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Abstract The Capitanian stage is characterized by marine anoxia possibly related to the extinction,
although the global redox structure of the Capitanian ocean has not been constrained. We newly report a
nitrogen isotope (8!°N) record from a paleo-atoll limestone at the top of a mid-Panthalassan seamount to
constrain the spatial extent and duration of the Capitanian marine anoxia. The §'°N value of limestone after acid
treatment is substantially high for ~5-Myr up to +28%o, the highest through the Phanerozoic oceans, suggesting
that the nitrogen source (nitrate) was substantially enriched in >N via denitrification within subsurface
oxygen-deficient zones (ODZs; O, < 5 uM). Numerical modeling of nitrogen isotope dynamics in the upwelling
system along the seamount suggests that the possible minimum §'°N value of a global deep-oceanic nitrate
reservoir was ca. +9%o in the Capitanian (~4%o higher than at the present). Furthermore, a redox-dependent
nitrogen isotope mass balance model constrained the global redox structure of the Capitanian superocean.
Substantially reducing conditions (O, < 20 uM) prevailed at intermediate water depths (100-1,000 m), in
association with expanded ODZs with anoxic/euxinic cores along continental margins (> ~0.4% of global
ocean volume), while the deep-ocean remained to be more oxidizing (O, < 60 uM). The enhanced open-ocean
productivity associated with the low sea-level and high nutrient flux to the ocean resulted in the global ocean
deoxygenation during the cooling stage. Our model is consistent with previous geologic observations and with a
possible link between the long-term (~5-Myr) development of marine dysoxia and the extinction.

Plain Language Summary The Capitanian stage is a peculiar stage characterized by several
environmental changes including marine anoxia, possibly related to the large extinction. Previous studies
reported the evidence for marine anoxia developed at least locally in the Capitanian, although the spatial extent
and duration of anoxia in the superocean Panthalassa in the stage have been poorly constrained. Bioavailable
nitrogen is essential for life and the nitrogen isotopic composition of sedimentary record is useful to reconstruct
the global nitrogen cycle in association with oceanic redox condition in the past. We report a ~5-Myr-long
nitrogen isotope record from a shallow-water limestone in the lost mid-superocean during the Capitanian.

This unique record reveals major changes in global nitrogen cycle in the stage, that is, the appearance of a
substantially '’N-enriched oceanic nitrate reservoir indicating enhanced anaerobic respiration under reducing
conditions. Numerical modeling further constrains that the reducing water masses (O, < 20 pM) prevailed at
intermediate water depths (100-1,000 m) in the superocean, in association with the expanded oxygen-deficient
zones with anoxic/euxinic cores developed along the continental margins (at least twice as much as in the
modern oceans). Our new model is consistent with the scenario that the long-term subsurface anoxia/euxinia
contributed to the shelf extinction.

1. Introduction

Bioavailable nitrogen (so-called “fixed-N") is essential for organisms and is a major component in the oceanic
biogeochemical cycle in Earth history (e.g., Falkowski, 1997). Fixed-N exists most abundantly as nitrate (NO,~)
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in the modern oxic oceans, and microbial nitrogen fixation and denitrification are a major source and sink,
respectively, of the oceanic fixed-N pool. Fixed-N is generally supplied to the surface ocean via nitrogen fixation,
the biological reduction of dinitrogen (N,) to ammonium (NH,*), by diazotrophic cyanobacteria. In contrast,
denitrification, an anaerobic process of nitrate reduction to N, via oxidation of organic matter, occurs in the
oxygen-deficient zones (ODZs; the O, concentration <5 pM) at intermediate water depths (100-1,000 m) and in
marine sediments (Note 1 in Appendix A) (Codispoti et al., 2005; Dalsgaard et al., 2014). Nitrogen isotope frac-
tionation via water-mass denitrification is large up to 25%o, whereas the fractionation via benthic denitrification
in sediments is small (<3%o) (e.g., Brandes & Devol, 2002). In a simplified model of the global fixed-N cycle,
the nitrogen isotopic composition (§'N) of an oceanic nitrate reservoir (§'°Ny,) is determined by a balance
between water-mass and benthic denitrification on a global scale and thus by the global oceanic redox conditions.

The 85N value of organic matter in marine sedimentary record has been suggested to be useful for reconstructing
the 8Ny, value and the global fixed-N cycle in association with oceanic redox conditions in the past (e.g.,
Robinson et al., 2012). Based on a comprehensive 8N compilation through the Phanerozoic, Algeo et al. (2014)
suggested ~100-Myr-scale 89N fluctuations in coincidence with the long-term variation in climate and eustacy.
In their model, greenhouse climate modes were characterized by low 85N values of sediments (—2%o to +2%o)
with the reduced OMZs whereas icehouse climate modes were characterized by high 8N values (up to +8%o)
with the expanded OMZs. The OMZ expansions during icehouse climate modes were caused by an increased
nutrient influx from the continents to the oceans and enhanced surface-ocean productivity. Kast et al. (2019)
reported the 85N value of foraminifera shell-bound organic matter during the Paleocene—Eocene transition and
found a 10-Myr-long 8N decline from ca. +15%o to +3%o coincident with global cooling and oceanic oxida-
tion associated with the Asia—India collision. These studies illustrated that the global fixed-N cycle has been
controlled largely by oscillation in oceanic redox condition on the geological time scales.

The ca. 264.3-259.6 Ma Capitanian, the Late Guadalupian stage (Henderson et al., 2020), is characterized by
the large extinction in marine and terrestrial realms which occurred ca.7.6 Myr before the larger biotic catastro-
phe at the end-Permian (Bond, Hilton, et al., 2010; Jin et al., 1994; Stanley & Yang, 1994). Several geologic
phenomena in the Capitanian have been proposed as the cause of the extinction, such as the eruption of the
Emeishan flood basalts in South China (e.g., Wignall et al., 2009; Zhou et al., 2002), a eustatic sea-level fall (Jin
et al., 1994), climate warming and oceanic acidification (Clapham & Payne, 2011), cooling (Isozaki et al., 2007a;
and b), and marine anoxia/euxinia (Saitoh et al., 2013a, 2013b; Yan et al., 2013). In particular, the emergence
of anoxic/sulfidic conditions along the continental margins in the Capitanian oceans has been reported in South
China (Kametaka et al., 2005; Saitoh et al., 2013a, 2014a; Shi et al., 2016; Wei et al., 2016, 2019; G.J. Zhang
et al., 2015; B. Zhang et al., 2018, 2019a, 2021), NW Pangea (Bond et al., 2020; G.J. Zhang et al., 2015), and
the Boreal Realm (Bond et al., 2015) (Figure 1a). Although the depositional setting, depth, and age of the sedi-
ments at each section were different from each other in these regions, the growing body of evidence suggests that
the anoxic/sulfidic water masses prevailed widely along the continental margins, persisting as a potential stress
for shallow-marine biota (Saitoh et al., 2014; Wei et al., 2019). In addition, the §'°N value of organic matter
in some of those anoxic/euxinic sediments is substantially high (+8%o to +14%o0) and suggests denitrification
in the reducing deep-water masses along the continental margins, possibly in association with the intensified
ODZs (Saitoh et al., 2014; Schoepfer et al., 2012). Apart from the anoxia/euxinia along the continental margins,
Isozaki (1997) proposed that the deep part of the Panthalassic ocean was under prolonged oxygen-depleted condi-
tions from the Capitanian to the Early Triassic (superanoxia). However, the onset timing of superanoxia is still
controversial partly due to poor age constraints on mid-Panthalassan pelagic sediments with no index conodont
(Fujisaki et al., 2019; Isozaki, 2009; Kakuwa, 2008; Kato et al., 2002; Matsuo et al., 2003; Onoue et al., 2021).
The contribution of Capitanian marine anoxia/euxinia to the shallow-marine extinction is still largely uncertain
because the global oceanic redox structure in the stage has been poorly constrained so far.

In order to constrain the redox structure of the Capitanian oceans from a global perspective, we focus on a
paleo-atoll limestone accumulated originally at the top of an ancient seamount in mid-Panthalassa during the
stage (Figure 1). Pre-Jurassic mid-oceanic paleo-atoll carbonates, as well as deep-sea cherts, have been gener-
ally regarded as a rare sedimentary archive of environmental changes in the pelagic realms of lost oceans
(Isozaki, 2014). In the present study, we report a high-resolution 8'°N profile of a mid-Panthalassan paleo-atoll
limestone, now located in central Japan as an allochthonous block in an accretionary complex (Figure 1b). The
analyzed limestone records substantially high 85N values with large 8'3N oscillation. In particular, its large
amplitude and estimated long periodicity are distinct from those of previously-known 85N oscillation in the
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Figure 1. Index maps and stratigraphy of the paleo-atoll limestone at Akasaka in central Japan. (a) Guadalupian paleogeography (modified from Muttoni et al., 2009)
with the estimated location of the mid-Panthalassan seamount on which the Akasaka limestone accumulated (hatched area). Black and white stars represent the
Chaotian and Opal Creek sections, respectively. A red dot shows a section, at which evidence for anoxia has been reported (Bond et al., 2015, 2020; Saitoh et al., 2013a;
Shi et al., 2016; Yan et al., 2013; Zhang et al., 2015). (b) The Akasaka section in the Mino-Tanba belt, central Japan. A white dot represents the Kamura section
(Isozaki et al., 2007a; Ota & Isozaki, 2006). (c) Geologic map of the Akasaka limestone. (d) Schematic diagram of the ridge-subduction system with mid-oceanic
sediments. A fragment of the mid-oceanic sediments (yellow and red triangles) is preserved as an allochthonous block in the accretionary complex. (e) Stratigraphy

of the Akasaka limestone. Road.: Roadian, Wuchiap.: Wuchiapingian, L. Mem.: Lower Member, Mid. Mem.: Middle Member, Fm.: Formation, 1s.: limestone, dol.:

dolomitic.

Phanerozoic. To constrain biogeochemical and oceanographic conditions quantitatively for these characteristic
features of 8'°N record from mid-Panthalassa, we employ and connect two numerical models: one of the global
oceanic fixed-N cycle and the other of the local upwelling system along the seamount, at the top of which the
analyzed limestone accumulated. Based on a constraint from the first global model, we reconstruct the oceanic
fixed-N cycle and estimate the global volume of the ODZs in the Capitanian ocean. Furthermore, based on the
second model, we reconstruct oscillation in the local upwelling system along the seamount, which could have
caused the observed 8'°N fluctuations, and speculate its possible driving force.

2. Geological Setting and Stratigraphy

The pre-200 Ma mid-oceanic sedimentary rocks have been generally lost due to subduction driven by plate tecton-
ics (Figure 1), except for an allochthonous block incorporated into an accretionasry complex (e.g., [sozaki, 2009;
Isozaki et al., 1990). Particularly, the Mesozoic accretionary complexes in Japan contain allochthonous blocks of
the Permian deep-sea cherts and paleo-atoll carbonates, which originally accumulated several thousand kilome-
ters away from the eastern margin of South China in low-latitude mid-Panthalassa (Figure 1) (e.g., Isozaki, 1997;
Isozaki et al., 2007a; Kanmera & Nishi, 1983; Matsuda & Isozaki, 1991). The Permian limestone at Akasaka in
Gifu Prefecture, central Japan (e.g., Ota & Isozaki, 2006), is such a paleo-atoll limestone originally accumulated
at the top of a mid-oceanic seamount in the western Panthalassa during the Guadalupian—Lopingian transition. It
is now exposed as a kilometer-sized block within the Jurassic mudstone matrix of the accretionary complex in the

SAITOH ET AL.

3 0f 30

85U807 SUOWWOD dAIERID 3|qedljdde auy Ad peueAob a1e SaIe VO ‘8N J0 S9INJ 104 Akeiq1 T 8UIIUO AB]IA UO (SUORIPUCD-PUR-SLLBIALID™ A8 |IMARIq 1[Bu 1 UO//SdNY) SUOIPUOD pue sUwLB | 8y} 89S *[1202/60/ST] uo AReiqi aujuo A8|im *ABojouyos L O imisu| 0401 Aq £25700Vd2202/620T 0T/I0p/wod" A im Akeaqijpuluo'sqndnfe//sdny woly pepeojumod ‘9 ‘€202 '2srzLSe



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2022PA004573

Mino-Tanba belt; within the block, the Permian limestone strikes in N—S and dips at 40° to the west in the Middle
Jurassic accretionary complex of the Mino—-Tanba belt (Kofukuda et al., 2014; Ota & Isozaki, 2006; Sano, 1988).
Detailed litho-, bio-, and chemo-stratigraphies of the Akasaka limestone have been examined by previous stud-
ies (e.g., Akasaka Research Group, 1956; Isozaki & Ota, 2001; Kani et al., 2013; Kofukuda et al., 2014; Ota &
Isozaki, 2006; Ozawa & Nishiwaki, 1992; Sakagami, 1980; Zaw Win, 1999, 2000).

The Permian limestone at Akasaka (>250-m-thick in total) is composed of the Guadalupian Akasaka Lime-
stone Formation and the overlying Lopingian Ichihashi Formation (Figure 1) (Akasaka Research Group, 1956;
Kofukuda et al., 2014; Ota & Isozaki, 2006; Ozawa & Nishiwaki, 1992; Zaw Win, 1999). A non-carbonate bed
in greenish color (<1-cm-thick) is intercalated between the Akasaka Limestone and Ichihashi formations, which
marks an erosion horizon with a hiatus (Kofukuda et al., 2014). The Akasaka Limestone Formation is composed
of fresh and pure gray/black bioclastic limestone with various shallow-marine fossils including fusulines, algae,
and large bivalves. This formation consists of three stratigraphic units: the Lower, Middle, and Upper members,
in ascending order. The Lower and Middle members (>170-m-thick in total) is composed of gray and dark
gray bioclastic limestones, respectively, with large fusulines. The Upper Member of the Akasaka Limestone
Formation, over 120-m-thick, is mainly composed of thickly bedded dark gray to black bioclastic limestone
with abundant calcareous algae and large fusulines. In this study, we analyzed this Upper Member limestone.
The uppermost part of the Upper Member (ca. 9-m-thick) is composed of light/dark gray striped limestone. The
overlying Ichihashi Formation, over 96-m-thick, is composed of gray to white dolomitic limestone with abundant
small fusulines. Based on lithofacies characteristics, Zaw Win (2000) and Kofukuda et al. (2014) interpreted that
the Akasaka Limestone and Ichihashi formations were deposited in subtidal and intertidal settings, respectively,
at the top of the seamount.

Fusuline is a main dating clue because no index conodont/ammonoid was reported to date from the shallow-water
Akasaka limestone. Based on the fusuline biostratigraphy, the stratigraphic units of the Akasaka limestone are
correlated as follows (Kobayashi, 2011; Kofukuda et al., 2014; Ota & Isozaki, 2006; Zaw Win, 1999, 2000): the
Lower Member of the Akasaka Limestone Formation to the Roadian (Early Guadalupian), the Middle Member of
the formation to the Roadian to Wordian (Middle Guadalupian), the Upper Member of the formation to the Capita-
nian, and the Ichihashi Formation to the Wuchiapingian (Early Lopingian), respectively (Figure 1e). Two-stepped
extinction is recorded in the uppermost 20-m-thick part of the Upper Member (Kofukuda et al., 2014). The
Guadalupian-Lopingian boundary (G-LB) is assigned to the base of the Ichihashi Formation. This study analyzed
the Upper Member limestone, which is correlated particularly to the early to latest Capitanian.

3. Materials and Analytical Methods
3.1. Nitrogen Isotopic Analyses

Fresh rock samples of the Upper Member of the Akasaka Limestone Formation were collected from the outcrop
and by scientific drilling. For the isotope measurements, we followed a conventional “rinse method” in previous
studies for Precambrian/Paleozoic sedimentary records (e.g., Fujisaki et al., 2019; Saitoh et al., 2014). After
cutting by a disk saw, a thin (~5 mm thick) rock slab was fragmented roughly into small pieces (~1 cm in diam-
eter) in an agate mill. The rock pieces were then cleaned ultrasonically by distilled water (10 min, two times)
and pure ethanol (10 min, two times) to remove any dust and organics on their surface. The pieces were dried
up at room temperature and ~10 g of sample was powdered by using an agate mill. The sample powder was
reacted with 10 M HCI (made of Super Special Grade HCl, 35.0%-37.0%, FUJIFILM Wako Pure Chem. Corp.,
ID: 083-03435) at room temperature overnight to dissolve carbonate. The acid residue was purified by repeated
centrifugation with distilled water and was dried at 70°C overnight. <20 mg of the dried residue was placed in a
tin cup, and the nitrogen isotopic value was measured by using a ThermoFinnigan DELTAplus Advantage mass
spectrometer coupled with an EA 1112 Series FLASH Elemental Analyzer at JAMSTEC. The nitrogen isotopic
composition is reported in %o relative to atmospheric N, according to 8N = (R e/ Ryangara — 1) X 1,000,
where R is the isotopic ratio (** N/'“N) of the sample and the standard. The analytical reproducibility of the
85N value determined by replicate analyses of the laboratory standards is 0.4%o (15) (Table S1 in Supporting
Information S1).

We use the notation 8N
before isotope measurement. The influence of nitrogen contamination during the pre-measurement procedure

i for the 815N value of the Akasaka limestone below to specify the acid treatment
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3.2. Spectral Analysis
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To assess the cyclicity of stratigraphic variations inthe Capitanian Akasaka
8N,y fluctuations, we performed wavelet analyses on depth series of
8N,y records using a series of Matlab algorithms modified from those
developed by Torrence and Compo (1998). This program can identify

whether peaks in the spectrum of the time series are significant against the

Figure 2. Fix-boxes model of the local upwelling system along the Akasaka red-noise (autoregressive lagl) background spectrum.
seamount, modified after Canfield (2006) and Boyle et al. (2013). We interpret
that the 8'°N value of the analyzed Akasaka limestone records Spqy, the 315N

value of fixed-N in the surface box U (the local surface ocean around the top 3.3. Modeling

of the seamount). Denif.: denitrification. &; and 5,: the 8'°N value of nitrate

in the boxes I and D. O, and O, ,: the O, concentration of the boxes I and We employed two models to examine biogeochemical and oceanographic
D, respectively. AO, is introduced as a parameter of the global oceanic redox processes in the Capitanian superocean, which were recorded in the Akasaka

conditions. See the main text for details.

limestone.

3.3.1. Local Upwelling Model

We focused on the depositional setting of the Akasaka limestone for the first

model. It is a paleo-atoll limestone accumulated at the top of a mid-oceanic
seamount in low latitudes (Figure 1d) (Kofukuda et al., 2014), where a deep water-mass likely upwelled along
the seamount, as on the Galapagos islands in the modern equatorial eastern Pacific (e.g., Forryan et al., 2021).
As discussed later in Section 5.1, the 8'°N_,, value of the Akasaka limestone is interpreted to record the value
of fixed-N assimilated into biomass in the surface ocean around the seamount. We employed a five-boxes model
modified after Canfield. (2006) and Boyle et al. (2013), to examine the §'3N value of particulate organic nitrogen
(PON) in the surface ocean box U around the seamount top (,qy) (Figure 2).

We focus particularly on the intermediate water depth of the upwelling region (the box UM). We calculated the
export production (EP) and the concentrations of molecular oxygen (O,), nitrate (N), ammonium (N®), phos-
phate, and hydrogen sulfide (H,S) in the box UM based on the steady-state mass balance equations and boundary
conditions (e.g., the concentration of chemical species in the outer open-ocean (the boxes I and D); Table Al).
The steady-state mass balance equations include the terms of water mass transport process between UM and
surrounding boxes with following parameters: the vertical water exchange rate between U and UM (K ), the
vertical water exchange rate between UM and the deep-ocean box D (K,,,), the horizontal water exchange rate
between UM and the open-ocean intermediate layer box I (K)), the advective upwelling from D to UM (A), and
the advective flow from I to UM (B) (Figure 2). The upwelling rate of water mass from UM to U (R,) is deter-
mined by the sum of A and B (R, = A + B), and varied from 0 cm/hr to 2.0 cm/hr, which is a typical range of R,
observed in the modern ODZs (Canfield, 2006). The reference values used for the other parameters are listed in
Table Al. When the O, concentration of the box UM (0O, ;) decreases to zero by in-situ aerobic respiration of
exported organic matter, water-mass denitrification occurs and increases the 8'°N value of residual nitrate in the
box, which eventually increases d,qy as seen in the next paragraph.

We assumed that, in the surface water region in the upwelling system around the seamount (box U), upwelled
nitrate and ammonium from the box UM was assimilated completely into biomass (N, and N®; are zero) with no
isotope fractionation. When nitrogen fixation is limited in box U (“non-N-fixation case” in the original model;
Boyle et al., 2013), 6,0y is simply determined by the nitrogen isotope mass balance in the box UM:
SumNum + ESMN['}M

Num + N[]}M

)]

OpoN =
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where &, and 58, are the !N value of nitrate and ammonium in the box UM, respectively. The variables on
the right-hand side are obtained based on steady-state mass balance equations. (When nitrogen fixation is not
inhibited in box U, &, is not expressed by Equation A1 but by Equation A18 in Appendix B.)

Equation 1 means that ,q) is a function of &, in the present upwelling model, and &y, is largely influenced by
the nitrogen isotopic composition of nitrate in the deep-ocean box D (). This is because nitrate in the box UM
is supplied not only from box I via the water exchange (Kj;,,) and advective flow (B) but also from box D via
water exchange (K ;). (Note that the advective upwelling flow from D to UM (A) is assumed to be constantly
zero (Table A1).) Furthermore, in the modern oceans, the difference between the nitrogen isotopic composition
of nitrate in box I (6;) and &}, is at most ~2%o (Text S5 in Supporting Information S1). Accordingly, dpgy in the
surface box U is regarded to be an indirect recorder of &, in the present model.

In general, the nitrogen isotopic composition of a deep-oceanic nitrate reservoir () reflects the oceanic redox
conditions on a global scale (as mentioned later in Section 3.3.2). On the other hand, as mentioned above, dpqy in
the surface box U is an indirect recorder of §, in the present upwelling model. We examined the specific influence
of global oceanic redox conditions on &y in the model, and focused particularly on the O, concentration of the
outer open-ocean: the boxes I and D (Figure 2). (Note that the sum of the volume of the boxes I and D can be
assumed to be >95% of global ocean volume, and thus the O, concentrations of these two boxes can be regarded
practically as a proxy for the global oceanic redox conditions.) We defined the O, concentrations of the boxes I
and D as O,; and O, ;,, respectively, and particularly determined the O, ; and O, 1, values at the “standard oceanic
condition” (O, ¢rp, and O, p, ¢rp) are 100 and 140 pM, respectively, according to the typical O, concentration of
the modern oceans (e.g., Lam & Kuypers, 2011). In the reducing ocean, the O, and O, ;, values should be lower
than 100 and 140 pM, respectively, and we introduced AQ, as a parameter of the global oceanic redox conditions:

AO; = 021 — Oz15tp = O2p — O2p 51D )

We defined O, to be 0 pM when AOQ, is lower than —100 pM. Also, when AO, is —140 pM (0, = O, , = 0 pM),
we regarded that the ocean was “nitrogenous” (Note 2 in Appendix A).

5, and &y, are the 8N value of seawater nitrate in the open-ocean boxes I and D, respectively (Figure 2; Table A1).
Based on the modern observations (e.g., Fripiat et al., 2021), we assumed that §, ranges from &, — two%o to
Op + 2%o (Text S5 in Supporting Information S1). We examined the conditions of AQ, and &, (6;) under which the
fluctuation range of &, can fully cover the Akasaka 8'°N range, within the supposed range of R, (0-2.0 cm/hr).

3.3.2. Global Nitrogen Isotope Mass Balance

The second model deals with the nitrogen isotopic composition of a global deep-oceanic nitrate reservoir
(8" Ny,) with the assumed steady state in the oceanic nitrogen budget (Figure 3a) (Algeo et al., 2014). The
8'5Ny; value is expressed in the following simple nitrogen isotope mass balance equation in the model:

Svo; = —ewnf — esp(l = f) + (3, + €rix) )

where § denotes the 5N value, ey, and &, are nitrogen isotope fractionation during water-mass and benthic
denitrification, respectively, ¢, is isotope fractionation via nitrogen fixation, 8Ny, is the nitrogen isotopic
composition of atmospheric N,, and fis the global proportion of water-column denitrification to benthic deni-
trification (Figure 3a). (In the model, the term “denitrification” includes not only heterotrophic denitrification
(sequential reduction of nitrate to N,) but also anammox coupled with nitrate reduction to nitrite.) The parameter
values used in the model with their potential ranges are summarized in Table 1.

This model predicts that the §'5Ny,, value records the global oceanic redox conditions since the f value depends
essentially on the volume of ODZs on a global scale. For example, the averaged 8'Ny,, value in the modern
oceans is ca. +4.9%o (Robinson et al., 2012), and the f value is calculated to be 0.27 at ey, = —20%o, &4, = —2%o,
and &, = —2%o (white circle in Figure 3b). This value is consistent with the independent estimation that ca. 30%
of fixed-N loss from the modern oceans is responsible for denitrification in the ODZs that comprise only 0.2% of
the global ocean water-mass (Bianchi et al., 2012; Galloway, 2014). In contrast, the S'SNNO3 value is predicted to
be 18 + 3%o in the “nitrogenous” ocean in which the ODZs expand entirely to the boxes I and D while fixed-N in
these boxes is predominantly nitrate. In the “nitrogenous” ocean, the O, concentration of these boxes is less than
5 pM (Appendix A) and denitrification occurs everywhere in the boxes. The f value is expected to be one in that
case (black dot in Figure 3b).

SAITOH ET AL.

6 of 30

85U807 SUOWWOD dAIERID 3|qedljdde auy Ad peueAob a1e SaIe VO ‘8N J0 S9INJ 104 Akeiq1 T 8UIIUO AB]IA UO (SUORIPUCD-PUR-SLLBIALID™ A8 |IMARIq 1[Bu 1 UO//SdNY) SUOIPUOD pue sUwLB | 8y} 89S *[1202/60/ST] uo AReiqi aujuo A8|im *ABojouyos L O imisu| 0401 Aq £25700Vd2202/620T 0T/I0p/wod" A im Akeaqijpuluo'sqndnfe//sdny woly pepeojumod ‘9 ‘€202 '2srzLSe



A~ .
M\\JI Paleoceanography and Paleoclimatology 10.1029/2022PA004573
AND SPACE SCIENCE
18 T
a Atmosphere (3'°N,, = 0%o) 16 - b The “nitrogenous” ocean 4
R R COCLEE P TR REEEE R PEERRE R 14 L 4
clz | 9813 2SN e 1
oly @ &©® |« -3
=% @ Eg |l gL " Twor 1
X n o gE|I" ET w% - The estimated
b o wE g TE|= £ 8r Capitanian ocean h
= O = g W 25 |- ]
| S I w3 | : 6 L |
I — I
e - 4t The modern g
ocean
Ocean (53'°N,,,) 2 i
0 1 1 1 1 1 1 1 1 1

Figure 3. Model scheme for the Akasaka 8'°N,,; record. (a) Simplified global nitrogen isotope mass balance after Algeo et al. (2014). &y, and &g, are nitrogen isotope
fractionation during water-mass and benthic denitrification, respectively, and ¢, is isotope fractionation via nitrogen fixation. 8Ny, is the isotope ratio of atmospheric
N,. With the fixed fractionation factors (ey, £gp, and ;) and 8Ny, the 8'°N value of an oceanic nitrate reservoir (5'Ny;) is determined by f, the global proportion
of water-column denitrification to benthic denitrification. (b) Relationship between f and 8'*Ny;, on the global nitrogen isotope mass balance (a). White and black dots
represent the modern and “nitrogenous” oceans, respectively. A star represents the most potentially oxidizing condition in the Capitanian ocean, constrained in this
study. See the main text for more details. Nitrogen isotopic fractionation via denitrification is assumed to be 20 + 3% (gray area), and the 8'’Ny, value in the modern
oceans is assumed to be +4.9%o0 (Robinson et al., 2012).

The 8'°Ny, value in the global isotope mass balance corresponds to &y, in the local upwelling model (Figure 2),
as the volume of the deep-ocean box D can be assumed to be >95% of global ocean volume. This is the junc-
tion between the local upwelling model (Figure 2) and the global isotope mass balance (Figure 3) in the present
modeling.

4. Results
4.1. Akasaka §'°N_.. Record

acid.

Table 2 lists all of the measurements of the 615de. value, the TN and TOC contents, and the TOC/TN atomic
ratio of the analyzed Akasaka limestone. Geochemical cross plots of the data are shown in Figure 4. The strati-
graphic 815N, record of the Akasaka limestone is characterized by (a) substantially high values through the

succession, and (b) large and periodic fluctuations (Figure 5). The §'°N, ., values are consistently high at Akasaka

aci
(+19.4%o0 on average). In particular, the maximum value of +28.3%o is the highest in the previously-reported
stratigraphic marine 8'°N records in the Phanerozoic (e.g., Algeo et al., 2014; Kidder & Worsley, 2010), and the

second highest in all the sub-greenschist sediments in Earth history (Stiieken et al., 2015; Thomazo et al., 2011).

Table 1

Parameters for the Global Nitrogen Isotope Mass Balance of an Oceanic Nitrate Reservoir

Parameters Label Range (default parameter value) Unit Ref.

Nitrogen isotopic composition of a global oceanic nitrate reservoir 8Nyos %0

Proportion of water-mass denitrification to benthic denitrification F -

Nitrogen isotope fractionation via Nitrogen fixation* Erie 0to—7(-2) %0 Nishizawa et al. (2014),
Zhang et al. (2014)

Nitrogen isotopic composition of atmospheric N,° 31Ny, 0 (0) %o Sano & Pillinger (1990),

Nishizawa et al. (2007)
Nitrogen isotope fractionation via water-mass denitrification® Ewb —-20 + 3 (-20) %0 Brandes & Devol (2002),
Sigman &
Fripiat (2019)
Nitrogen isotope fractionation via sedimentary denitrification® £5p —15+15(-2) %0 Brandes & Devol (2002)

2Depending on nitrogenase types. "Rather consistent through Earth history. “The term “denitrification” includes not only heterotrophic denitrification (sequential
reduction of nitrate to N,) but also anammox coupled with nitrite reduction to N, in the model. “Little isotope fractionation due to a reservoir effect.
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Table 2
Akasaka 5N, .,
Sample ID Formation Member Thickness (m) 8N, g (%0) TN (ppm) TOC (ppm) C/N atomic
A31 Akasaka Limestone Upper Member 117.9 1 16 28
A33.5 Akasaka Limestone Upper Member 115.9 1 83 90
A34.4 Akasaka Limestone Upper Member 115.2 15.6 2 71 46
A35.6 Akasaka Limestone Upper Member 114.2 13.3 13 484 43
A36.8 Akasaka Limestone Upper Member 113.3 11.9 4 100 26
A36.9 Akasaka Limestone Upper Member 113.2 14.0 5 101 24
A37.5 Akasaka Limestone Upper Member 112.7 12.5 6 125 25
A38.5 Akasaka Limestone Upper Member 111.9 11.3 6 87 17
A38.8 Akasaka Limestone Upper Member 111.7 16.7 16 291 21
A39.8 Akasaka Limestone Upper Member 110.9 15.7 5 84 18
A40.6 Akasaka Limestone Upper Member 110.2 20.4 7 451 74
A41 Akasaka Limestone Upper Member 109.9 21.7 7 458 74
A41.5 Akasaka Limestone Upper Member 109.5 21.4 18 501 32
A42.5 Akasaka Limestone Upper Member 108.7 17.2 2 177 107
A43.5 Akasaka Limestone Upper Member 107.9 22.6 2 112 55
A44.3 Akasaka Limestone Upper Member 107.3 19.4 1 103 88
A44.8 Akasaka Limestone Upper Member 106.9 1 35 73
A46.5 Akasaka Limestone Upper Member 105.5 18.7 2 190 143
A48.5 Akasaka Limestone Upper Member 103.9 21.0 7 500 79
A48.6 Akasaka Limestone Upper Member 103.8 21.7 8 548 80
A49.1 Akasaka Limestone Upper Member 103.4 18.2 23 801 41
A49.4 Akasaka Limestone Upper Member 103.2 18.5 50 330 8
A49.8 Akasaka Limestone Upper Member 102.9 18.9 31 760 28
A51.85 Akasaka Limestone Upper Member 101.6 19.6 9 215 28
A54.9 Akasaka Limestone Upper Member 101.2 16.3 11 754 79
A56.85 Akasaka Limestone Upper Member 99.2 15.5 14 1092 90
A59.7 Akasaka Limestone Upper Member 97.0 11.6 1 157 161
A63.5 Akasaka Limestone Upper Member 93.9 1 81 163
A67.9 Akasaka Limestone Upper Member 90.4 13.8 2 306 202
07AKA253 Akasaka Limestone Upper Member 88.9 21.6 3 233 78
07AKA213 Akasaka Limestone Upper Member 88.8 1 62 89
A74.4 Akasaka Limestone Upper Member 85.2 13.3 2 106 70
07AKA207 Akasaka Limestone Upper Member 82.0 225 10 1,123 130
A78.55 Akasaka Limestone Upper Member 81.9 1 71 93
07AKA206 Akasaka Limestone Upper Member 81.0 25.6 9 602 75
A82.65 Akasaka Limestone Upper Member 78.6 22.3 1 192 158
06AKAS50 Akasaka Limestone Upper Member 772 24.1 19 1072 65
07AKA203 Akasaka Limestone Upper Member 76.7 24.8 34 2,308 79
06AKA49 Akasaka Limestone Upper Member 76.1 24.1 26 1,167 52
07AKA202 Akasaka Limestone Upper Member 75.6 23.8 32 1,463 53
06AKA48 Akasaka Limestone Upper Member 75.2 26.4 15 766 61
07AKA201 Akasaka Limestone Upper Member 74.6 23.1 54 3,289 71
06AKA47 Akasaka Limestone Upper Member 73.7 21.7 11 834 91
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Table 2
Continued
Sample ID Formation Member Thickness (m) 8N, g (%0) TN (ppm) TOC (ppm) C/N atomic
06AKA46 Akasaka Limestone Upper Member 72.9 19.6 17 993 68
06AKA45 Akasaka Limestone Upper Member 72.2 17.6 19 858 53
06AKA44 Akasaka Limestone Upper Member 70.9 16.4 24 1,082 53
06AKA43 Akasaka Limestone Upper Member 70.0 16.6 9 782 106
06AKA42 Akasaka Limestone Upper Member 69.2 12.6 3 308 140
06AKA41 Akasaka Limestone Upper Member 68.3 15.2 12 901 85
06AKA40 Akasaka Limestone Upper Member 67.6 18.6 14 1,068 86
06AKA39 Akasaka Limestone Upper Member 66.7 17.9 25 641 30
06AKA38 Akasaka Limestone Upper Member 66.0 16.5 14 719 59
06AKA37 Akasaka Limestone Upper Member 65.0 15.2 19 1,736 109
06AKA36 Akasaka Limestone Upper Member 63.4 19.2 8 701 108
06AKA34 Akasaka Limestone Upper Member 60.5 24.8 3 298 134
06AKA32 Akasaka Limestone Upper Member 57.9 28.3 6 430 89
06AKA30 Akasaka Limestone Upper Member 56.0 23.7 2 151 107
06AKA27 Akasaka Limestone Upper Member 54.2 23.8 11 728 78
B2.4 Akasaka Limestone Upper Member 54.1 25.2 7 550 89
06AKA26 Akasaka Limestone Upper Member 529 25.1 2 152 88
06AKA24 Akasaka Limestone Upper Member 51.3 22.7 14 1,083 92
06AKA23 Akasaka Limestone Upper Member 51.0 21.7 7 522 85
B6.55 Akasaka Limestone Upper Member 50.8 23.5 14 1,000 82
06AKA22 Akasaka Limestone Upper Member 50.6 22.6 11 662 70
06AKA21 Akasaka Limestone Upper Member 49.9 18.4 8 579 80
06AKA19 Akasaka Limestone Upper Member 48.8 21.3 10 573 65
B10.15 Akasaka Limestone Upper Member 47.9 21.3 2 206 97
B13.5 Akasaka Limestone Upper Member 45.2 13.5 2 250 174
B16 Akasaka Limestone Upper Member 43.2 12.2 3 406 144
B18.7 Akasaka Limestone Upper Member 41.0 20.4 1 48 54
B22 Akasaka Limestone Upper Member 38.4 19.8 25 710 33
B26.8 Akasaka Limestone Upper Member 34.6 21.0 6 411 87
B28.8 Akasaka Limestone Upper Member 33.0 16.4 3 50 20
B335 Akasaka Limestone Upper Member 29.2 20.5 7 431 75
B34.2 Akasaka Limestone Upper Member 28.6 16.5 16 2,065 151
B38.1 Akasaka Limestone Upper Member 25.5 17.8 6 823 168
B43.9 Akasaka Limestone Upper Member 20.9 21.6 7 199 33
B49.65 Akasaka Limestone Upper Member 16.3 22.8 149 9,711 76
B53.6 Akasaka Limestone Upper Member 13.1 17.9 9 953 120
B53.8 Akasaka Limestone Upper Member 13.0 21.7 2 145 75
B57.5 Akasaka Limestone Upper Member 10.0 18.0 7 668 106
B58.8 Akasaka Limestone Upper Member 9.0 17.1 4 510 133
B61.4 Akasaka Limestone Upper Member 6.9 19.2 3 293 119
Bo64 Akasaka Limestone Upper Member 4.8 20.3 13 1,132 101
B64.9 Akasaka Limestone Upper Member 4.1 21.6 12 1,256 119
SAITOH ET AL. 9 of 30

85U807 SUOWWOD dAIERID 3|qedljdde auy Ad peueAob a1e SaIe VO ‘8N J0 S9INJ 104 Akeiq1 T 8UIIUO AB]IA UO (SUORIPUCD-PUR-SLLBIALID™ A8 |IMARIq 1[Bu 1 UO//SdNY) SUOIPUOD pue sUwLB | 8y} 89S *[1202/60/ST] uo AReiqi aujuo A8|im *ABojouyos L O imisu| 0401 Aq £25700Vd2202/620T 0T/I0p/wod" A im Akeaqijpuluo'sqndnfe//sdny woly pepeojumod ‘9 ‘€202 '2srzLSe



AGU Paleoceanography and Paleoclimatology 10.1029/2022PA004573
AND SPACE SCIENCE
Table 2
Continued
Sample ID Formation Member Thickness (m) 8N, g (%0) TN (ppm) TOC (ppm) C/N atomic
B67.8 Akasaka Limestone Upper Member 1.8 19.8 4 589 179
B69.5 Akasaka Limestone Upper Member 0.4 21.3 15 245 19

Note. Record.

Moreover, the 8N, ,, values fluctuate largely and periodically in the analyzed succession, regardless of its

consistent lithofacies (Kofukuda et al., 2014). No clear stratigraphic relationship between the fossil occurrence

pattern and the 8'°N, ., chemostratigraphy was recognized (Figure S1 in Supporting Information S1). An ampli-

tude of the fluctuations is relatively small (ca. 2%o) in the lower part, and substantially increases up to eight%o in

the middle part. The amplitude then decreases upward and is ca. 5%o in the uppermost part. The wavelet analysis

shows the dominant cyclicity of approximately 16-32 m thickness in the middle to upper part of the analyzed

limestone (Figure 6).

4.2. Model Results

All the model results are shown on Tables S7 and S8 in Supporting Information S1. In the local upwelling model,
Opoy 10 the surface box U is controlled by four factors: (a) R, (the upwelling rate of deep-water from the box UM to
U), (b) AO, (the redox condition in the open oceans, the boxes I and D), (¢) 5, (the 8'5N value of seawater nitrate in
the deep-ocean box D), and (d) the presence or absence of nitrogen fixation in the surface ocean box U (Figure 2).
For the last factor, we considered two cases: one in which nitrogen fixation is limited in box U (“non-N-fixation
case”), and the other in which nitrogen fixation is not limited in box U (“N-fixation case”) (Boyle et al., 2013).
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Figure 4. Geochemical cross plots of the Akasaka data.
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Figure 5. Chemostratigraphy of the Akasaka limestone. Two major extinction horizons are shown by arrows (Kofukuda et al., 2014). L.: Lopingian, W.:
Wauchiapingian, Ich.: Ichihashi Formation, TN: total nitrogen, TOC: total organic carbon.

4.2.1. Non-N-Fixation Case

Figure 7a shows the concentration of chemical species in the box UM at the standard oceanic condition (AO, =0 pM),
when nitrogen fixation is limited in box U. Figure 7b shows the rate of export production (EP), denitrification

(Rdeni
with no nitrogen fixation in box U, the O, and NO,~ concentrations in the box UM decreases and increases, respec-

), and sulfate reduction (R,s,) in the box UM at the standard condition. At the standard oceanic condition

tively, with the upwelling rate R/, for up to 0.18 cm/hr (Figure 7a; Table S6 in Supporting Information S1). This is
due to the increase in the rate of aerobic respiration and subsequent nitrification in UM. When R, is higher than
0.18 cm/hr, O, supplied from the boxes U, I, and D to the box UM is completely consumed by aerobic respiration
and denitrification occurs. The rate of denitrification and the NO,~ concentration in the box UM (NO;™ ,; “NO,™
in Figure 7a) increases and decreases, respectively, with R, (Figures 7a and 7b). However, the slope of ANO;™ ./
AR, decreases with R, and NO,~ in the box UM is not completely consumed when the box UM becomes appar-
ently O,-depleted. This is because a negative feedback mechanism works between the denitrification and export
production, that is, the nitrogen limitation for primary production in box U (Table A2). The relationships among the
O, and NO,~ concentrations in the box UM and the export production from box U to UM in the present model are
consistent with the spatial distribution of O, and NO,~ in mid-depth waters within and around the Peruvian ODZ in
the eastern tropical South Pacific (e.g., Peters et al., 2018). See Note 3 in Appendix A for more details.

Figure 7c shows the ;4 dependency on R, at the standard oceanic condition. dpy increases with R, due to the
enhanced input of ’N-enriched nitrate and ammonium from the box UM to U via upwelling (Figure 7¢c). However,
the slope of Adp,/AR,, decreases with R, because primary productivity in box U is limited by upwelled fixed-N
and nitrate is not completely consumed in the box UM (Figure 7a).

As well as R, AO, is also an important controlling factor of o,y (Figure S2 in Supporting Information S1).
For a typical example, at the standard oceanic condition, the Akasaka §'°N range cannot be fully covered at any
given &, (Figure 7). Our calculations show that, within the present R, range (0-2.0 cm/hr) (Boyle et al., 2013;
Canfield, 2006), the Akasaka 85N range can be fully covered only when AO, is <—80 uM (Figures 8a and 8b).
The possible range of AO, and &, on which the Akasaka §'5N range is fully covered is shown as a red line/paral-
lelogram in Figure 8b. The line/parallelogram is enclosed by the black polyline on which the maximum &, is
+28%o and by the gray polyline on which the minimum Jpqy is +11%o. In the present modeling, as mentioned in
Section 3.3.1, we assumed complete assimilation of upwelled nitrate and ammonium and thus no nitrogen isotope
fractionation via assimilation in box U (Section 3.3.1). However, in some areas in the modern surface oceans,
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Figure 6. The wavelet spectra and whole section power spectra (Torrence & Compo, 1998) of the Akasaka 8'°N, ;, record. Legends of lithology are same as in
Figure le. Pale area delineates cone of influence, within which wavelet power is uncertain. Black contour is the 90% confidence level, using a red-noise (autoregressive
lag 1) background spectrum (Torrence & Compo, 1998).

partial assimilation of nitrate with the nitrogen isotope fractionation of ~5%¢ due to iron limitation for primary
production is observed (e.g., Altabet, 2001; Sigman and Fripiat, 2019; Wada, 1980).

Considering the uncertainty of the potential nitrogen isotope fractionation via fixed-N assimilation on the Akasaka
85N, 4 record, in the present modeling, we focused solely on the possible maximum AQ, and minimum & on
which the Akasaka 85N, ,, range (+11%o to +28%o) is fully covered. As discussed later, the estimation of the
possible maximum AQ, and minimum &, corresponds to that of the most potentially oxidizing condition in the
Capitanian ocean. Although the possible range of AO, and &, on which the Akasaka 8'°N range is fully covered
is on the red line or in the red parallelogram in Figure 8b, our estimation in this study allows that AO, and J, in
the Capitanian ocean were in the gray area in Figure 8b. With the supposed constraint on &, (6, —2%o¢ < 6; < J;,
+2%o), the possible maximum AO, and minimum &, were especially achieved when &, was &, +2%o (the right
figure in Figure 8b). We therefore estimated that the possible maximum AO, and minimum &, in the Capitanian
ocean were —80 pM and +9%o, respectively.

4.2.2. N-Fixation Case

Figure 7d shows the concentration of chemical species in the box UM at the standard oceanic condition
(AO, = 0 pM), when nitrogen fixation is not limited in box U. Figure 7e shows the rate of export production
(EP), denitrification (R

ien)> and sulfate reduction (Ryq,) in the box UM and of nitrogen fixation (F,,) in box
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U at the standard condition. Figure 7f shows the &, dependency on R,,. At the standard oceanic condition, O,
is completely consumed and anaerobic respiration occurs in the box UM when R, is higher than 0.19 cm/hr
(Figure 7d; Table S6 in Supporting Information S1), as in the non-N-fixation case (Figure 7a). When R, is higher
than 0.19 cm/hr, denitrification and nitrogen fixation occur in the box UM. In the range of R, from 0.19 cm/hr
to 0.40 cm/hr, the input of '*N-enriched nitrate and ammonium from the box UM tends to increase pqy With
R,;, while nitrogen fixation supplies *N-depleted ammonium into box U and suppresses the &pq increase with
R,, (Figure 7f). Primary productivity in the surface box U is limited by upwelled phosphate (PO,*) (Figure 7d).
When R, is higher than 0.4 cm/hr, nitrate in the box UM is completely consumed via denitrification and pqy is
constantly —2%o because nitrogen fixation is the only nitrogen source for PON in box U. In the N-fixation case,
the Akasaka 8 °N, ., range (+11%o to +28%0) cannot be fully covered at any given AO, and &, because S,y does
not reach +28%o due to nitrogen fixation in box U (Figures 7f and 8c). Our results are generally consistent with
those in Boyle et al. (2013), in which an euxinic water-mass emerges in the box UM when nitrogen fixation is not
limited and sustains biological productivity in the surface box U (Figure 7d).

5. Discussion
5.1. Preservation of the Original Isotopic Composition
5.1.1. The 8N Record of Surface-Ocean PON Around the Seamount Top

Geochemical cross plots are useful to constrain the nitrogen source for the analyzed Akasaka limestone (Figure 4).
The TN and TOC contents are positively correlated (Figure 4a), suggesting that the direct nitrogen source for the
limestone is mainly sedimentary organic matter. All of the analyzed rocks are fresh and pure bioclastic limestone
with no land plant debris nor aerial dust observed under microscope (Kofukuda et al., 2014). Moreover, no clear
correlation is recognized between the 8N, ,, value and the C/N ratio (Figure 4f). The §'°N value and C/N ratio
of land plants are generally lower and higher, respectively, than those of marine algae (Meyers, 1994; Peters
etal., 1978). No correlation between 8 °N_ ,, and C/N at Akasaka does not support an input of terrestrial nitrogen
source and its mixing with a marine source. The 8'°N,_ ,, value of the Akasaka limestone likely records the 8N
value of marine PON at the top of the seamount (8N, in the Capitanian. 8'5N corresponds to & in the
local upwelling model (Figure 2).

5.1.2. The Influence of Post-Depositional Alteration

The C/N atomic ratio of living marine organism is generally around 6.6, the Redfield ratio. The relatively high C/N
ratios (up to 200) of the Akasaka limestone suggest nitrogen losses after burial (Figures 4b and 5). When the sedi-
ments sustain thermal maturation, their TOC contents and C/N ratios would decrease and increase, respectively,
showing a negatively-correlated variation between the TOC content and the C/N ratio (e.g., Bristow et al., 2009).
No correlation between the TOC and C/N ratio at Akasaka implies that the grade of thermal maturity is not high.
During early diagenesis, the 8'°N value of sedimentary organic matter would increase by a selective N loss
(e.g., Altabet & Francois, 1994; Jia & Kerrich, 2004; Robinson et al., 2012; Williams et al., 1995), producing a
negatively-correlated variation between the 8'°N value and the TN content (e.g., Cremonese et al., 2013); that
is not the Akasaka case (Figure 4e). We therefore conclude that diagenetic thermal maturation of sedimentary
organic matter is not significant at Akasaka (cf., Martinez-Garcfa et al., 2022).

5.1.3. The Influence of Pre-Measurement HCI Rinse

In the pre-measurement procedure, we removed carbonate in the analyzed limestone by the reaction with HCI
(‘rinse method’; Brodie et al., 2011), due to the low TN and TOC contents of the analyzed rocks (Table 2). Previ-
ous studies reported that the bulk §'5N value of sediments can be altered by HCl rinse, possibly due to losses of
nitrogen in clay minerals and/or acid soluble organic matter (Brodie et al., 2011; Fujisaki et al., 2021; Schlacher

Figure 7. Model results at the standard oceanic condition (AO, = 0 pM) with 6, and &}, of +4.9%o (the default value; Table Al). (a)—(c) The “non-N-fixation case”
in which nitrogen fixation is limited in the surface ocean box U. (a) Chemical species in the box UM (b) The rate of export production (EP) from box U to UM and

of denitrification (R

deni

) and sulfate reduction (R,,,) in the box UM. See Appendix B for their derivation. (c) The dependency of &, of box U on the upwelling rate

of deep-water (R;). Also see Table A2. The Akasaka 8'°N range (light gray area) is not fully covered at the standard oceanic condition. (d)-(f) The “N-fixation case”
in which nitrogen fixation is not limited in U. (d) Chemical species in UM. (e) The rate of export production from U to UM (EP), of nitrogen fixation in U (F) ), and

of denitrification and sulfate reduction in UM (R

and R, respectively). See Appendix B for their derivation. (f) The dependency of dpyy 0n R, (derived from

deni

Equation A18 in Appendix B. Also see Table A2. The Akasaka §'°N;; range cannot be covered in the N-fixation case. Numerical modeling data are shown on Table

S6 in Supporting Information S1.
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and Connolly, 2014). A compilation of 8N changes via HCl rinse at room temperature (similar to in the present
study) in previous studies shows that the magnitude of >N changes (the difference between the §'°N value after
HCl rinse (85N, ;i) and the value before HCI rinse (85N, .. 8 Nycidiied — © " Nungreatea) MOstly ranges from
—2%o to +1%o (Table S5 in Supporting Information S1). We regarded this magnitude of 8N changes (—2%o to
+1%o) reported in previous studies as the potential §'°N changes of our samples via HCl rinse.

Based on these potential N changes of our samples (—2%o to +1%o), we considered the potential uncertainty of
the estimation of the possible maximum AQ, and minimum &, in the Capitanian ocean (Figure 8). As mentioned
in Section 4.2.1, we estimated that the possible maximum AQ, and minimum &, in the Capitanian ocean were
—80 pM and +9%o, respectively (the right figure in Figure 8b), based on the present Akasaka 8'SN record and the
local upwelling model. While the potential 8N changes of the analyzed samples via HCI rinse would directly
affect the estimate of dy,, it would not affect the estimate of AQ, in the present modeling (Text S3 in Supporting
Information S1). Considering the potential 8'""N changes via HCl rinse as the potential uncertainty of the esti-
mated J, in the Capitanian ocean, we concluded that the possible maximum AQ, and minimum &, in the Capita-
nian ocean were —80 uM and +9 + 2/-1%o, respectively.

5.2. The Substantially High §°N__.. Value of the Akasaka Limestone

acid.

5.2.1. High 85Ny, Value in the Reducing Ocean

The Akasaka limestone is characterized by the substantially high 85N, , values (+19.4%o on average) (Figure 5).
In Earth history, stratigraphic records with high §'>N value over +20%0 had been reported only from a sedi-
mentary succession in the 2.7 Ga Tumbiana Formation (Stiieken et al., 2015; Thomazo et al., 2011) and in the
2.0 Ga Aravalli Supergroup (Papineau et al., 2009). Those Neoarchean and Paleoproterozoic strata accumulated
in restricted water environments (e.g., Awramik & Buchheim, 2009; Buick, 1992; Roy & Paliwal, 1981; Sakurai
et al., 2005; Thorne & Trendall, 2001) under basically anoxic conditions with local redox variation due to in situ
oxygenic photosynthesis on oxygen-depleted Precambrian Earth (Nishizawa et al., 2010; Papineau et al., 2009;
Yoshiya et al., 2012). Although key processes in the nitrogen cycle in the reducing early hydrosphere are still
debated, the fractional loss of dissolved ammonium (microbial conversion to N, via nitrification coupled to
denitrification and/or abiotic devolatilization at high pH) could have contributed to the high 8'°N value of a local
ammonium reservoir in the restricted environments recorded in those Precambrian strata (Papineau et al., 2009;
Stiieken et al., 2015; Thomazo et al., 2011). In marked contrast, the present Akasaka limestone accumulated in the
pelagic surface ocean in mid-Panthalassa in the oxygenated Phanerozoic ocean-atmosphere system (pO, = ~20%,
Berner, 2006), and thus should have recorded, at least in part, the §'°N value of nitrate in the deep-water of the
open ocean. (See Text S4 in Supporting Information S1 for more details.)

As discussed in Section 5.1, the §'5N_ ., value of the Akasaka limestone likely records the value of marine PON
at the top of the seamount in the Capitanian. To fully cover the Akasaka §'5N, ,, range (+11%o to +28%o) in the
supposed R, range between 0 cm/hr and 2.0 cm/hr (Canfield, 2006), the present local upwelling model requests
the substantially reducing oceanic condition on a global scale (A0, < —80 pM) and the high 85N value of
seawater nitrate in the deep ocean () (=+9%0) when nitrogen fixation was limited in the surface water around
the seamount (“non-N-fixation case”) (Figures 8a and 8b). Based on the model results of the N-fixation case
(Section 4.2.2), it was most likely that nitrogen fixation was consistently limited in the surface water around the
seamount top in mid-Panthalassa (Figure 6f).

As mentioned in Section 3.3.2, 5, in the local upwelling model (Figure 2) corresponds to 85Ny, the 8°N value
of an oceanic nitrate reservoir, in the global isotope mass balance (Figure 3). Capitanian 8'°N records are few,
but shelf sediment records at Opal Creek, Alberta, and at Chaotian, South China, are consistent with the high

Figure 8. The maximum and minimum &,y as a function of AO, and J, within the supposed range of R, (0 cm/hr to 2 cm/hr) in the local upwelling model. (a) Non-N-
fixation case. (b) The possible range of AO, and &, on which the Akasaka 8'°N,,, range is fully covered (red line/parallelogram) in the non-N-fixation case. The red
line/parallelogram is enclosed by the black polyline on which the maximum &,y is +28%o and by the gray polyline on which the minimum 6,y is +11%o. A black
arrow indicates the area in which the maximum &,y is higher than +28%o whereas a gray arrow indicates the area in which the minimum &,y is lower than +11%o.
Red arrows indicate the range of possible values of AO, and 6y, respectively, in the Capitanian ocean. We estimated the possible maximum AQO, and minimum &, by the
modeling, and thus AO, and 6, in the Capitanian ocean should have been in the gray area in each figure. White and black dots represent the modern and “nitrogenous”
oceans, respectively (Figure 3b). Note that 5, (the 8'N value of seawater nitrate in the deep-ocean box D) in the upwelling model corresponds to 8! Ny, (the §'°N
value of a global deep-oceanic nitrate reservoir) in the global nitrogen isotope mass balance. (c) N-fixation case. The Akasaka 8'°N,,, range cannot be fully covered in
this case.
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8'5Ny; value (Figure 1). Schoepfer et al. (2012) reported the relatively high !N values up to +10%o of the
Guadalupian Ranger Canyon Fm at Opal Creek in NW Pangea, though the G-LB interval is lacking due to a large
unconformity. Saitoh et al. (2014) analyzed the §'°N value of Capitanian carbonates/mudstones of deep-water
facies accumulated on the relatively deep slope/basin at Chaotian in the low-latitude easternmost Tethys. They
found the substantially high 8'3N values up to +14%o in the early to middle Capitanian and attributed them to
enhanced denitrification in an anoxic deep-water mass. Although the unconformities around the G-LB in both
sections prevent their exact chemostratigraphic correlation, it is worth noting that these two sections were located
almost on the opposite side of the globe from each other (Figure 1a). Their geographical relationship implies that
organic matter with high 8N value (>10%o0) was produced on a global scale in the Capitanian shallow oceans,
and that is consistent with the high SISNNO3 value (>+9%o) inferred from the mid-Panthalassic Akasaka record.
Nonetheless, the high oceanic 85Ny, value in the model is inconsistent apparently with relatively low 8N
values (0 to +2.5%o) of pelagic sediments in western Panthalassa, which is now exposed as an allochthonous
block at Gujo-Hachiman in southwest Japan (Fujisaki et al., 2019), although the Gujo-Hachiman shale/chert,
as well as the Akasaka limestone, accumulated originally in mid-Panthalassa. We infer that the low 8'°N values
of the deep-sea shales do not record the §'°N value of the oceanic nitrate reservoir but reflect a contribution
of N-depleted organic matter produced via regional nitrogen fixation in the N-scarce pelagic surface water
and/or of '’N-depleted terrestrial ammonium/organic matter trapped in aeolian clay to the abyssal sediments.

5.3. The Redox Structure of the Capitanian Ocean

Based on the Akasaka 8'°N,_;, record and the local upwelling model, we estimated that the possible maximum
AO, and minimum &y, in the Capitanian ocean were —80 pM and +9 + 2/-1%o, respectively (Figure 8). We then
constrained the global redox structure of the Capitanian ocean based on two different approaches. These two
approaches are based on each of the constrained maximum A0, and minimum &, (i.e., §'*Ny;) in the Capitanian
ocean, respectively.

5.3.1. The Redox State of Panthalassic Deep-Waters

Based on the possible maximum AQO, (=80 pM) in the local upwelling model (Figure 2), O, and O, are
estimated to be less than 20 pM and less than 60 pM, respectively. In particular, the estimated maximum O,
(60 pM) is in the range of the “dysoxic zone” (~10 pM < O, < ~100 uM) according to the aqueous redox clas-
sification (Algeo & Li, 2020; Tyson & Pearson, 1991).

Isozaki (1997) proposed that the deep part of the Panthalassic ocean was under prolonged anoxic conditions
from the Capitanian to the Early Triassic (superanoxia), on the basis of petrological observations of deep-sea
cherts incorporated into accretionary complexes in Japan and British Columbia, Canada (Figure 1d). Never-
theless, the detailed redox state of mid-Panthalassic deep-waters in the Capitanian stage based on petrological/
geochemical studies on the pelagic sediments from the superocean has been controversial (Isozaki, 2009a, 2014;
Kakuwa, 2008; Kato et al., 2002; Matsuo et al., 2003). Fujisaki et al. (2019) reported no authigenic enrichment
of molybdenum (Mo) and uranium (U) in mid-Panthalassic deep-sea claystone interbedded with chert in central
Japan and suggested pervasive oxic conditions on an abyssal plain in the Capitanian. Onoue et al. (2021) recently
reported manganese (Mn) depletion (relative to lithogenic background) in claystone from another allochthonous
chert block in Japan, and concluded that the deep waters were predominantly suboxic (0 pM < O, < ~10 pM;
Tyson & Pearson, 1991; Algeo & Li, 2020) in the stage.

According to the redox classification (Algeo & Li, 2020), the suboxic zone is characterized by several redox
couples including MnO,/Mn?*+ and UO,(OH),/UO, while the euxinic zone is characterized by the MoO,>"MoS >
couple. Assuming that redox reactions of these metals occurred only in the water column, no enrichment of Mn,
U, and Mo in the analyzed pelagic sediments may suggest that, in the Capitanian, the Panthalassan deep-waters
were in the narrow redox window in the suboxic zone in which only Mn is reduced (Onoue et al., 2021). However,
the redox reaction of transition metals is a common biogeochemical process not only in the water column but also
in the surface sediments (e.g., Algeo & Li, 2020; Tribovillard et al., 2006). In the modern OMZs along the conti-
nental margins, sediments overlain by the suboxic waters are commonly depleted in Mn (e.g., Boning et al., 2004;
Borchers et al., 2005; Nameroff et al., 2002). This is because particulate Mn (hydr)oxides are reduced to soluble
Mn?* in the reducing water-column and sediments (e.g., Froelich et al., 1979; Nameroff et al., 2002). It is worth
noting that, even when the sediments are overlain by the dysoxic water, soluble Mn?* in the sediment porewater
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Pangea increased nutrient flux associated with low sea-level Akasaka limestone Panthalassa

enhanced primary productivity oxic surface water (O, = 250 M)
(“Kamura event”)

continental
shelf

local upwelling

expanded ODZs (0, <5 puM; = ~0.4% of global along the seamount

continental ocean volume) with enhanced denitrification

slope

locally developed “sulfidic water wedge” with
enhanced MSR in the ODZ core (O, = 0 uM)

dysoxic deep-ocean (O, < 60 yM)

abyssal plain

Figure 9. The redox structure of the Capitanian superocean (not to scale). The oxic surface water (O, = 250 pM) is a model
assumption (Canfield, 2006). MSR: microbial sulfate reduction, ODZ: oxygen-deficient zone.

would escape to the overlying water by diffusion (e.g., Boning et al., 2004; Johnson et al., 1992; McManus
et al., 2012; Morford & Emerson, 1999). Hence, Mn depletion in sedimentary records may not be a robust indi-
cator of bottom-water suboxia in the past ocean.

Furthermore, modern sediments overlain by the suboxic water are generally enriched in U and Mo because their
reduction and authigenic fixation are promoted within the more reducing sediment porewaters (e.g., Boning
et al., 2004; Borchers et al., 2005; Nameroff et al., 2002). However, the Capitanian Panthalassic pelagic sediments
are not enriched in U and Mo (Fujisaki et al., 2019; Onoue et al., 2021). Considering the vertical redox gradient
in the water column and sediments, no authigenic enrichment of U and Mo in the analyzed sediments may not
be indicative of the suboxic deep-water on a mid-Panthalassic abyssal plain. As illustrated above, it is difficult to
distinguish the redox state of bottom water from that of sediment porewater based especially on the depletion (or
no authigenic enrichment) of redox-sensitive metals in the pelagic sediments.

Apart from this essential difficulty in the “bottom-up” approaches, the present shallow-marine 8'°N, ;, record
of the Akasaka limestone with global oceanographic modeling does not require that the Panthalassic deep-ocean
was predominantly suboxic (O, < ~10 pM) in the Capitanian, but allows that the deep-ocean was dysoxic
(0, < 60 uM) (Figure 9). We emphasize the utility of such a “top-down” approach to constrain the average
deep-water redox condition on a global scale in the past ocean. The dysoxic large deep-oceans in the Capitanian
are supported by a U isotope record from shelf carbonates. Based on the U isotopic composition of carbonates in
South China during the Permian—Triassic transition, Elrick et al. (2017) suggested that the seafloor areas overlain
by anoxic/euxinic waters were not widespread in the Capitanian oceans although only one datum was reported
from the stage.

5.3.2. The Minimum Volume of Expanded ODZs Along the Continental Margins

As the second approach to the reconstruction of the redox structure of the Capitanian ocean, we estimated the
volume of ODZs on a global scale from the f value (in the global isotope mass balance) of the Capitanian ocean.
The Akasaka 8N, ,; record suggests that &y, in the local upwelling model was > +9%o in the Capitanian ocean
(Section 5.3.1). &, corresponds to the §'°Ny, value in the global isotope mass balance (Figure 3a), and the
8'5Ny; value correlates linearly with the f value (Figure 3b). The estimated f value of the Capitanian ocean from
Equation A9 is substantially high (>0.5) compared to of the modern oceans (0.27) (Figure 3b), and suggests the
enhanced water-mass denitrification in the expanded ODZs at intermediate water depths in the Capitanian ocean
(Figure 9).

Based on the constrained minimum f value (0.5), we estimated the possible minimum volume of the ODZs on
a global scale in the Capitanian ocean with three simple assumptions as follows. First, the §'°N value and size
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of a global oceanic nitrate reservoir were constant during the stage. (It is the assumption of the nitrogen isotope
mass balance in the ocean.) Second, the volumetric rate of water-column denitrification in the Capitanian ODZ
was identical to that in the modern ODZ. Finally, a global flux of sedimentary denitrification in the Capitanian
ocean was identical to that in the modern oceans. Given that the present ODZs constitute 0.2% of global ocean
volume (Bianchi et al., 2012) and that denitrification in the modern ODZs is responsible for 27% of fixed-N loss
from the oceans (Galloway, 2014; Robinson et al., 2012), we estimated that the ODZs expanded to ~0.5% of
global ocean volume in the Capitanian at the minimum, at the given §'Ny, of +9%o (Text S6 and Table S9 in
Supporting Information S1). Even when the uncertainty of estimated minimum 8Ny, (according to the poten-
tial 8'5N changes of the analyzed rocks via HCI rinsing) is considered (8°Nyq; = 8, = +9 +2/~1%o), the ODZs
constituted ~0.5 +0.3/~0.1% of global ocean volume at the minimum in the ocean. Hence, the volume of ODZs
in the Capitanian ocean was at least twice as much as in the modern oceans.

The expanded ODZs in the reducing Capitanian ocean, suggested by the present Akasaka record and models,
are in agreement with a growing body of geologic evidence for prevailing anoxic/sulfidic waters along conti-
nental margins in South China (Kametaka et al., 2005; Saitoh et al., 2013a, 2014a; Shi et al., 2016; Wei
et al., 2016, 2019; B. Zhang et al., 2018, 2019a, 2021; G.J. Zhang et al., 2015), NW Pangea (Bond et al., 2020;
G.J. Zhang et al., 2015), and the Boreal Realm (Bond et al., 2015) (Figure 1a). Based on those observations,
Saitoh et al. (2014a, 2017) proposed an episode of ODZ expansion in the Capitanian ocean with the emergence
of a “sulfidic water wedge” along the continental margin (Figure 9). In the modern oxic oceans, a sulfidic water
plume episodically emerges in the ODZ core on a eutrophic shallow shelf and disappears within a month due to
quick sulfide oxidation (Lavik et al., 2009; Schunck et al., 2013). In contrast, in the Capitanian reducing oceans,
the sulfidic water masses were likely developed along the deeper continental margins and persisted for >1 Myr
(Saitoh et al., 2014). The Capitanian oceans are characterized by increased marine primary productivity and
export production based on the high §'3C value of carbonate (>+5%0) on a global scale, associated possibly with
climate cooling (Kamura event; Isozaki et al., 2007a, 2007b, 2011). The substantially low sea-level associated
with limited coastal shelf areas in the Capitanian may have contributed to increased phosphorous flux to the
open ocean, thereby stimulating the primary production (Algeo et al., 2014; Ozaki & Tajika, 2013), and to the
development of the sulfidic water-bearing ODZs along the continental margins rather than on the shallow shelves
in the Capitanian (Figure 9). The enhanced open-ocean productivity with high export production may also have
resulted in the globally reducing Capitanian oceans (AO, < —80 uM) in which the sulfidic water masses within
the expanded ODZs persisted ~107 times longer compared to in the modern oceans.

In summary, we estimated the global redox structure of the Capitanian superocean based on two different
approaches. The two approaches are based on the maximum AQ, and minimum &y, (i.e., 8'*Ny,) in the Capita-
nian ocean, respectively, which were constrained by the Akasaka 8'°N, ;, record and the local upwelling model
(Figure 8). Their results are consistent with each other and strongly suggest that the Capitanian superocean was
substantially reducing compared to the modern oceans.

5.4. Large 8°N Oscillation in the Akasaka Limestone

In the middle to upper part of the present Akasaka limestone, the 8°N, ., values fluctuate largely with ~8%o
amplitude (Figure 5). Although the depositional age of the analyzed limestone is not well-constrained due to the
lack of conodont fossil, the fusuline biostratigraphy indicates that the analyzed ~115-m-thick limestone accu-
mulated in the early to latest Capitanian (Kofukuda et al., 2014; Ota & Isozaki, 2006; Zaw Win, 1999), possi-
bly covering ~4.8 Myr (Henderson et al., 2020). The 16-32 m periodicity therefore corresponds roughly to
670-1,300 kyr cyclicity, assuming that the accumulation rate was consistent through the analyzed succession. A
~100-Myr-scale 8°N fluctuations modulated by the long-term climate variation between icehouse-greenhouse
modes was suggested through the Phanerozoic (Algeo et al., 2014), while shorter glacial-interglacial oscillation
in 8°N with 10 kyr periodicity was recorded in Quaternary marine sediments and planktonic foraminifera (e.g.,
Liu et al., 2008; Ren et al., 2017). The 670-1,300 kyr periodicity of 8N

cia. Tluctuations with large amplitude

(up to 8%o) recorded in the present Akasaka limestone is distinct from that of previously-known §'°N oscillation
in the Phanerozoic, suggesting the presence of unknown controlling factor on the Earth system with ~1 Myr
periodicity in its history.

As mentioned in Section 5.3.1, we constrained that the possible maximum AQO, and minimum &, on which the
Akasaka 85N, range (+11%o to +28%o) is fully covered within the range of R, (0 cm/hr to 2.0 cmv/hr) were
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—80 pM and +9%o (+2/—1%o), respectively, in the non-N-fixation case (Figure 8). The observed §'°N__, fluctua-

tions in the Akasaka limestone can be apparently explained by periodic changes in R;, between O cm/hr and 2 cm/

acid.

hr, although it should be considered whether or not these supposed changes in R, (similar to in the modern ODZs)
were possible in the Capitanian Panthalassic Ocean. Previous model calculations suggested that, during the
Permian-Triassic transition, the vertical velocity of a water mass in the surface ocean around the equator could
be changed by > 1.6 cm/hr by precession-driven climate variability (Winguth & Winguth, 2013). Moreover,
even in the annual cycle, the wind-induced vertical transport changes seasonally by ~2.5 times (between ~0.15
and ~0.38 Sv) in the modern upwelling system off central-northern Chile (e.g., Bravo et al., 2016). Although
large uncertainties (e.g., the paleo-latitude of the seamount during the deposition of the Akasaka limestone)
still remain, those observations allow us to infer that the supposed changes in R, (0 cm/hr to 2.0 cm/hr) for the
Akasaka 85N, ,, record were possible in the Capitanian superocean.

In summary, we interpret that the long-term (~1 Myr) 8'°N_ ., fluctuations of the Akasaka limestone were likely
caused by the periodic changes in local upwelling rate of deep-water along the seamount at the top of which
nitrogen fixation was permanently inhibited. The global redox structure of the superocean could have been rather
stable during the Capitanian, the analyzed limestone accumulated, although our modeling results do not exclude
the possibility of short-term (<670 kyr) change in AO, and &, (i.e., 8'*Nyq;) in the Capitanian superocean. Such
change in 8'’Ny,, might explain short-term §'°N,;, variation up to six%o observed at the Akasaka and Chaotian
sections (Saitoh et al., 2014).

The periodicity of the 35N
obliquity cycle, originated from interaction between the orbital inclinations of Earth and Mars (the s, — s, term;

acia. fluctuations (ca. 670-1,300 kyr) (Figure 6) is apparently close to ~1.2-Myr long
Laskar et al., 2004). Although the s, — s, obliquity term could have been changed through geologic time due to
the chaotic behavior of the Solar system (Laskar et al., 2004), its periodicity has been estimated to be ~1 Myr
in the Guadalupian (Fang et al., 2015, 2017). Thus, the Akasaka §'°N, ., oscillation could have been paced with
this astronomical cycle. The obliquity-paced latitudinal insolation difference and associated glacial dynamics and
atmospheric circulation might have modulated the local upwelling rate of deep-water along the mid-Panthalassan
seamount in the Capitanian.

5.5. Implications for the Global Extinction

The end-Guadalupian or “Capitanian” extinction was one of severe biodiversity crises in the Phanerozoic (Jin
et al., 1994; Stanley & Yang, 1994), and several geological events in the Capitanian have been proposed as the
cause of extinction, including the Emeishan volcanism in South China (Bond et al., 2020; Chung & Jahn, 1995;
Grasby et al., 2016; Wignall et al., 2009; Zhou et al., 2002), a large regression (Jin et al., 1994), global warming
and oceanic acidification (Clapham & Payne, 2011), severe cooling (Isozaki et al., 2007a, b), and marine anoxia/
euxinia (Saitoh et al., 2013a). Although the Emeishan volcanism has been emphasized by many as the leading
candidate for its trigger, the main kill mechanisms in marine and terrestrial realms are still controversial (e.g.,
Bond et al., 2020). One of the difficulties in constraining kill mechanisms for the “Capitanian” extinction is that
the precise timing and pattern of the extinction remain unclear (Saitoh, 2021 and references therein). The extinc-
tion may have occurred gradually (Clapham et al., 2009; Yang et al., 2004) or stepwisely (Huang et al., 2019;
Saitoh, 2021) in the Capitanian. On the other hand, Bond et al. (2010a, b) suggested that the major extinction
occurred in the mid-Capitanian, significantly before the G-LB (cf., B. Zhang et al., 2019b).

In the Akasaka limestone, two extinction horizons are assigned in its uppermost ~20-m-thick part (Figure 5
and Figure S1) (Kofukuda et al., 2014). As discussed in Section 5.3, the Akasaka §'°N, ,, record suggests that
the ODZs (with the sulfidic core) developed widely along the continental margins and were sustained in the
substantially reducing ocean during the Capitanian (Figure 9), before the shelf extinction. Hence, the Akasaka
limestone stratigraphy is apparently consistent with the scenario that the protracted development of anoxia/
euxinia in the expanded ODZs along the continental margins served as a potential stress for shallow-marine biota
during the Capitanian (Saitoh et al., 2014), although the timing and pattern of the global extinction should be
better constrained by further studies.

6. Conclusions

A new nitrogen isotope (8'°N) record from a Capitanian (Late Guadalupian) mid-Panthalassic paleo-atoll lime-
stone documents that the 8N values of limestones after acid treatment (§'°N, ;) are substantially high up to
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Parameters Used in the Five-Box Model

+28%o, the highest among all the previous marine records in the Phanerozoic. Assuming the upwelling system
along the seamount, numerical modeling suggests that the §'5N value of a global deep-oceanic nitrate reservoir
was >+9%o in the Capitanian, and that, at a regional scale, substantially "N-enriched nitrate was produced
via denitrification in the subsurface ocean along the seamount and supplied to the surface water via upwelling.
The 85N, ,, values fluctuate largely (<8%o amplitude) and periodically (~670-1,300 kyr scale) in the analyzed
succession, caused by periodic changes in upwelling rate of deep-water along the seamount in potential response
to the previously-overlooked ~1 Myr astronomical cycle. Based on the isotopic and modeling results, we
constrained the redox structure of the Capitanian Panthalassic Ocean on a global scale. The superocean may have
been largely under dysoxic (~10 pM < the O, concentration < ~100 uM) conditions, and the waters at interme-
diate depths (100-1,000 m) (O, < 20 pM on global average) were more reducing compared to the deeper/basal
part of the oceans (O, < 60 pM). In association with the substantial O, depletion at intermediate water depths,
the oxygen-deficient zones (ODZ; O, < 5 pM) with the anoxic/euxinic core developed widely along the conti-
nental margins (>~0.4% of global ocean volume; at least twice as much as in the modern oceans), persisting as
a potential stress for shallow-marine biota during the stage. The present results highlight that a §'5N record of a
paleo-atoll limestone at the top of a mid-oceanic seamount is useful to constrain the vertical redox structure from
a global perspective in the past ocean, in combination with global oceanographic modeling.

Appendix A: Explanatory Notes

Note 1: A term “oxygen minimum zone (OMZ)” has been commonly used for a water zone at an intermediate
water depth (100-1,000 m) in the oceans where the O, concentration is at the lowest in the water column, although
the OMZs may include water masses in which O, is still a major electron acceptor (Moffett, 2021). For example,
Lam and Kuypers (2011) roughly defined the OMZ as a mid-depth water zone where the O, concentration is less
than 20 pM. In order to focus on the nitrogen cycle in oxygen-depleted waters, we use the term “oxygen-deficient
zone (ODZ)” in the present article as an oxygen-deficient water zone in which alternative electron acceptors
(e.g., nitrate and sulfate) are predominantly used for respiration. In general, the ODZ is included within the OMZ
according to its definition and corresponds to a mid-depth water zone where the O, concentration is less than
5 pM (Codispoti et al., 2005). On the environmental aqueous redox classification, the ODZ is included in the
“suboxic zone” (O, < ~10 pM) of which upper limit is characterized by the NO,7/N, redox couple (Algeo &
Li, 2020; Tyson and Pearson, 1991).

Note 2: The “nitrogenous” oceanic condition in the present upwelling model represents the oceanic condition in
which fixed-N in the open-ocean boxes I and D is predominantly nitrate and denitrification occurs everywhere in
these boxes. Under the “nitrogenous” oceanic condition, ODZs expand entirely to the boxes [ and D.

Note 3: The relationships among the O, and NO,~ concentrations in the box UM and the export production from
box U to UM in the non-N-fixation case in the present local upwelling model (Figures 7a and 7b) are consistent
with the spatial distribution of O, and NO,~ in mid-depth waters within and along the modern Peruvian ODZ
in the eastern tropical South Pacific (ETSP) (e.g., Peters et al., 2018). In the ETSP, the NO,~ concentration of
water masses within the ODZ core (O, < 1 pM) (corresponding to the high EP condition in the present upwelling
model) is still ~20 pM. The NO,~ concentration immediately below the Peruvian ODZ (O, ~ 30 pM) (corre-
sponding to the low EP condition) is ~40 pM and higher than that in the deep ocean (~30 uM). The results of the
present upwelling model are consistent with those observations of the modern ODZ.

Parameters

Label Value Unit Ref.

Vertical water exchange rate between U and UM K 0.1 cmh~! Canfield (2006)

Vertical water exchange rate between UM and D Kuym 0.1 cmh™! Canfield (2006)

Horizontal water exchange rate between UM and I

Advective upwelling from D to UM
Advective flow from I to UM

Remineralization ratio in the box UM

0.4 cm h! Canfield (2006)

0 cmh™! Canfield (2006)
variable (0.4) cmh™! Canfield (2006)
0.7 - Canfield (2006)

Mmoo X
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Continued
Parameters Label Value Unit Ref.
C/P ratio of POM TP 117 mol mol~! Boyle et al. (2013)
N/P ratio of POM T'np 16 mol mol~! Canfield (2006)
N/C ratio of POM e 16/117 mol mol~! Boyle et al. (2013)
0,:C,,, ratio during aerobic respiration of POM Tooc 170/117 mol mol~! Boyle et al. (2013)
NO;~ reduced/C,,, oxidized ratio during denitrification ot 0.8 mol mol~! Boyle et al. (2013)
SO, reduced/C,,, oxidized ratio during microbial sulfate reduction s 0.5 mol mol~! Boyle et al. (2013)
O, in box U 0,y 250 pM Canfield (2006)
Deep water O, in the upwelling region 0, variable (140) pM Canfield (2006)
O, concentration in the I box 0, variable (100) M Canfield (2006)
NO, in box U Ny 0 pM Canfield (2006)
Deep water NO,~ in the upwelling region Ny 36.65 pM Canfield (2006)
NO,~ concentration in box I N, 40.43 M Canfield (2006)
NH, " in box U NR 0 pM Boyle et al. (2013)
Deep water NH,* in the upwelling region NR 0 M Boyle et al. (2013)
NH,* concentration in box I NR 0 M Boyle et al. (2013)
Deep water PO,* in the upwelling region Py 2.29 M Canfield (2006)
PO, concentration in box I P, 2.53 M Canfield (2006)
6N of the NO,~ in box I 5 variable (4.9), 5, + 2 %o This study
SN of the NO,~ in box D Sy variable (4.9) %o This study
Note. Values in parenthesis represents the reference value.
Table A2
Equations for Biogeochemical Fluxes (Non-N,-Fixation Case)
Oxic upwelling zone (O, ), > 0) Anoxic upwelling zone (O, yy = 0)
New production (EP)

A+B+K A+B+K
EP:TU_(NUM+N5M) EP:TIJ-(NUM+N5M)
Aerobic respiration (R,,,,)
Riero = XEP R _ KyOyu +(A+Kym)O2p +(Ki+B)0y
-aero ’OZC
Denitrification (R,
Rdeni =0 Rdcni =xEP— Racro
Nitrate in the box UM (Ny,,)
A+Kyp )NR +(Kp + B)NR A+ Kym )Np + (K1 + B)Np +rNc Raero = Fdeni Rdeni

N Mo (s e e ) IR Ny = (R L e

ot (1-x(A+B+Ky)+Kum +Ki
Ammonium in the box UM (VR ;)
NR — (A+Kum)NE +(B+K)NR NR = (A+Kum)NE +(B+K)NR +rnc Raeni

UM — A+ B+ Ky + Kyym + Ky UM — A+ B+ Ky + Kyym + K;
Dissolved O, in the box UM (O, ;)

KyOyu +(A+Kym )0z p + (Ki + B)Oy — ro,cxEP O,um =0
OZ,UM= A+ B+ Ky + K, + K
U UM I
SN of Ny (Sun)
NC Raero 0+nsR NR
S = & 05N (At Kun)opNp + (Ki+ B)oiNy 0= Nom + MRy Sum = %W
1-nNym (A+Kum)Np + (K1 + B) Ny +rnc Raero (A+Kum)Np + (K1 + B) Ny +rnc Raero . (A+ Kunt)9p Np + (K1 + B)31 V] — raenipw Raeni
- (A+Kym)Np + (Kj + B)N; +rne Raero
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Continued

Oxic upwelling zone (0, > 0)

Anoxic upwelling zone (O, ;) = 0)

81N of NR, (8%,

SR — (A+Kum)oR NR + (K + B)sR NR
UM ™ (A+Kym)NR + (K + B)NR

515N of PON (8p0)

SuMNuM + 58y Niy

OpON =
R
Num +NRy

vl
SR — Kt T=aNom
UM — R
vr]NUM

1-nNym
_ (A+Kym)oR NR +(K; + B)sR NR
- Ny
(A+Kym)NR + (K +B)NR + Ty E“I’:SM NC(XEP = Ryero)

Num
W’NC(XEP - Raero)
UM

v = -
(A+Kum)NR +(Ki + B)NR + o ‘i"[‘vl.}M rNC(XEP—Ryero)

SuMNUM + 3y Ny

6P0N =
R
Nym + NUM

Appendix B: Derivation of Equations in the Upwelling Model

We employ a five-box model of ocean biogeochemistry that was originally developed by Canfield (2006) and
modified later by Boyle et al. (2013). The model consists of the surface ocean in the coastal upwelling region
(U), the outer-ocean surface waters (S), the intermediate waters in the upwelling region (UM), the intermedi-
ate waters in the outer-ocean (I), and the deep waters (D) (see Figure 2 for the model schematic). A compre-
hensive explanation of the model design and empirical/theoretical basis are fully explained elsewhere (Boyle
et al., 2013; Canfield, 2006). According to the model in Boyle et al. (2013), we explicitly include the fraction
of POM remineralized in the box UM (x) and develop the mass balance calculation approach for assessing the
nitrogen isotope value of fixed-N in our model.

We consider the series of mass balance equations in the upwelling region (box U and UM) and handle the other
boxes for determining their boundary conditions. The central aim here is to provide the key equations and to high-
light modifications from the former models (Boyle et al., 2013; Canfield, 2006). For the non-N,-fixation case, the
input pathway of nitrate and ammonium to box U is upwelling and vertical mixing. The derived fixed-N to box
U is assimilated to the shallow-water biomass. A part of the particulate organic nitrogen (PON) is exported to the
aphotic zone and this process represents the primary output of fixed-N from box U. The nitrogen mass balance
equation is written as follows:

rneEP = (A+ B+ Ku)(Nuw + Niy). (A1)

where EP denotes the export production (in terms of organic carbon), and ry represents the N/C ratio of organic
matter (=16/117). In this study, we calculate nitrogen isotope values of N and NR considering its mass balance in
box U and UM. Specifically, the isotopic mass balance in box U is written as follows:

sponrne EP = (A + B + Ku) (SumNum + S5 Ny ) (A2)

where 5y denotes the 55N value of PON, and &y, and 6%, are the 8'°N value of Ny, and N®;,,, respectively.
The above equations are solved with respect to dpy:

oumNum + 5§MN§M

Num +N§M

(A3)

5PON =

Therefore, the nitrogen isotope value of PON reflects the values of nitrate and ammonium in the box UM.

The mass balance equations for ammonium and its nitrogen isotope value in the box UM are written as follows:

(A+ Kum)N§ + (B + KDNJ + rne(XEP — Ruero) = (A + B + Ky + Kum + KNGy, (A4)

(A + Kum)SENE + (B + KNSR NF + rncdpon(XEP — Ruero) = (A + B + Ky + Kum + KD)ogy Ny (AS)
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where R, denotes the rate of aerobic respiration in the box UM (in terms of carbon). By using these equations,
we have
(A + Kum) (85 — 65 ) NS + (B + K0 (8F — 855 ) NI + rnc (8pon = 653 ) (XEP = Rier) = 0. (A6)
When O,,, > 0, POM is remineralized via aerobic respiration (R,,, = XEP). We can thus solve Equation (A6)
with respect to 6%, as follows:
R (A + Kum)SENR + (B + KSR N}
= . (A7)
UM (A+ Kum)NE + (B + KN}
Similarly, the mass balance equations for nitrate and its nitrogen isotope value in the box UM are written as
follows:
(A + Kym)Np + (B + K1) N1 + rncRaero = (A + B + Ky + Kym + K1) Num, (AB)

(A + Kum)ép Np + (B + Ki1)61 N1 + rneopoN Racro = (A + B + Ky + Kum + Ki)éum Num. (A9)
By combining these equations, we can obtain

(A + Kum)(6p — 6um)Np + (B + K1)(61 — um) N1 + rne(dpon — Sum) Raero = 0. (A10)
For the oxic upwelling zone scenario (O, ;,, > 0), we can solve Equation A10 with respect to J,;,, (see Table A2).
The mass balance equation for O, at the box UM is written as follows:

KuOy; + (A + Kum)O2 + (B + K1)O2, = (A + B + Ky + Kum + K1)Oayy, + o, Raero. (A11)

Solving with respect to O, ;, yields

KuOs; + (A + Kum)Ozp, + (B + K1)O2; — ro,c Raer

Os, = vO0y; + ( um)O2, + ( 102, — ro,c Raero . (A12)
A+ B+ Ky + Kum + K
For the anoxic upwelling zone (O,;,; = 0), the aerobic respiration flux can be obtained using Equation A12 with
O,um =0,
KyOs, + (A + Kum)O>, + (B + K1)O;
acro = . & - (A13)
ro,c

The mass balance equation of Ny;,, is modified by taking into account the denitrification,

(A + Kum)Np + (B + K1)N1 + rncRaero = (A + B + Ky + Kum + Ki) Num + Fdeni Rdenis (Al14)
where r,. . (=0.8) denotes the stoichiometrical ratio between reduced nitrate and oxidized organic carbon via
denitrification. The rate of denitrification is given as xEP-R,_ (for N, > 0). When Equation A14 yields a nega-
tive Ny, value, R, is obtained with Equation A14 by assuming N;, = 0 and the remaining degradable organic
matter (xEP-R, -R,..;) is assumed to be remineralized via sulfate reduction.

When the nitrogen fixation is not inhibited in box U, biological productivity is assumed to be limited by the
availability of phosphorus:
EP =rcp(A + B+ Ky)Pywm. (AlS)
The rate of nitrogen fixation is determined so that it can compensate the fixed-N demand for sustaining biological
production:
Fx; = 'neEP — (A+ B+ Ku)(Num + N§y ). (A16)
The isotopic mass balance equation for box U is written as follows:
(8am + €x) g, = SpoNrNcEP — (A + B + Ku) (6um Num + 65 Ny )- (A17)
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By combining Equations A16 and A17, we can obtain

SumNum + 88 NR 4 (Bam + £1ix) —N__

um*Y UM A+B+Ky
OpON = o o . (A18)
Num + NUM + A+B+Ky
The mass balance of phosphate in the box UM is
EP
(A+ Kow)Po + (B + K)Pi+ == = (A+ B + Ku + Kow + Ki) Pow. (A19)
cp
Substituting Equation A15, we can obtain
A+ K + (B+ KA
PUM ( UM)H) ( I) I (A20)

T A+ B+ Ky+ Kum + Ki —x(A+ B+ Ky)’
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