSR and
AOM. Pyrite burial isrepresented abesum of pyrite precipitation in the water column and sedimeps:
= JoyPe+ Joy ¢4 wherethe pyrite burial rate in marine sediments$sumed to bproportional to theate
of benthic sulfide production. The proportional coefficient, pyrite burial efficierieyr), is one of the

24



533
534
535
536
537
538
539
540
541
542
543
544

545
546
547
548

549

550
551
552
553

554

tunable constants of the modEbr normal(oxic) marine sediments,yr is tunedsuchthat the seawat SQ>
concentration for oureference run is consistent with modern observai{Sest 2.4.3). Pyrite precipitation

in the water column iassumed to bproportional to the concentration 8H>S.

Although the preserday marine S budgetis likely out of balance because of a lask major gypsum
formation,the Scycle canbe considered to operate at steady statdimescales longer than thesidence
time of sulfir in the ocean. According ® isotopanass balance calculatign-10 45% of the removal flux
is accounted for by pyrite burial, and tremainder is removed virmation of gypsum/anhydrite the
nearmodern oceangTostevin et al., 2004 Although gypsum depositiomould have beerstrongly
influenced by tectonic activityHalevy et al., 2012 we assume that the rate of gypsum deposition
geologic time scaleis proprtional to the ion product of aand SG* (Berner, 2004bjn the low to mid-
latitude surface lay€t.), andis defined as follows:
a[Ca® }[SOF] Q- SO &

Igp :W gé’;p =fea % Iok (11)
wherel denotes the lowto mid-latitude surface layeandfcais a parameter that represents the seawafér Ca
concentration normalized by the present vfug= 1 for the reference runYhe reference value of gypsum
burial Jgys>" is determined by assuming that gypsum deposition accounts for ~60% of th8 tetabval

from the neamodern ocean.

2.3.5 Global redox budget

In the previous version of the CANOPS mod€@zaki et al., 2019a the atmospheric @ level was
prescribedas a boundary conditipmather tharmodekd in order tdimit computational demandsn this
study, we removehis model limitation by introducing an explicit mass balance calculation of atmospheric
O (Sect 2.6.3). This improvement llows us to explore the dynamiesponse of @levels in the ocean

atmosphere syste(Bect. 4)
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Figure 3. Schematics of global redox gObudget. Arrows represent the: @ux. The primary source is

burial of organic carbon and pyrite sulfur in sediments and hydrogen escape to space. The primary sink is
volcanic outgassing and weathering of crustal organic matter and pyrite. PYR = sedimentary reservoir of
pyrite sulfur. OR5 = sedimentary reservoir of organic carbon. CANG@HEB tracks the global redox §D

budget for each simulation.

Fhe-nevyreleasd-CANOPSGRB v1.0 is designed to be a part of a comprehensive global redox budget
(GRB) framework Fig. 3) (Catling and Kasting, 201Dzaki and Reinhard, 2021Here GRB is defined for
the combined oceaatmosphere systenin this study ve track GRB in terms of Oequivalents.The
ultimate source of @is the activity of oxygenic photosynthesis (and subsequent burial of reduced species,
such asorganic matter ah pyrite sulfir, in sediments whereaste primary sink of @is the oxidative
weathering of organic carbon and pysithich are assumed to bex@ependentfect 2.5.3). On timescales
longer than the residence time of i@ the ocearatmosphere system,@ource fluxes should be balanced
by sink fluxes.Specifically, he & budget in the coupled oceatmosphere system can bepressed as
follows:

GRB= (320" gy 3y, I5) 245 I ) ( Juest Jnd (12)
wherethefirst and secondet oftermson the righthand side represetite redoxbalancevia organic carbon
and pyrite sulfursubcycles respectively Juesc in the third term denotesiydrogen escape to space,
representing the irreversible oxidation of the system.wesk-oxygenated atnephereshis procesplays a

minor role in the redox budgdiut for less oxygenated atmospheres with high levels of i@id flux could
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lead to redox imbalancén this studywe includethe input of reducing powee.g., i and CO)from the
Earthoés i nt e rdapwhichis@assumecdto bequal o thevadue of Jesc (Jman = JHes) t0 avoid

redox imbalance in the exogenic systémreality, mantle degassing and the rate of hydrogen escap®t
necessarily equatesulting in redox imbalance that may exert a fundamental control on atmospheric redox
chemistry on geologic timescal@dayes and Waldbauer, 2006; Ozaki and Reinhard, 2021; Canfield, 2004;
Eguchi et al., 2020however to maintain simplicity we have Idfigas atopic for future workAs a result,
theterms on the righband side must be balancatisteady statéOur model can meet this criteriohlote

that the effects athe Fe cycle on the ©budget (e.g., the oxidative weathering of Felidaring minerats
(Ozaki et al., 2019 arenot eurrenthrincludedin the core version of thEe ANOPSGRB v1.0 code and in

the analyses presented hfoethe sake of simplicity

hofis @

The CANOPSGRB model also trackthe O2 budges for the atmosphere(ARB and ocean(ORB (

hofiJ

independentlyand thesean be evaluated fifiefollowing relationships
ARB= r_:ixr-sea Q'Jolr);nd "]o‘:; ‘JJT;;) 2( ';;r ‘]Pmyr)+ ( Jiest ‘]ma)w’ (13)
ORB: _ gsea at;t:éocn 2 \'];33;1 (14)

espeBb@Nyrepresents
the net exchange afxidizing power between the ocean and atmosphere via gas exc{@ngéh minor
contributiors of NHz, H2S and CH). Theseseparataedox budges are also tracked in order walidae

global budgetalculations.

For our reference condition, we obtain the reference Valuthe oxidative weathering rate @org (Jorg™")
usingthe redox budget vi@org subcycle:

3y = g 9, as)
Given flux valueshased on the calculated{>°°™ = 11.28 Tmol C yt) and prescribedlf>"®* = 3 Tmol
C yrt, Jog™" = 1.25 Tmol C y¥) valueson the righthand sideJod™" is estimated as 18 Tmol C yrt

(Table 2.
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2.4 Oceanmodel

Here we undertake a thorough review, reconsideration and revision (where warranted), of all aspects of the
oceanmodel, including bringing together developments of the méa&wingsineethe original paper
describing the CANOPS ocean model framew@kaki and Tajika, 2013Dzaki et al., 201)1

The ocean model includes exchangelimical speciewith external systemegia several processes such as
air-sea exchangeijverine input,and sediment burial. The biogeochemical model also includes a series of
biogeochemical processes, suchhesocearbiological pumpandredox reactions under oxanoxicsulfidic
conditions. Our ocean model is convenient for investigating Earth system changes on timescales of hundreds
of yearsor longerand it canbe relatively easily integratedrendering the modelnique in terms of
biogeochemical cycle modelCANOPSis also well suigédfor sensitivity studies andan be used to obtain

useful informatiorupstreanof more complex models.

Development of the ocean modatludedtwo initial goals: The-firstgoakisFirst, to adopt a general and
robust ocean circulation scheme capable of producingrestived modern distributions of circulation
tracers using realistic ventilation rates with a limited number of free parameters. Theémedigut for
circulation tecers are validated by comgsmwith modern observations (s&ect 3). This confirms that
our ocean circulatioschemds adequate for representing the global patterns of water mass traAdpart.
secondkey goal wais to couplethe circulation model with an ocedsogeochemical model, and evaluate
performance bycomparson withmodernocean biogeochemical data (s®ect 3.2). Examiration of the
distributions and globallyntegratediuxes of C, N, P, S, and-Qor the modern ocearvealsthat the ocean

modelcancapture the fundamensabf marinebiogeochemicatycling.

2.4.1 Structure

CANOPS ocean modelis a tD (vertically resolved) intermediate complexity box model of ocean
biogeochemistry (sekig. 1b for the schematic structure) originally developed(®yaki and Tajika, 2013
Ozaki et al., 20101 Our model structure is an improved version of the HILDA mddebs et al., 1991
Shaffer and Sarmiento, 1993Jnlike simple onalimensional global ocean models (g8putham et al.,
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1982), the HILDA-type model includes explicit higlatitude dynamics whereby the higdtitude surface

layer exchanges properties with the deep ocean. This treatment is crucial for simpteforgned
properties and observed chemical distributions, especially for phosphate and disSplireca self
consistent manner. Unlike simple btype global ocean models, the model high vertical resolution. This

is needed for representing proper biogeochemical processes which show strong depth dependency.
Furthermore, HILDA type modelfArndt et al., 2011 Shaffer et al., 2008 unlike multi-box-type global

ocean modelg¢Hotinski et al., 200 use a small number of free parameters to represent ocean physics and
biology. The simple and adaptable structure of the model should make it apptiwableide range of
paleoceanographic problemBae ocean modkl couples a diffusioradvection model of the global ocean
surface and interiowith a biogeochemical modéSect 2.4.3) anda parameterized sediment mogséct

24.4).

The ocean surface consistsaohixed layer at lowmid latitude (L) and highatitude (H). Below the surface

layers, we adopt the preseatdy averaged seafloor topography(Millero, 2006, with the h{Hypsometric

profile is-shown inFig. 43. Below the surface water layers, the ocean interior comprises two regions: the
high-mid latitude region (HD) and lowmnid latitude region (LD)Each region is subdivided vertically, with
high resolution(Dz = 100 m) Each of the60 ocean layerin each latiide region (120 totalls assigned
ocean sediment properties. The cresstioral area, volume, and sediment surface area of each box is
calculated from the benthic hypsometry. Inclusion of the bathymetry allows dealadtthe flux of
biogenic materialsvhich settle on, andreburied in, seafloor sedimerdas each water dep{$ect 2.3.3 and
2.3.9.
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Figure 4. Ocean bathymetry and water transpod) Seafloor topography (cumulative seafloor area)
(Millero, 2006 adopted in the CANO&RB model. ) Lateral water advection from HD to LD section
assumed in the standard run (in Sv). Total advectionvtatas set at 20 Svc) Upwelling rate in the LD
region (in m y#) of the standard run.

2.4.2 Transport

The ocean circulation model represents a general and robust scheme that is capable of producing well
resolved modern profiles of circulation tracers using realistic parameter values, and the coupled

biogeochemical modebct 2.4.3) and the parameterizegdiment modelSect 2.4.4).

The timespace evolution of model variables in the ocean is described by a system of horizontally integrated
vertical diffusion equations for neconservative substanceBhe tracer conservation equatiestablishes

the relationship between change of tracer concentration at a given grid point and the processes that can
change tht concentration. These processes include water transport by advection and asixirgl asi

sources and sinks due to biolodiaad chemical transformations. The temporal and spatial evolution of the
concentration of a dissolved component in the aphotic zone is described by a horizontally integrated vertical
diffusion equation, which relates the rate of change of tracer contientsd a given point to the processes

that act to change the tracer concentration:

X X
% = % vane + Qbio + Qreact’ (16)

where [X] represents horizontally integrated physical variables (such as potential temperature, salinity or

14C) or concentration of a chemical compongnienotes time, an@,, and Q,.,.represents internal sources
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and sinks associated with the biological pump and chemical reactions, respectively. An external source/sink

term Q,, , which represents riverine input dodair-sea gas exchangis, added to the surfaceykrs.The

first term on the righthand side of equatiofi6) represents the physical transport:

HX]

TV 1T YRR ) TN R o
= A"(QwW"(2 n i?A()K()Z 208 &y, 7

The terms on the rightand side express (from left to right) the advection, vertical diffusion, and horizontal
diffusion. Here,| andh indicate theLD andHD, respectively. The factod$,"'(2), Knor, A"'(2), andw"(2)
denotes the vertical and horizontal diffusion coefficietits areal fraction of the water layer at water depth

trans

zto the sea surface area, and upwelling D) or downwelling for HD) velocity, respectively.

In the CANOPSocean modelocean circulation and mixing are characterized by five physical parameters:
(1) water transport via thermohaline Circulati(%, associated with high latitude sinking and {ovd
latitude upwelling (2) constant horizontal diffusion between thpghotic zons, Knor; (3) strong, depth
dependent vertical diffusionetween the aphotic zonesthre high latitude regiork,"(2); (4) high latitude
convectionV, ; and (5) depthlependent vertical diffusion in the lemid latitude regionK.'(2). These

parameters are tuned to give tracer distributions consigt#imtpreseniday observationsThermohaline

circulation and higHatitude convection are considered to be general physical noodasy rotating planet,

and our simplified water transport scheme allowss to represent them with a limit humber of free

parametersHowever, we emphasizbatthe water tansportscheme explored herg designed to represent

the modern ocean mportant nn on Earth.As a result some of these parameterizatiomgy need to be

modified when applyingo ancient oceansr oceans on exoplanetfseverthelessgiven our simple design,

our water transport schemerglatively flexible tomodify the water circulationthatare markedly different

from the modern ocean.

Advection

Advective water transportin the ocean modetepresentsthe major features of modern meridional
overturningcirculation. The rate of production of ventilated ocean waters ranges from 14 to 27 Sv (1 Sv =
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10° m® s?) in the North Atlantic and from 18 to 30 Sv in the Southern Ocean, (Doney et al., 2004
Lumpkin and Speer,20))f The f or mati on of deepwat erwaterftoftecti vel y

abyss. We choosé = 20 Svas a reference value, giving a mean overturning time of about 2,140 yr,

consistent with the ventilation time estimated from observafidreecker and Pend982.

The downwellingof the surface waters at H formsDHhat flows into the intermedte to deep oceanic

layers of LD, which, in turn, upwells over LHg. 1b). In many onealimensional ocean models, downwelling
water enters the oceadnterior via the deepest model layée.g., (Southam et al., 1982; Shaffer and
Sarmiento, 1995; Volk and Hoffert, 1985)n the real ocean, downwelling waters are transported along
isopycnallayers below approximately 1,000 (@.g.,(Doney et al., 2004_.umpkin andSpeer, 200;7Shaffer

and Sarmiento, 1995%/olk and Hoffert, 198). Hence, we assume thaigh-latitudedeepwater flows into

each ocean layer below 1,100 m. While there is some uncertainty in the pattern of lateral advection, the flow
is determined in our model assuming a constant upwelling rate below a depth of liii€@@emD region.

The upwelling/downwelling rate*"(2) is thendetermined by the seafloor topography and the destpr

lateral inflow, assuming continuityzigure 4bshows the lateral advection of despters with a reference

circulation rateV of 20 Sv.This assumption provides a plausible upwelling rate, which is consistent with

the oftquoted value of 23 m yr! (Broecke and Peng, 1992Fig. 40).

Vertical mixing

Ocean circulation is dominated by turbulent processes driven by wind and tidal mixing. These processes
occur as eddies which occur atvide range of spatial scales, from centimeters to whole ocean basins.
numerical models of ocean circulation, turbalerixing in the ocean interior is commonly represented as a
diffusion process, characterizeg bBn eddy diffusion coefficientThe vertical eddy diffusion coefficient

Kv(2) is typically on the order of 10to 10* m? st and it is common to assume a degépendece which
smoothly increases from the thermocline (2182 s!) to the abyss (~1dm? s') using an inverse or
hyperbolic tangent functiofe.g.,(Shaffer et al., 2008vakushev et al., 20QY. To account fothermocline
ventilation, we assumedralatively high vertical diffusion costfient in midwater depth K, = 6.3x10° m2

s? for water deptt600- 1500 m).We also adopted a higher value for the vertical diffusion coeffickant (
32
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1.6x10* m? s1) in the upper most 500 m of the ocedarorder to represent the highly convective Ekman

layer in the upper part of the ocean

a
1K, (@2 -500 m)
I
\
K'(2={K (50022 21500 m) (18)
’I‘ )
1 d_ B3 2, .7 55
1|k3+k kaé ﬁanrf;‘ezTZ 8('5 (otherwise
¢ ¢ e

where4® and &° are vertical mixing coefficients, arlis the transition length sca{fRomaniello and Derry,
2010. In the high latitude region where no permanent thermoddirists, more rapid communication with
deepwates can occur. Previous studies have pointed out that the vertical diffusivities at high legitubde
very high (up toO(10? m? sY)) (e.g., (Sloyan, 2005. To account for tis we include higHatitude

convection between H and YI¥( = 57.4 Sv) and higherertical diffusion K."(z) = 2xK\\(2)).

Horizontal diffusion

The horizontal diffusivity is included according Bomaniello and Derry (20100n basin scales, the
horizontal (isopycnal) eddy diffusivity is 0L times larger than the vertical (diapycnal) eddy diffusivity
due to anisotropy of the density field. Rospatial scale of 1,000 km, horizontal eddy diffusion is estimated
to beO(10° m? s?) (e.g.,(Ledwell et al., 1998. We adopt this valugds Romanielloand Derry (2010) did,
we assume horizontal mixing follows the pathways of advective fluxes between laterally adjacent regions.
The reciprocal exchange fluxegy bewritten as

Jrar = KiorA % @ ], (19)

whereJno™ denotes thexchangdluxes between the layers (in molyr A. represents the crosectional

area separating two adjacent reservaiiis, a characteristic spatial distance separating the reserépfilss

the difference in concentration between two reser{@mnaniello and Derry, 20)0By assuming thdt is
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of the same order as the length of the interface separating the two regions, we can approximate

A ° & b, wherelz is the thickness of the interface separating the two regions. Then we obtain
Jhor = Kior 2 [ . (20)

Therefore, vimen we discretize the ocean interior at 100 m spacing approximately 0.1 Sv of reciprocal

mixing occurs between adjacent layers.

Ocean circulation tracers

We use potential temperatugesalinity S, and radioactive carbd¥iC, as physical tracers. Distributions of
these tracers are determined by the transport mechanisms describedratiivestudy we adopt the values

at the surface layers (L and H) as upper boundary conditgbrsl5 , ¢'=0 , S =35 psuS' = 34 psu,
[HC' =-40a , and**C" = -100&% . The radioactive decay rate f§€ is 1.2x10* yr. Although*C can be
incorporated in the biogenic materials and transported into deep wat@mnaevethis biological effect for
simplicity. The associated error #510% of the profiles produced by circulation and radioactive decay
(Shaffer and Sarmiento, 1999 he parameter values used in the ocean circulation model are lifablen

3.

Table 3: Physical setp of the ocean circulation model. ( hofis :
Parameter Label Value Unit Ref.
Ocean surface area A 3.62x104 m? (Ozaki and Tajika, 2033
Surface area of higlatitude layer (H) AP 0.362x1064 m? (Ozaki and Tajika, 2033
Depth of mixed layer hm 100 m (Ozaki and Tajika, 2093
Grid spacing Dz 100 m (Ozaki and Tajika, 2093
Water depth of ocean bottom Z 6,100 m (Ozaki and Tajika, 2093
Ocean overturning rate vV 20 Sv (Ozaki and Tajika, 2023
Vertical mixing coefficientZ < 500 m) Ku 5,000 m?yrt  (Ozaki and Tajika, 2093
Vertical mixing coefficient (500 m < < 1,500 . .
m) Ki 2,500 m?yr!  (Ozaki and Tajika, 2033
Mixing coefficient ks 473 m?yrt  (Romaniello and Derry, 2010
Mixing coefficient K 3,154 m?yrt  (Romaniello and Derry, 2010
Transition depth for vertical mixingpefficient z 1,000 m (Romaniello and Derry, 2010
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High-latitude convection rate \/'h 57.4 Sv (Ozaki and Tajika, 2033

Horizontal diffusion coefficient Khor 1,000 m?s!  (Romaniello and Derry, 2010

749 2.4.3 Oceanbiogeochemical framework

750 The ocean circulationmodel is coupled to a biogeochemical madethich includes an explicit
751 representation of a variety of biogeochemical procsegse¢he oceanThe parameters used in the oceanic

52 biogeochemical model are listed in Table 4. ( hofi s —
153 Table 4. Parameter values used in the oceanic biogeochemistry module of CAGRBS ( hofis :
Parameter Label Value Unit Ref.
Efficiency factor for phosphate uptake at L é 1.0 - (Ozaki and Tajika, 2093
Efficiency factor for phosphate uptake at H é 0.15 - (Ozaki and Tajika, 2093
Phosphate half saturation constant Kp 1x108 mM (Ozaki and Tajika, 2093
Export ratio fexp 0.2 - (Ozaki et al., 2019a
Redfield C/P ratio a 106 mol mol*  (Redfield et al., 1963
Redfield N/P ratio b 16 mol mol*  (Redfield et al., 1963
POM sinking velocity VpoMm 100 m dt (Ozaki et al., 201)L
Mass fraction of @ m 0.72 - (Ozaki and Tajika, 2033
Mass fraction of G my 0.25 - (Ozaki and Tajika, 2033
Mass fraction of G mg 0.03 - (Ozaki and Tajika, 2093
Decomposition rate of G ki 0.6 dt (Ozaki et al., 2011
Decomposition rate of 5 ko 0.1 da?t (Ozaki et al., 20111
Decomposition rate of £ ks 0.0 dt (Ozaki et al., 2011
Half saturation constant for @bic respiration Koz 8x10° mM (Boudreau, 1996
Half saturation constant for denitrification Knos 3x10? mM (Boudreau, 1996
Half saturation constant for MSR Kwmsr 02 mM This study
Half saturation constafbtr AOM Kaom 0.093 mM (Beal et al., 2011
Aerobicoxidation rateof ammonium kre 1.825x10 mM?yr! (Oguzetal., 2001
Aerobicoxidation rateof sulfide Kro 3.65x1G mM1yr! (Oguzetal., 2001
Aerobic methane oxidation rate ko 1x10 mM*yrt - (Van - Cappellen  an
Wang, 199%
Anaerobic methane oxidation rate Kr11 3x10* yrt (Ozaki et al., 2019a



Pyriteformation rate in the water column W 0.01 yrt This study

Reference value of seawater sulfate concentration [SOs?]" 28.9 mM (Ozaki et al., 2019a

754 Biological production

755 The overall biogeochemical cycling scheme is based on the cycling of primary nutrient (phosplgte; PO
156 which limits biological productivityd _export production is related to the availability & within the

757 euphotic zonéMaier-Reimer, 1993; Yamanaka and Tajika, 1996; Shaffer et al., 2008)

[PO; 1"

iLh :al,hh ép P03 Lh
Jexp m [ 4 ] [POi ]Lh + KP 1

(21)

758 wherejexp represents new/export productionR®C (in unit of mol C n? yrl), a denotes @ stoichiometry

759 of POM, hny is the mixed layer depthe denotes theassimilationefficiency factor forP uptake, andKe

760 denotes the haKsaturation constant. The value @for the low-mid latitude region is assumed to be 1. In
761 contrast,we assume lower efficiency for high latitude region because biological production tends to be
762 limited by environmental factors other than phosphate availability (e.g., amount of solar radiation, mixed
763 layerthickness seaice formation, and iron availability). This used a®ne of thefitting parametesin the

764 model.Downwelling waters contain a certain level of nuttiei.e., preformed nutrients).

765

766 In our standard run, the stoichiometry of organic matter is parameterizedthwsanonical Redfield ratio

767 (C:N:P=106:16:1)Redfield et al., 1963 However, we note thatexible C:N:P stoichiometriras beenthe

768 subject ofrecentdiscussion. In thenodern oceans, C:N:P ratios of exported POMy \arosslatitude,

769 reflecting ecosystem structuréGalbraith and Martiny, 2035 Local observations (and laboratory
770 experiments) suggst thatthe C:N:P ratioof cyanobacteria is a function of seawalR®> concentration

771 (Larsson et al., 2001Theevolutionary perspective has also been disculailg et al., 2003Sharoni and

772 Halevy, 2022. In the previous version of the CANOPS model, th&-€@ stoichiometry ofprimary

773 producers responds dynamicallyRavailability in the surface lay¢Reinhard et al., 201%b

. - 4é a g {PC;] ¢
a= g fmc @ aé tanh;ei'g{ 0.] ¢ (22)
2 ¢ ¢ <
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b= b P P b% tanrbeié 4 {PO. ] é. (23)
2 & ¢ Gn

wherea and b represent the C/P ratio and N/P ratio of POMenoes the canonical Redfield ratjiamax
denotes the maximum val@max = 400 andbmax = 60), andgo and gr1 are tunable constanfgeo = 0.1 1M
and g1 = 0.03/M) (Kuznetsov et al., 2008In the CANOPSGRB model this dynamic response of POM
stoichiometry can be explored by changing the-flagrfrom the standard static responkethis study, we
do not explore the impacts of flexible POM stoichiometry on global biogeochertiistryamax = a* and
bnax=b).

Biological production in the surfageixedlayer increases the concentration of dissolve@@ reduces the
concentrations of DIP and DIN according to the stoichiometric ratio (R1 andTR@g 3. DIN
consumption is partitioned between nitrate and ammonium, assuming that ammonium is preferentially
assimilatedCANOPSGRB evaluates the availaityl of fixed N in the surface ocean, arahy N deficiency
requiredfor a given level ofproductivity is assumed tbe compensatefbr on geologic time scales by

fixers. In other words, it is assumed that biologibbfixation keeps pace witR availability, so thaP (not

N) ultimately determines oceanic biologigabductivity.

To date, modelof varying orders of complexithhave been developed to simelaiceanic primey
production and nutrient cycling in the euphotic layer, from a single nutrient and single phytoplankton
component system to theclusion ofmultiple nutrients and trophic levels the marine ecosystem, usually
coupled to physical models (e.dYakushev et al., 2007; Oguz et al., 2000)o avoid this level of
complexity, ve introduce a parametefex, called export ratigSarmiento and Gruber, 2006vhich relates

the flux densities of export production aN&P, as follows

rocn jex
Iner =5 2, (24)

exp
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wherejne®" denotes the NPP in terms of mol G grl. In the modern ocean globally averaged valug.gf
is estimated a0.2 (Laws et al., 2000 and we assumed this value in this stutlge rate of recycling of
organic matter in the photic zonetlgisgiven by

f

. . N
Jrecy = Jll)\lcFr’]P ! exp = EXPJ ex’ (25)
fexp
The respiration pathway dfecy depends on the availability of terminal electron acceptoss Qs and
SQ%). Following exhaustion of these species as terminal electron acceptors, organic matter remineralization
occurs by methanogenesis7jRSeebelowfor the treatment of organic matter remineralization in the water

column.

Biological pump

MostPOM exported to the deegeais remineralized in the water column before reaching the seafloor (e.g.,
(Broecker and Peng, 1992Nutrients returning to seawatarintermediatedepthsmay rapidly return to the
surface ocean and support productivity. Teaining fractiorof POM thatreaclesthe sediment ultimately
exerts an important control on oceanic inventories of nutrients andrOadequate representation of the

strength of biological pump is therefore critical to any descriptions of global biogradi cycles.

The governing equation of the concentration of biogenic partigiss

Ew e =G

POM ~
Mt

wherer is a decomposition rate angowm is the settling velocity of POM in the water column. We assame

(26)

settling velocity of 100 m d for our reference value (e.dSuess, 1980, although a very wide range of
values and depttlependency have been reported (€Rerelson, 20013) Therefore, the settling velocity is

fast enough to neglect advective and diffusive transport of biogenic particles. Note that the settling velocity
would affect the intensity of biological pump and chemical distribution in the ocean interior. Comgsttierin
ballast hypothesis in the modern ocgéanmstrong et al., 20Q1Francois et al., 2002ttekkot, 1993 Klaas

and Archer, 200R the settling velocity oPOM in the geological past wouleery likely have been different

from the modern ocean. A&ashiyama et al., 201Xointed outthere would be a critical aspect among
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sinking rate of POM, intensity of biological pump and chemical distribution in the ocean. The quantitative

and comprehensive evaluation of their effe@nsmportant issue for the futuseork (Fakhraee et al., 2020

In order to solve equation §pexplicitly, a relatively small time step (~1 day) would be requiktmivever,
becausehe sinking velocity andemineralization of biogenic material are fast processes, we assume that the
POM export and remineralization occur d). Themth¢e he same time step (i

concentration of biogenic particles can be solved as follows:

a riz
G(z+ @ 4 zexpe — . @7
¢ Veowm

whereDz is a spatial resolution of the model.

Organic matter decomposition

As POM settles through the water column, it is nearly entirely decomposed back to dissalverd
Therefore decomposition of POM is a key process for modelling biogeochemistry in the. daeavoid

the complex treatment difiis procesgsuch as repackaging and aggregation/dispersal of particles), various
empirical schemes for POM sinking flux have been propaaerh asxponentialVolk and Hoffert, 1985

or power law(Martin et al., 198y functions(Fig. 5. However, the estimation of Volk and Hoffert generally
tends tooverestimate irthe upper water alumn (<1.5 km) and underestimate at dejiths important to

note thatdata series of sediment trap measuresemre obtained from a limited geographic and depth
range (Berelson, 2001band(Lutz et al., 2002conducted further estimatef the sediment flux and found
regional variabilityin thesinking flux. Broadly, thesedata indicate that commonly applied flux relationships
generallytend tooverestimate flux to depth.
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Figure 5. Empirical elationshi between POC settling flux normalized to export producflantz et al.,
2002 and water deptllArcher et al., 1998; Berelson, 2001b; Martin et al., 1987; Volk and Hoffert, 1985)
The profile of the CANOPSRB modelis depicted as a@ed line.The black dots represermbservational
data (Honjo and Manganini, 1993; Lutz et al., 2002; Tsunogai and Noriki, 1991; Honjo, 18840)
references therein).

The microbial degradation of different groups of organic matter with different labilities differs over
timescales ranging from hours to millions of yednsorder to represent the decrease in POM lability with

time and water depth, we addhe secalled multtG model(Westrich and Berner, 198that describgthe

detailed kinetics of organic matter decomposit{@eaki and Tajika, 20130zaki et al., 2011 In the
CANOPS modelPOM is described using two degradable fractionsgi@l G) and one inert (& fraction

using different rate constanks (i=1, 2, 3) for each componeriRate constants are tuned the basis of
consistency with the typical profile of the POM sinking flux estimated from sediment trap stidieS).(

In this study, constant stoichiometries between C, N, and P during the remineralization of POM are assumed

throughout the water columtaking vales equal to those characterizing mean export production.
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The electron acceptarsed inthe respiration reaction changes from dissolveddother oxidantge.qg.,

NOsz andSQ?) as Q becomes depleted@he respiration pathway is controlled by finee energy change

per mole of organic carbon ahzed.The organic matter decomposition is performed by the oxidant which
yields the greatest free energy change per mole of organic carbon oxidized. When the oxidant is depleted,
further decomposition wilbroceed utilizing the next most efficient (i.e., the most energy producing) oxidant
until either all oxidants are consumed or oxidizablgaaic matter is depleted (e.¢Froelich et al., 1979;

Berner, 1989) In oxic waters, organic matter ism@neralized by an aerobic oxidation procesd)(RAs
dissolved Q@ is depletedNOs and/or SO will be used (B and R$§. Denitrification is carried out by

heterotrophic bacteria under low concentrations of dissolvedf Ghere is sufficient nitrateFor anoxic,

sulfatelean oceansthe methanogenicdegradation oforganic matterp#eé%ﬂen—ﬁrem—earbeﬂ—dmaede

In the CANOPSGRB model, vwe parameterized the dependence of decomposition of POM with a
MichaelisMenten type relationship with respect to the terminal electron acceptors:
[O,]

R“_K +[o](aKG) (28)
_ K, [NO;]
e Ko, +[0,] Ky, tNO7] (&G) (29)
Kéz KNo3 [SO7] .
A Ko, +[0,] Kyo, TNOJ K g [$O 4]( ak G) (30)
R = Ké)z K,'m3 K"\ASR ( 3G)
" Ko, +[0,] Ky, NOJ Ky [807] a

=(1-R, Ro, Ro)( k®)
where Koz, Knos, and Kusr are Monod constants, aritpz, Koz, KGusr are inhibition constantsThe
Monodtype expressions ameestwidely used in mathematical models of PQMcomposition processes
(e.g.,(Boudreau, 1999. The oxidants for organic matter decomposition chapgeluathwith—depending
on theameuntavailability of each oxidantwhich vary with time and water depffhe parameter values are

based onthe-previous studies on early diagenegimcesses in marine sedimeriBoudreau, 1996Van
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873 Cappellen and Wang, 1996Q? has been one of the major components of the Phanerozoic oceans and has
6174 been anmpertan mportant oxidizing agent in anaerobic systems. In the original CANOPS n{Qdwiki

875 and Tajika, 20130zaki et al., 201)1 it was assumed that the saturation conda®k is zero, meaning that

876 the SQ¥? is never a limiting factorln contrast, duringhe Precambrian, seawat®@:? could have been

877 extremelylow (Lyons and Gill, 201 The half saturation constarior MSR Kwusr) determines the degree

878 to which MSR contributes to the total respiration rat&svever,estimatesor Kusr in natural environments

879 and pure cultures vary over several orders of magnitude (~BQ0&1) (Tarpgaard et gl2011; Pallud and

880 Van Cappellen, 2006We assumereference value di.2 mMfor this study

881

882 Finally, temperature may also have played an important rogganic matter decomposition ratlhe

883 dependence of ammonification on temperature is sometimes described by an exponential function or Q
884 function (e.g.,(Yakushev et al., 20Q¥. While we recognizethat the temperature dependencyoodanic

85 matter decompositioimight have played an important role in oceanic biogeochemical cyclesein

86 geological pas{Crichton et al., 2021 these dynamics anmeot includel in eurstardard-medEANOPS

87 GRBv1.0Q

888 Secondary redox reactions

889 Total ammonia $NHs), total sulfde (SH2S), and methane (Gl produced during organic matter
2190 degradation, are subjectasidationtoby NOs, SO, andCO; via a set of secondary redox reactiofalfe
891 1). Rate constants for these reactions are taken from the literihegeocean model includestrification
892 (R8), total sulide oxidation by @ (R9), aerobic oxidation of CHoy O, (R10), and AOM by S@ (R11).
893 Nitrification, the oxidation of ammonium to nitrate, occurs in several stages and is accomplished mainly by
894 chemolithotrophic bacteriggarmiento and Gruber, 2006én this study, we treall nitrification reactions as
895 a combined reaction @} The rate of this process is assumed to depend on the concentration of both oxygen
896 and ammonia as follows:
R, = k[NH'J[0 . (32)
897
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The oxidation of sulfide formed in anoxic waters MR can also be written as a series of reactions (e.qg.,
(Yakushev and Neretin, 1997 but we treatit as an overall reaction @R The rate of this secondary redox
reaction is also formulated usiadimolecular ratéaw:

R =kl 8S][0,]. (33)
The rate constant for this process has been shown to vary significantly as a function of several redox
sensitive trace metals which act as catalgidillero, 1991). Here we assumigs = 3650 mM* yr't based on
the observations afuboxiclayethe chemoclinef the Black Se§Oguz et al., 2001

In theoriginal CANOPS mode(Ozaki et al., 2019aDzaki and Tajika, 20)3syngenetic pyrite formation in
the water colummnvas notconsideredin a morerecent revisiorof the model this process was addédole
et al., in reviey and parameterized such thain sulfide formation isassumed to beroportional to the
hydrogen sulfide concentration:

o = Kol 8151, 34)
wherekyy"® is a model constanttg reference value is set @01 yr?). This constant is function of the
ferrous iron concentratioim seawaterbut it is the subject of large uncertainthe total flux (in mol S yt)

can be obtained by integrating the precipitation flux density over the whole ocean:

JWC - A chiv

o " d dz. (35)

CH.-ean-be-exidized-notenly-by.Graerebic-wateréRL0}but-by-SOin-anede-waters(REH-The aerobic

oxidation of CH is formulated using a bimolecular rate law:

Ro = kudCHJIO ] (36)
The rate of AOM is formulated using a Monetype law(Beal et al., 201t
SO
R, = keyCH ] o0t ] @

KAOM +[SO§- ]
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916 Rate constants for aboveactions are taken from the literat({fieble 4. Secondary redox reactions were
917 calculated implicitly with an operator splitting scheifBteefel and Macquarrie, 19969 as to maintain

918 numerical stability.

919 2.4.4 Sedimentwater exchange

920 The burial of biogenic material in marine sediments plays a critical role in global biogeochemical cycles,

921 especiallywith respect tahe marinebudgets of nutrientarbon and sulfur This is intimatelylinked to

922 atmospheric @levels on geologic timescales. Specificatlye burial rate ofCorg in marine sedimentsxers

923 a primary controlon the evolution of atmosphericcQ evel s throughout Eart hoés history. Gi ven
924 complexity of biogeochemical processes withgdiments and our limited knowledge on many of the early

925 diagenetic processes, we adopt some sngirical relationships extracted from ocean sediment data. This

926 approach, rather thaxplicit modelling, is also required to reduce the computationalafasie simulation

5|27 on timescale>100 Myr.The related parameter valug=®listedin Table 5

928

z129 Table 5: Parameters used in the sedimemter interface module of CANORSRB. ( hofis
Parametey Label Value Unit Ref.
Scale constant for benthic aerokespiration k 0.02 yrt (Ozaki et al., 2019a
Burial efficiency of Grg at zero sediment accumulation rate be 5.0 % (Dale et al., 201p
Burial efficiency of G at infinite sediment accumulation rat be 75 % (Dale et al., 201
Centre of the regression for burial efficiency of organic C a 0.01 g cm?yr!l  (Dale et al., 201
Pyrite burial efficiency in oxic sediments €py®XiC 0.117 - This study
Pyrite burial efficiency in anoxisediments EpyrA"o% 1 - (Ozaki et al., 2019a
Oz threshold value for P burial efficiency oxic 0.25 mM (Ozaki et al., 2011
Corg/Norg ratio of buried sediments (Corg/Norg)b 10 mol mot*  (Ozaki and Tajika, 2033

930 POM deposition

931 The fraction of settling PONhat reacheshe sediment surfacdorg™P (in mol C yrd) is a function of both

932 thesettlingflux density,jorg™*P (in mol C m? yrY), and topographyFig. 43:
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72 . dA
dep — o depy un
‘]org - D1 Jorg (Z) dz dz' (38)

where thesettlingflux density can be written as follows:
Jorg =VeorG - (39)

whereG is the concentration of POM, angom denotes the sinking velocity.

Carbon cycling

Interactions between the ocean and underlying sediments play an important role in influencirgcediole
chemical and nutrient inventories on geologic time sc&&M deposited to theeaflooris subjectto
decomposition during diagenetic procesassocated with buriain marine sediments. Onlysaallfraction
of organic matterwill ultimately be buried and removed from the surface environmetbwever,
understandingvhat factors control the preservati@f organic matterin marine sediments has bean
controversial topic, and wstill lack a robust understandingf this processWith this issue in mind, we
adoptanempirical approach obtainesingthe observational dafeom previous studies.

The burial flux density 0€orq at each water depthy>°" (in terms of mol C M yr?), is calculatedbased on
burial efficiency BEorg:
i b,ocn = BE : dep (40)

Jorg org Jorg -

Burial efficiency is defined as the fractiasf organic matterburied in sedimentselative to the total
depositional flux. Burial efficiency is described by simplified parametric laws based on empirical
relationships from modern day observatioRvious studies demonstrate strong dependefdlis term

on total sedimentation rat8R(e.g.,(Henrichs and Reeburgh, 198 7Figure6 demonstrates the relationship
betweenBEyg and SRcompiled from literaturesurveys. The sedimeationrate in the modern ocean varies
over about five orders of magnitudeith a primary dependenas material suppd from the continents.
There isa strang relationship especially forSR less than 0.01 c¢cm ¥r In contrast to the stron§R
dependence under oxic condit®mnoxic setting showa muchweakerdependence dBEqg on SR(Betts

and Holland, 1991 Henrichs and Reeburgh, 198{Fig. 6). In this study, the following relationship
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955 proposed byHenrichs and Reeburgh, 1988 adopted for sedimentinderlying welloxygenated bottom
956 water (Q concentration of bottom water, flow > 200 /7M):

SWA
BEbrg = 21 :

957 GiventhatBEog depends on #[O2]bw (Lasaga and Ohmoto, 2002; Katsev and Crowe, 20t&adopt the

(41)

958 following formulation for sediments underlying lessygenated bottom waters {fow < 30 /M) (Dale et
959 al., 2012:

BE., =D, gy (@2)

960 wherea = 0.019,b; = 0.05, and, = 0.7, respectivelyFor intermediate [@uw levels,BEygis evaluateds a
961 function of [Q]bw With alog-linear interpolation methodNote that the original CANOPS mod@&zaki and
962 Tajika, 2013 Ozaki et al., 201ladopted Eq. (41) without considering the @pendency, whereas more
63 recentversions employ Eg. (42) for both oxic and anoxic sediments wifgrelt values of, b andby. In
64 the CANOPSGRB V1.0, we adopted both equations, because of the sake of more accurate reproduction of
965 Corg burial distribution in the modern ocea®e(ct.3.2.9.
966
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9469 Figure 6. Burial efficiency of organic carbo(BEog) as a function of sedimentation rg@R. The dots

970 denote the observational data compiled from literature sui@efts and Holland, 1991; Canfield, 1993;
971 Henrichs and Reeburgh, 1987; Tromp et al., 1995; Hartnett et al.,. 1P®8)color represents the, O
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72 concentration of bottom water, ffaw, with grey dots for the unknown p3w value.Blue and red lines are

73 the relationship for welbxygenated ([@lbw > 200 7M) (Henrichs and Reeburgh, 198Md anoxic ([Glpw

74 < 30 M) marine sediments adopted mEtCANOPSGRB model whereaBlackandgrey solid lines isare

75 apreviously proposed empirical relationshipposed by (Betts and Holland, 1991 )hereablue-andred

76 Hpes—orethe—reldenship—terwadlcrgenaled O Ly = 000 plin apd apesde [0}, —= 202 marne
sediments-adopted-in-the- CANOBRB-medel

979 Sedimentation rate depends strongly on water depth and distance fron{i$bdges et al., 1999and we
980 apply the relationship betweerater depthz, and thereference value ddRshown by(Tromp et al., 1996
981 (Fig.7).

z=2700 2erfq 2.1 HogSR). 43)

982 Using these formulas with seafloor topograiRig. 49 andjor®®? (Eq.39), we can calculati:>°"for each

983 ocean depthin the CANOPSGRB model, we also introduan erosion factorfr, representinghe global

984 weatheringsedimentatiorrate Sect 2.4.3. Given the intimate coupling between global erosion rate and
985 mass transfer from continerb the oceanSRscales with the erosion factorfg = 1 for our reference run):

SR 3= f SR). (44)
986
0
1
E 2
=
=
a
k] 3
]
T
= 4
Tromp et al. (1995)
5 4 —— Middleburg (1997) -
— This study
[3 Ll ol Ll e
10* 10° 107 10" 1¢° 10
-1
987 SR [cm yr-1]
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dss Figure 7. Sedimentation rate as a function of water depth. Data (black dots) were compiled from literature
989 survey(Colman et al., 2000; Baturin, 2007; Betts andl&fa, 1991; Tromp et al., 1995; Cha et al., 2005;
990 Reimers et al., 1992)Black line represents the relationship assumed in the CANGRE model.

991 Previously estimated empirical relationsh{ptiddelburg et al., 1997Tromp et al., 199bare also shown.

992

5|93 Organic mattethat is not burieds subject to decompositiofthe benthicdecomposition rate at eawfater

994 depth is given as follows:
J;i(; - J :rgp -j Dl:gﬂﬁﬂ (4' BE org)J org* (45)
995 The respiration pathwawsed in the benthic decomposition is evaluated based on -serpirical

96 relatlonshlps obtained by-d early dlagene3|s models (see belo®he-degradation-of-erganic—matier

97

98 water-columnThe fraction of aerobic degradation in total sedimentary respirdiianis calculated based

999 0N oxygen exposure timeédgr):

faero (1 f deni) (l e’ kIOET ) ’ (46)
1000 wherefqenidenotes the fraction of denitrification akés an empirical constantoer is given by
_OPD
OET — § ' (47)

1001 where OPD is the oxyggrenetration depth (cm) ar@Rdenotes a linear sedimentation rate (cryin the
1002 CANOPSGRB model OPD is calculated by a simplified parametric law obtained frorDaedrly
1003 diagenetic model of C and>0OWe performed a series of experimenmis=(5,652) h order to parameterize
1004 OPD as a polynomial function with the following variables: sedimentationSRt{em yr?), bottom water
1005 O concentration [Glow (M), depositional flux ofPOC jorg™P (mmol C cn? yr') and bottom water
1006 temperaturdiw (°C). The variables are allowed to vary over a parameter space spanfiog $9* < SR<
1007 10' cm yrt, 10 MM < [Oz)ow < 1C° 1M, 10 mmol C cn? yr < jor?®P < 108 mmol C cn? yr?, and 0 °C <
1008 Thw< 30 °C.
logOPD =4, 48 logSR 8 l0og[Q ], #log {§ atlog SH
+a5(log[0,],,)" *ag(log j55)* &,(log SR(log[O,],,): (48)
+8,(10g[0,],,)(Iog j5) - (logSR(log [7) #,T,,
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whereap = -2.24869,a; = 0.110645a; = 1.12569,a3 = -0.281005,a4 = 0.014827 a5 = -0.124721,a5 =
0.0894604,a7 = 0.00279531a8 = -0.127797,a9 = 0.0017995, andyo = 0.0085171. This parametric fit
provides a rapid means of obtaining OPD from[Q éarly diagenetic model of C and (Big. 8. Note that
Eq. (48) is verified for [Q]bw >1 7M. When bottom water £concentration is lower than/iM, OPD is set

at zero.

Figure 8. The correlation between the simulated OPD and the OPD obtained from an empirical relationship
of equation (48)r{= 5652). Gray line denotes the 1:1 lif8.= 0.9595.

Phosphorus cycling

Marine P inventoryis controllednot only by the riverine P input flux from land batsoby the efficiency of
P recycling in marine sedimenfgan Cappellen and Ingall, 199Because the estimated P diffusive flux
from seafloor sediments is much greater than the riverine P(Bejaney, 1998; Hensen et al., 1998;
Ruttenberg, @03; Mcmanus et al., 1997; Wallmann, 2003a; Wallmann, 20ifgnge in diagenéc
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