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Abstract The Toarcian Oceanic Anoxic Event (T-OAE, ~183 Ma) was characterized by globally enhanced
organic-carbon burial and a negative carbon-isotope excursion (N-CIE). However, the role of marine
productivity at this time, and its spatiotemporal variability, is unclear. We present the first carbonate barium-
isotope (8138Bacarb) records across the T-OAE from a shallow-water platform (Nianduo, SE Tethys) and a
pelagic basin (Dogna, Alpine-Mediterranean Tethys) to reconstruct productivity dynamics. Both sites show
positive 8'**Ba,,, shifts at the N-CIE onset, indicating supra-regional productivity enhancement. At Nianduo,
5'**Ba,,,, rises through the onset, consistent with increased export production driven by weathering-derived

carl

nutrient inputs. At Dogna, 8'**Ba,,,

followed by a rise during the N-CIE recovery. The Dogna data suggest protracted elevation of pelagic

,», declines within the N-CIE onset due to reduction-driven barite dissolution,

productivity supported by nutrient upwelling and aeolian fertilization. As such, pelagic basins may have acted as
an important carbon sink regulating the T-OAE carbon cycle.

Plain Language Summary During the Early Jurassic Toarcian Oceanic Anoxic Event, large areas of
the ocean became oxygen-poor, allowing more organic carbon to be buried in sediments and altering Earth's
carbon cycle. By studying barium-isotope records preserved in marine limestones from a shallow platform in
China and a deep-sea basin in Italy, we find that ocean productivity increased at the beginning of the event
across a wide region. However, this increase did not persist everywhere. Productivity on the shallow platform
declined relatively quickly, whereas the deep basin continued to support high productivity for a much longer
time. This sustained high productivity in deeper waters likely helped store large amounts of carbon in marine
sediments. Our results show that deep-sea basins can play a particularly important role in regulating carbon
burial during periods of extreme climate and environmental change.

1. Introduction

The early Toarcian Oceanic Anoxic Event (T-OAE, ~183 Ma) represents one of the major climatic and envi-
ronmental disruptions of the Early Jurassic (Jenkyns, 1988). The event was marked by an abrupt negative carbon-
isotope excursion (N-CIE) globally recognized in both organic and inorganic carbon archives and typically
dissecting an overarching positive anomaly (Jenkyns, 2010). The positive excursion is related to an increase in
global burial of reduced carbon (Jenkyns, 1988), whereas the negative excursion results from the massive release
of 13C-depleted carbon into the biosphere (Hesselbo et al., 2000). This carbon release is commonly linked to the
emplacement of the Karoo—Ferrar large igneous provinces via degassing of volcanogenic CO, (Palfy &
Smith, 2000) and was associated with global warming and a suite of environmental disturbances, including
widespread deposition of organic-rich black shales, oceanic deoxygenation locally to the point of euxinia, ocean
acidification, enhanced continental and submarine weathering and hydrological cycling (Gambacorta et al., 2024;
Jenkyns, 2010; Kemp, Han, et al., 2024; Kemp, Suan, et al., 2022). Elevated marine primary productivity (the rate
of conversion of inorganic carbon into organic carbon (OC) in the surface ocean) and the associated increase in
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Figure 1. Geological setting of the two study sites. (a) Paleogeographic map showing the locations of the Dogna core (green
triangle) and Nianduo section (yellow triangle) in the Early Jurassic (after Han et al., 2018). (b) Map of the Himalayan area
(SE Tethys), showing the regional sedimentary sequences and the site of the Nianduo section (after Han et al., 2018).

(c) Configuration of Early Jurassic carbonate platforms and basins in the Alpine area (NW Tethys), with the Dogna core
shown in the Belluno Trough Basin (after Ettinger et al., 2021).

export production (the flux of particulate OC from the surface ocean to depth) are key drivers of OC burial
(Pedersen & Calvert, 1990). However, the spatiotemporal variability of marine productivity during the T-OAE
remains poorly constrained, hindering a better understanding of how productivity regulated OC burial and
consequently shaped climatic and environmental trajectories over this critical period. Much of this uncertainty
stems from proxy limitations (Text S1 in Supporting Information S1) and the scarcity of deep-sea records.

Seawater barium isotopes (5'**Ba,,,) are a promising tool to track marine Ba cycling and, by extension, pro-
ductivity (e.g., Bridgestock et al., 2019; Zhang et al., 2025). The quasi-nutrient type distribution of marine Ba
([Ba]) and 8" 8BaSW in the modern ocean is primarily controlled by biogenic barite formation during microbial
remineralization of sinking OC and partial dissolution of barite at depth via microbial sulfate reduction (MSR)
(Horner et al., 2015; Figure S1 in Supporting Information S1). Barite precipitation from seawater imposes a
significant isotopic fractionation (—0.5 to —0.4%¢), in contrast to negligible fractionation during dissolution.
Enhanced surface productivity thus increases Ba export, lowering surface [Ba] and elevating surface 5'**Ba,
(Horner et al., 2015; Hsieh & Henderson, 2017). Previous work indicates growth rate-dependent Ba-isotopic
fractionation for aragonite and negligible fractionation for calcite and witherite (Mavromatis et al., 2016, 2018).
Thus, properly screened limestones can preserve primary 8'*®Bay,, signals, allowing the reconstruction of marine
primary productivity.

To investigate the spatiotemporal response of marine productivity during the T-OAE, we present the first car-
bonate §!**Ba (5'**Ba
sitional environments (Figure la): one deposited on a shallow-water carbonate platform (Nianduo section in

carb) Tecords across this event from two Tethyan successions with widely differing depo-
southern China, SE Tethys; Figure 1b), and the other in a basinal pelagic environment (Dogna core in northern
Italy, Alpine-Mediterranean Tethys; Figure 1c). At both sites, biostratigraphy and carbon isotopes (8'>C) have
constrained the T-OAE (defined for our purposes by the N-CIE) stratigraphically (Han et al., 2018; Jenkyns
et al., 1985, 2001). Whole-rock mercury (Hg) concentrations, Fe- and P-speciation data were also obtained at
Dogna to track local redox and nutrient availability. Detailed information on geological setting is provided in Text
S2 in Supporting Information S1.
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Figure 2. Litho- and bio-stratigraphy, geochemical data, and inferred weathering, redox, and productivity at Nianduo (a) and Dogna (b). In panel (a), the weathering bar
is constrained by Ti concentration (Han et al., 2022), and the redox bar by Ce anomalies and Mn concentration (Han et al., 2022). In panel (b), the redox bar is based on

our Fe-speciation data. Error bars of '**Ba,,,

onset; Light blue bar, N-CIE reco

very.

at both sites represent 2SD analytical uncertainties (Table S1 in Supporting Information S1). Light gray bar, N-CIE

2. Materials and Methods

At Nianduo, 24 bulk carbonate samples spanning the N-CIE were analyzed for carbonate-hosted elemental
concentrations and 8'**Ba,, ;. The selected samples are a subset of samples of which the carbon isotopes from
both organic and inorganic carbon archives and oxygen and strontium isotopes from bulk carbonate rocks
(6'%0,,,, and ¥7Sr/%°Sr, respectively) have been previously published (Han et al., 2018; Yang et al., 2024).

At Dogna, 28 samples were analyzed for whole-rock elemental concentrations, Hg concentrations, P-speciation,
and carbonate-hosted elemental concentrations. Previously published 8'°C.,,, data of these 28 samples have
shown a complete N-CIE morphology (Chen et al., 2024; Figure 2b). Out of these 28 samples, 23 samples were
analyzed for 8'**Ba,,,,,. Because Fe-speciation analysis is generally valid for carbonates with total Fe concen-
trations (Fe,,) of >0.5 wt.% (cf. Clarkson et al., 2014), 15 samples (Fe,,, > 0.5 wt.%) were selected.

P-speciation and Hg concentrations were not analyzed at Nianduo, given the generally low TOC (mostly <0.2
wt%, Figure 2a; Han et al., 2018), and because OC in sediments is typically one of the major hosts of P and Hg
(Froelich et al., 1979; Grasby et al., 2019). Similarly, because of the generally low Fe,, (mostly <0.1 wt.%; Han
et al., 2018), Fe-speciation analysis was also not performed at Nianduo.

The analyses of carbonate-hosted 8'**Ba and major and trace elements were based on the methods of Lin
et al. (2020) and conducted at Nanjing University. Fe- and P-speciation analyses follow Jin et al. (2016) and
Thompson et al. (2019), respectively, and were conducted at Chengdu University of Technology. Whole-rock Hg
concentrations were analyzed following Hua et al. (2023) at China University of Geosciences (Wuhan).
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Because elevated CaCO; proportions can artificially depress bulk Hg and TOC concentrations (i.e., dilution
effect) without reflecting changes in Hg input, burial, or OC accumulation (cf. Fendley et al., 2024), we corrected
the bulk Hg and TOC concentrations of the Dogna samples (given considerably varying CaCOj; contents, ranging
from 23.5 wt.% to 92.3 wt.% at this site; Chen et al., 2024; Figure S2 in Supporting Information S1) to a carbonate-
free basis via:

Xeorr = X/(1-CaCO5;/100)

where X denotes the bulk concentrations of Hg or TOC, X, denotes the corrected carbonate-free concentrations,
and CaCQOs; is the weight percent of calcium carbonate in a particular sample. Note that because these corrected
values are normalized to the non-carbonate fraction, they are referred to hereafter as carbonate-free OC (OC,,,,)
rather than bulk TOC. All analytical protocols and data sets are provided in Text S3 and Table S1 in Supporting

Information S1.

3. Results and Discussion
3.1. Preservation of Geochemical Signals

To minimize potential detrital contamination, all samples were treated with mild acid (1 M acetic acid) following
sequential leaching protocols (Lin et al., 2020) before Ba purification. Extremely low Al content (average 0.01
wt.% at Nianduo and 0.05 wt.% at Dogna) and Al/Ca molar ratio (average 0.0005 mol/mol at Nianduo and
0.006 mol/mol at Dogna) suggest negligible detrital contamination during Ba extraction.

Carbonate mineralogical alteration can influence 8'*®*Ba,,,, signatures, particularly during aragonite—calcite
transformation (Lin et al., 2022). However, petrographic observations show that the carbonate rocks at both
sites are primarily composed of calcite (Bellanca et al., 1999; Farrimond et al., 1994; Han et al., 2016, 2018).
Moreover, systematic trends can be expected between 8'**Ba,,;, and both Mg/Ca and Sr/Ca if the mineral
transformation (from aragonite to calcite) has played a major role in altering the 8'**Ba,,,, values (e.g., Zhang
et al., 2024). However, the lack of any significant correlations between 8'**Ba,,,, and both Sr/Ca and Mg/Ca
molar ratios at either site (Figure S3 in Supporting Information S1) suggests limited impacts of such mineral
transformation on our 8'**Ba,,,, data.

Due to generally high 8'30 (>—5%o) of our analyzed Dogna samples (Chen et al., 2024), meteoric diagenesis (i.e.,
a late diagenetic process with freshwater involved, characterized by depleted 8'30) may well have been negli-
gible. Nevertheless, the abnormally high Ba/Ca ratios at Dogna (average 225 pmol/mol), compared to those at
Nianduo (average 3 pmol/mol), may indicate additional Ba incorporation during diagenesis at this pelagic site.
This possibility is supported by the occurrence of manganese carbonates in certain intervals at Dogna, indicating
fluctuating redox conditions and Mn recycling during early diagenesis (e.g., Bellanca et al., 1999; Jenkyns
et al., 1991). Importantly, however, 5'*®*Ba,,,,, values from the Dogna core do not show any significant corre-
lations with Mn/Sr molar ratios, nor with other commonly used diagenetic indicators (e.g., Sr concentrations and
8'80,,,p; Jacobsen & Kaufman, 1999; Figure S5 in Supporting Information S1). These data suggest that Mn-
related diagenesis at Dogna exerted only a limited influence on our 8'*®Ba,,,, record. Moreover, strati-
graphically adjacent OC-rich marlstone and manganese limestone have similar &'**Ba values
(e.g., 28.01-27.66 m and 19.49-17.45 m; Figure 2b). This consistency across lithologies suggests that local
diagenetic overprints were probably minimal with respect to 8'**Ba, .,

At Nianduo, minor diagenetic overprints may have occurred locally, as indicated by unusually high ®’Sr/5Sr
values at some horizons (Yang et al., 2024). However, diagenesis at this site has been rigorously evaluated
petrographically. Only the oolitic limestones and micrites with no clear diagenetic overprints were selected for
high-resolution geochemical analyses (Han et al., 2018, 2022; Yang et al., 2024). Accordingly, samples exhib-
iting anomalously high ¥’Sr/*®Sr values were excluded from this study. Representative photomicrographs of the
analyzed samples (Figure S4 in Supporting Information S1) further confirm insignificant recrystallization. In
addition, relatively higher 8'%0,,,, values (>—10%o) and a negligible correlation between 8'°C,,;, and 880,
(R* = 0.005) argue against significant meteoric alteration at this shallow-water site (Han et al., 2018). Consistent
with these previous diagenetic evaluations, 8138BaCarb at Nianduo exhibits insignificant correlations with Sr
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concentrations, Mn/Sr molar ratios, or 8'%0,,,,, (Figure S5 in Supporting Information S1), further supporting

minimal diagenetic impacts on our 8'**Ba,,,, record.

Consistently low Mg/Ca molar ratios (average 0.02 at Nianduo and 0.06 at Dogna; Table S1 in Supporting In-
formation S1) argue against significant dolomitization at either site, in agreement with previous thin-section
observations (Bellanca et al., 1999; Han et al., 2016, 2018). The limited extent of dolomitization at Dogna
therefore suggests that our Fe-speciation data can potentially track the local bottom-water redox state (cf.,
Clarkson et al., 2014). Meanwhile, rapid deposition (e.g., turbidites) and the delivery of intensely weathered
sediments from mountainous regions—capable of bypassing inner-shelf settings that typically act as a major trap
for Fe (oxyhydr)oxide minerals—may also impact Fe-speciation records, thereby biasing the interpretation of
local redox conditions (Canfield et al., 1996; Wei, Chen, et al., 2021). However, the Dogna site was deep water
(>1,000 m; Bosellini et al., 1981), far from major landmasses, and there was an absence of turbidites, suggesting
limited impacts from these two factors on our Fe-speciation records as a paleo-redox tracer. P-speciation analyses
show a strong correlation (R = 0.95, p-value < 0.001; Figure S6A in Supporting Information S1) between bulk P
concentrations (P,,) measured by the X-ray fluorescence spectrometer (XRF) and the sum of sequentially
extracted phases (Pg,,). This geochemical pattern indicates that our individual P extractions successfully
recovered the bulk P concentrations. Although late-stage diagenesis may transfer authigenic apatite (P,,,) to
more crystalline P-bearing phases (P,.) (Thompson et al., 2019), several observations suggest that such redis-
tribution was limited in our samples. P4, concentrations are low (average 29 ppm, n = 28; Table S1 in Supporting
Information S1), falling below typical values for modern sediments (60-600 ppm; Canfield et al., 2020).
Additionally, P4 covaries positively with Al (R* = 0.68, p-value < 0.001; Figure S6B in Supporting Informa-
tion S1), indicating that the extracted P, primarily reflects the detrital P input. Thus, while a portion of the P,
pool may have recrystallized and been operationally extracted as P, our observations suggest that such post-
depositional transfer was limited. Importantly, samples deposited under sulfidic conditions, as inferred from

our Fe-speciation data (see the discussion below), generally have a C_,,/P,,, molar ratio exceeding the Redfield

org’
ratio (Figure S2 in Supporting Information S1), consistent with efficient P recycling under sulfidic conditions and
independent of any diagenetic overprints on P partitioning. These multiple lines of evidence collectively indicate
that our samples used to investigate marine Ba cycling, redox conditions, and nutrient availability preserve

primary seawater signatures.

3.2. Spatiotemporal Heterogeneity of Marine Productivity During the T-OAE
3.2.1. Shallow-Water Carbonate-Platform Environment (Nianduo)

At the shallow-water Nianduo section, 5'**Bag,, increased by +0.30%o at the N-CIE onset (Figure 2a), well
above our analytical uncertainty of approximately +0.05%0 (2SD; Table S1 in Supporting Information S1).
Although globally enhanced continental weathering and hydrological cycling at the T-OAE N-CIE onset
(e.g., Kemp, Han, et al., 2024) could have increased riverine Ba to shallow-marine settings such as Nianduo, Ba-
isotope constraints indicate that this effect was limited. Specifically, assuming a —0.21%o offset between bulk
carbonates and ambient seawater (Lin et al., 2022), reconstructed 6138BasW reaches 0.40%o0 at Nianduo
(Figure 2a), which exceeds the isotopic composition of typical river-dissolved loads (0.10-0.35%0, mean 0.22%o;
Bridgestock et al., 2021 and references therein) and thus is inconsistent with dominant riverine control. Moreover,
estuarine desorption would drive net riverine Ba toward upper-crustal composition (Bridgestock et al., 2021),
approximating 0.00%0 (Nan et al., 2018), thereby dampening any positive isotopic influence. The observed
+0.30%o increase in 8'**Ba,,,, through the N-CIE onset interval therefore most logically reflects increased
formation of biogenic barite linked to elevated productivity. The subsequent isotopic decline during the N-CIE
recovery interval indicates reduced export production, as generally oxic/suboxic conditions at Nianduo (Han
etal., 2022) would have inhibited substantial MSR-driven barite dissolution and release of isotopically lighter Ba.

3.2.2. Pelagic Deep-Marine Basinal Environment (Dogna)

Because sulfidic conditions can significantly influence barite preservation by regulating MSR (Schoepfer
et al., 2015), we employ Fe-speciation to interpret depositional redox at Dogna and further evaluate its role in
local Ba cycling. Note that we here demarcate the Dogna succession into four stages based on the variations of
6138Bacarb (see Stage I-IV in Figure 2b) for further discussion below. In both modern and ancient marine
depositional settings, redox conditions can be evaluated using the ratio of highly reactive Fe (Feyg) to Fe,.
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Values exceeding 0.38 are generally interpreted to reflect anoxic conditions, whereas values below 0.22 indicate
oxic environments, with values between considered equivocal. When anoxia is indicated, the extent of pyriti-
zation (Fepy) of the Feyy pool is further employed to distinguish ferruginous (Fepy/Feyr < 0.6) from sulfidic
conditions (Fepy/Fey > 0.6-0.8) (Poulton, 2021). On this basis, our Fe-speciation data indicate that ferruginous
bottom waters with intermittent sulfidic conditions prevailed at Dogna from the N-CIE onset through the middle
recovery phase (Figure 2b), though the occurrence of manganese carbonates at some horizons likely suggests
fluctuating episodes (e.g., Bellanca et al., 1999; Jenkyns et al., 1991). This marine geochemistry reflects active
MSR, which should have favored barite dissolution and the resulting release of isotopically lighter Ba to bottom
waters, leading to lower §'° 8B.asw. This decreasing trend could have been amplified, given a globally low-sulfate
ocean during the T-OAE (<8 mM vs. 29 mM in modern ocean) inferred from multiple sulfate sulfur-isotope
records across Europe and China (e.g., Gill et al., 2011; Newton et al., 2011) that likely suppressed barite for-
mation (as observed in pre-Cambrian oceans with extremely low sulfate, <1 mM; Wei, Ling, et al., 2021).
However, a +0.20%o shift in 8'**Ba,,,, at the N-CIE onset at Dogna (Stage I), together with a similar +0.30%o
shift at Nianduo, indicates that sulfate availability did not control the Ba-isotope signal.

Moreover, model simulations indicate globally reduced oceanic circulation during the T-OAE (Dera & Don-
nadieu, 2012). Consequently, the efficiency of basin- to global-scale lateral homogenization of surface 8'**Ba,,
(as observed in the modern oceans; cf. Yu et al.,, 2022) may have been diminished. Given the substantial
paleogeographic separation and contrasting depositional settings of our two study sites (Figure 1), such weakened
connectivity would have favored the preservation of regional isotopic signatures. Increased volcanogenic dust and
associated aeolian Ba inputs due to the emplacement of Karoo—Ferrar large igneous provinces are also unlikely to
explain the positive 8'**Ba,,, shift at Dogna because aeolian 8'**Ba (0.01%0; Mayfield et al., 2024) is com-
parable to upper-crustal composition and far lower than the observed &'**Ba,,,, (up to 0.2%0). Thus, at Dogna, the
positive 8'**Ba,,,, shift, coupled with generally low Ba/Ca at the N-CIE onset (Stage I), reflects increased
biogenic barite formation driven by elevated pelagic productivity rather than external Ba inputs. Together with a
similar 5'**B a,,, peak at Nianduo (0.40%o), our data indicate that the Ba cycle in the Tethys Ocean during the T-
OAE may have resembled that of the present-day Southern Ocean (surface 8'**Bag,, of +0.34%o.; Yu et al., 2022),
likely marked by comparable export production. Given relatively oxygenated upper waters in Stage I, as inferred
from I/(Ca + Mg) and Ce anomalies (Chen et al., 2024; Figure S2 in Supporting Information S1), enhanced
preservation of sinking OC in the water column was unlikely to have been the dominant driver of sedimentary OC
enrichment. The coeval increase in TOC at Dogna was therefore more consistent with elevated pelagic
productivity—as indicated by our Ba data.

A subsequent negative 8'**Ba,,,, shift in Stage Il at Dogna coincides with marked Hg enrichment (Figure 2b). As
Hg in the natural environment is derived mainly from magmatic outgassing (Grasby et al., 2019), the anomalous
Hg enrichment during this interval most likely reflects increased volcanogenic atmospheric input, particularly
given the deep-marine setting and hence minimal terrestrial Hg input (cf. Them et al., 2019). Therefore, enhanced
volcanic dust delivery likely contributed to the decreased 8'**Ba,,,, in Stage II. This inference is supported by
elevated sedimentary Hg concentrations reported from multiple globally distributed sections during the T-OAE
(Percival et al., 2015; Storm et al., 2024), suggesting a broadly synchronous global volcanogenic signal.
Nevertheless, although the abnormally high Ba/Ca values may partly reflect additional Ba incorporation during
early diagenesis (see Section 3.1 above), the clear negative correlation between &'**Ba,,,, and Ba/Ca during Stage
I is best explained by efficient barite dissolution under expanded anoxia, which introduced Ba-rich, isotopically
lighter deep waters into the surface, where the signal was ultimately captured during carbonate precipitation—a
pattern consistent with the findings during the Late Cretaceous OAE 2 (Zhang et al., 2024). This inference agrees
well with the evidence for anoxia with intermittent sulfidic conditions at Dogna through the upper (Chen
et al., 2024; Figure S2 in Supporting Information S1) and lower parts of the water column (Figure 2b), supporting
preservation-associated OC enrichment following the N-CIE onset. Notably, P-speciation, Hg concentrations
(Figure 2), and published 8'°N records (Jenkyns et al., 2001; Figure S2 in Supporting Information S1) collectively
indicate enhanced nutrient availability at Dogna during Stage II (see Section 3.3), consistent with potentially
elevated pelagic productivity during this interval, which could have, in turn, facilitated the expansion of anoxia
via aerobic OC respiration.

Stratigraphically upwards through the decreasing 5'>C interval to the middle N-CIE recovery phase (Stage III), a
marked positive 8" 8Bawb shift coincides with decreasing Ba/Ca at Dogna (Figure 2b). This pairing implies
increased barite formation driven by elevated pelagic productivity. Indeed, local anoxia with intermittent sulfidic
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Figure 3. Conceptual model illustrating nutrient availability and productivity heterogeneity during the T-OAE. On the upper
left corner of each panel is the idealized 8'3C record through the event, with stratigraphic intervals marked by gray shading
representing different phases. Note that the arrow thickness qualitatively represents variations in terrigenous nutrient supply
during the T-OAE N-CIE interval.

conditions would have dampened this isotopic signal, implying a larger productivity increase that likely
contributed to the coeval OC enrichment. Notably, in contrast to the neritic setting, where elevated surface
productivity appears to have been largely restricted to the N-CIE onset interval, pelagic surface waters sustained
high productivity well into the N-CIE recovery phase, highlighting pronounced spatiotemporal heterogeneity in
productivity evolution (Figures 3a and 3b). In Stage IV, such sustained high pelagic productivity weakened as
reflected by decreasing 6'**Ba_,;, under more oxygenated conditions (Figures 2b and 3c).
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Independent evidence, for example, increased sterane abundances at Dogna (Farrimond et al., 1994) and elevated
sedimentary Ba concentrations accompanied by abundant radiolarians and fecal pellets at the nearby Longarone
section (Bellanca et al., 1999; Jenkyns, 1988), also support elevated pelagic productivity during the T-OAE.
However, these sedimentological and paleontological indicators are stratigraphically discontinuous and, together
with the interpretive limitations of traditional productivity proxies such as bulk Ba concentrations (Text S1 in
Supporting Information S1), cannot resolve the temporal trajectory of pelagic productivity through the event. By
contrast, our marine Ba cycling and &'**Ba records provide a more reliable and temporally resolved recon-
struction of marine primary productivity. In summary, our Ba-cycle analysis reveals pronounced spatiotemporal
heterogeneity in marine primary productivity during the T-OAE.

3.3. Mechanisms Behind and Implications for OC Burial During the T-OAE

At the shallow-water Nianduo site, a marked rise in ®’Sr/*°Sr, total rare earth elements, and elements associated
with detrital mineral phases (e.g., Ti) at the N-CIE onset indicates increased terrigenous inputs (Han et al., 2022;
Yang et al., 2024; Figure 2a), consistent with globally enhanced silicate weathering as inferred from multiple Os-
isotope records (Cohen et al., 2004; Kemp et al., 2020; Them et al., 2017). The values of these proxies decline in
the recovery phase. The covariations between weathering-driven terrigenous inputs and our 8'**Ba-based pro-
ductivity data suggest terrigenous nutrient availability as a primary driver of shallow-water productivity
(Figure 3).

At Dogna, the deep-marine setting and dominantly marine organic matter (Farrimond et al., 1994) indicate limited
direct terrestrial particulate input via run-off. Instead, sustained high pelagic productivity is best attributed to
active local upwelling of nutrient-rich deeper waters, consistent with the positive 8'°N shift reflecting continued
supply of upwelled isotopically heavier, partially denitrified nitrate (Jenkyns et al., 2001; Figure S2 in Supporting
Information S1). Here, we demonstrate that anoxia-driven P recycling from sediment further amplified this
nutrient flux based on P-phase partitioning. This method quantifies four different P-bearing phases, including
organic-bound P (P,,,), Fe (oxyhydr)oxide-bound P (Pg,), biogenic and authigenic apatite (P,,), and detrital P
(P4ep) (Thompson et al., 2019). Reactive P (P,,.), which is bioavailable and represents potentially mobile P during
transport and early diagenesis, is defined as the sum of P, Pg, and P, P, is preferentially released from
ore/Porg above the Redfield ratio of 106/1, while Pg. can be
mobilized during reductive dissolution of Fe (oxyhydr)oxides. A proportion of this recycled P would undergo

organic matter via remineralization, elevating C ore
“sink switching” to authigenic phases, but under sulfidic conditions, it would be efficiently returned to the water
column, promoting a strong positive productivity feedback following upwelling to the surface ocean (Paytan &
McLaughlin, 2007).

At Dogna, coupled increases in C Coro/Preacs Preacs and Py, at the N-CIE onset (Figure 2b and Figure S2 in

org’ org’~ reac’ © reac’

ore! P,
Supporting Information S1) indicaie P release during organic-matter degradation and Fe-oxide reduction, with
limited sedimentary retention under sulfidic conditions (Figure 3a). Notably, from the late Stage II through the
entire Stage III, elevated C,,,/P,.,. above the canonical Redfield ratio of 106/1, coincident with rising 5"*%Ba,,,
(Figure 2b), indicates significantly intensified P regeneration and its return to surface waters via upwelling,
fueling pelagic productivity (Figures 3a and 3b). Moreover, the marked Hg (and Hg_,,) anomalies at the N-CIE
onset (Figure 2b) suggest intensified volcanism and associated aeolian delivery of volcanogenic material to this
pelagic site (Figure 3a), representing a close analog to ash-fall fertilization recorded in pelagic settings during the
Permian—Triassic mass extinction interval from eruptions of the Siberian Traps (Grasby et al., 2024). The
persistently elevated Hg through the middle N-CIE recovery interval (Figure 2b) indicates continued dust-borne
fertilization, which, together with upwelling-derived nutrients, could have assisted in sustaining a protracted high
level of pelagic productivity (Figure 3b).

To quantitatively evaluate the impacts of sustained high pelagic productivity on the carbon cycle and marine
redox during the T-OAE, we here calculated the OC burial rate at Dogna and further estimated the total amount of
OC buried in the Belluno Trough Basin through the event. In detail, given the potential carbonate dilution effect,
of 2.13 wt.% through
the T-OAE N-CIE interval (Table S1 in Supporting Information S1). Subsequently, utilizing a duration of

we first corrected the bulk TOC data at Dogna (see Section 2 above), with an average OC,,

~300 kyr for the T-OAE N-CIE interval based on the latest high-precision geochronology (Kemp, Ramezani,
et al., 2024) and 17.56 m (28.01-10.45 m core depth) in thickness for the T-OAE N-CIE strata at Dogna, we
calculated an average linear sedimentation rate of ~5.85 cm/kyr at this pelagic site through the event. Combined
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with a typical rock density of 2.7 g cm™ (Owens et al., 2018), the OC burial rate at Dogna was then calculated as
the product of average OC,,,, linear sedimentation rate, and rock density, yielding a rate of ~3.37 gCm™2y™'
during the T-OAE. Given a rough estimate of the area of the Belluno Trough Basin (~10,000 km? assuming
50 km in width and 200 km in length; Picotti & Cobianchi, 2017), the total amount of OC buried in this narrow

and elongated basin was perhaps as much as ~10 Gt C.

OC-rich facies are also commonly observed in other pelagic settings of the Alpine-Mediterranean Tethys,
including the Lombardy Basin, Italy (Erba et al., 2022; Gambacorta et al., 2024; Jenkyns, 1988), the Pindos Zone
and Ionian Zone, Greece (Jenkyns, 1988; Kafousia et al., 2011, 2014), the Bichental Basin, Austria (Suan
et al., 2016), and the Urkit Basin, Hungary (Suan et al., 2016). At the Austro-Alpine sector along the open NW
Tethyan margin, approximately 179 Gt of OC and 478 Gt of sulfur were buried through the event (Suan
et al., 2018). Furthermore, high TOC content (>30 wt.%) and pyrite enrichments (pyrite sulfur concentrations of
10 wt.%) are recorded in the central Panthalassic Ocean (Chen et al., 2022, 2023; Ikeda et al., 2018; Kemp, Chen,
et al., 2022), with broadly comparable OC-rich and sulfidic conditions also reported from the eastern Panthalassic
deeper waters (Them et al., 2018). Taken together, pelagic environments may have played a significant role in OC
burial or storage in oceans (e.g., dissolved OC), assisting in regulating the climatic perturbations and oceanic
deoxygenation during the T-OAE.

4. Conclusions

Our &' SBacarb records from a shallow-water carbonate platform (Nianduo) and a pelagic basin (Dogna) reveal a
coherent increase in marine productivity at the T-OAE N-CIE onset, indicating a supra-regional biological
response to initial climatic and environmental forcings. Following this early phase, productivity evolution
diverged strongly between depositional settings. The shallow carbonate platform experienced only a short-lived
productivity enhancement linked to weathering-driven terrigenous nutrient availability, whereas the pelagic basin
maintained elevated productivity for a longer interval extending well into the N-CIE recovery phase due to the
continued supply of upwelling-derived nutrients and aeolian fertilization. This productivity contrast highlights
fundamental differences in how shallow- and deep-marine systems responded to large-scale climatic perturba-
tions. Sustained high productivity and efficient OC burial in the pelagic basin imply that deep-marine environ-
ments made an important contribution to carbon sequestration during the T-OAE.
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