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Text S1. Reliability of traditional productivity proxies 

A variety of traditional geochemical proxies have been employed to reconstruct marine 
primary productivity during the T-OAE, but they may have interpretative limitations. For 
example, bulk sedimentary phosphorus (P), applied in both NW Tethys (Bodin et al., 2010) and 
SE Panthalassa (Fantasia et al., 2018), was likely prone to substantial detrital P contributions 
that undermine its fidelity as a local productivity indicator (Algeo and Ingall, 2007). Multiple 
nitrogen-isotope records from the European Epicontinental Shelf and northern Gondwana 
margin (Ruebsam et al., 2020 and references therein) might also be compromised, as they can 
be altered by laboratory decalcification (Schlachter and Connolly, 2014). Furthermore, the ratio 
of Ba/Rb has been used to infer excess biogenic barite accumulation and hence surface 
productivity in the Belluno Trough, NW Tethys (Bellanca et al., 1999). However, barite 
preservation is strongly redox-dependent, and the particulates would be largely dissolved under 
euxinic conditions, reducing its utility to trace marine primary productivity (Schoepfer et al., 
2015). Taken together, an alternative, more reliable proxy is needed to resolve the changes in 
marine productivity during the T-OAE. 
 
Text S2. Geological setting 

Nianduo section, Tethys Himalaya 

The studied Nianduo section (Nyalam area, Tibet, southern China) was deposited on the 
Kioto carbonate platform, Tethys Himalaya (28.6811° N, 86.1353° E; Fig. 1B). Commonly 
observed sedimentary structures at Nianduo, such as hummocky and swaley cross-bedding, 
gutter casts, and ripple marks, suggest a dynamic shallow-water environment above storm wave 
base, with an inferred paleo-depth of tens of meters during the T-OAE (Han et al., 2016, 2018). 
The upper Lower to lower Middle Jurassic marine succession, constituting sedimentary 
remnants representative of the northern margin of the Indian continent, has been subdivided 
into two stratigraphic units: the Pupuga and Nieniexiongla Formations (Wang et al., 1980). The 
Pupuga Formation was deposited on a shallow-water carbonate platform, consisting mainly of 
the thick-bedded grainstones/packstones deposited under turbulent-water conditions, 
intercalated with sandstones and mudstones. The overlying Nieniexiongla Formation was 
deposited in a relatively deeper water ramp environment, characterized by thin-bedded marls in 
the lower part and more abundant siltstones in the upper part. 

In the Nianduo section, the occurrence of Lithiotis bivalves in the upper Pupuga Formation 
suggests an interval of late Pliensbachian to early Toarcian age (Jadoul et al., 1998). In the 
overlying lower Nieniexiongla Formation, ammonites from nearby sections, such as Polyplectus 
discoides, Dumortieria sp., and Phymatoceras cf. crasstcosta, indicate the bifrons–levesquei 
Zones of the middle–upper Toarcian (Yin, 2010). The Pupuga–Nieniexiongla boundary marks the 
T-OAE onset due to the identification of a N-CIE of 2.5‰ spanning a thickness of around 28 m 
(Han et al., 2018; Fig. 2A). 
 
Dogna core, Belluno Trough Basin 

The Belluno Trough Basin (southern Alps, northern Italy) was a relatively deep (1,500–2,000 
m in depth), narrow, and elongated basin (Fig. 1C), resembling the modern-day “Tongue of the 
Ocean” that dissects the Bahama Banks (Bosellini et al., 1981; Picotti and Cobianchi, 2017). The 
basin was located on the continental margin of the Apulian Plate in the Alpine-Mediterranean 
Tethys (Bosellini et al., 1981; Winterer and Bosellini, 1981). The formerly extensive carbonate-
platform belt disintegrated during the Early Jurassic due to active rifting and the opening of the 
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Central North Atlantic Ocean, with a distinct “horst-and-graben” structure formed in a pelagic 
setting (Bosellini et al., 1981; Winterer and Bosellini, 1981; Masetti et al., 2012). During the Early 
Jurassic, the Belluno Trough Basin was bounded by the Trento Platform/Plateau to the west and 
the Friuli Platform to the east (Fig. 1C), with the Igne Formation spanning the Toarcian–Aalenian 
interval and comprising variably clay-rich calcareous facies rich in pelagic bivalves, radiolaria, 
and echinoderm fragments (Bosellini et al., 1981; Jenkyns, 1988; Picotti and Cobianchi, 2017). 

The rocks of the studied Dogna core (46.4479° N, 13.3150° E) were deposited in the Belluno 
Trough Basin, with an estimated paleo-depth of >1,000 m (Bosellini et al., 1981). The material in 
the Dogna core is characterized by interbedded limestone, marlstone, and calcareous shale. The 
pelagic setting is supported by commonly observed calcareous nannofossils (e.g., 
coccolithophorids and Schizosphaerella punctulata) in marlstone and limestone in the nearby 
Longarone section (Bellanca et al., 1999), though there was also a potential background supply 
of fine-grained material from the neighboring carbonate platform (Trento) (Bosellini et al., 
1981). In stratigraphically equivalent sections nearby, the occurrence of Dactylioceras cf. 
anguiforme 60 cm above the top of the diagnostic carbonate-shale sequence indicates the 
upper falciferum Zone. Multiple Hildoceras species at a stratigraphically higher level indicate the 
bifrons Zone. Thus, the alternating carbonate-shale sediments in the Dogna core were assigned 
to the lower falciferum Zone (Jenkyns et al., 1985). On this biostratigraphic basis, the N-CIEs 
(spanning a thickness of around 18 m) identified in both organic and inorganic carbon archives 
in the Dogna core unambiguously constrain the T-OAE chemostratigraphically (Jenkyns et al., 
2001; Fig. 2B). 
 
Text S3. Details of analytical protocols 

Carbonate-hosted major and trace elements 

To minimize the potential alteration of the primary Ba-isotope signals by organic-rich 
material in the bulk carbonate rocks via cation absorption, a sequential leaching method was 
followed (Lin et al., 2020). In detail, around 200 mg of powdered sample was first rinsed with 
Milli-Q water to remove any water-soluble phases. The residue was then rinsed with 1 M 
ammonium acetate to remove the Ba adsorbed on the surfaces of organic matter and carbonate 
minerals. Finally, the residue was rinsed with Milli-Q water before extracting the Ba fraction 
from the lattices of carbonate minerals with 1 M acetic acid (Lin et al., 2020). After leaching and 
centrifuging, the supernatant was separated and dried down on a hotplate at 120 °C. The 
leachate was then dissolved and stored in 6 M HCl for elemental and isotopic analyses. An 
aliquot of each solution was taken out, dried down, and redissolved in 3% HNO3 for the 
measurement of major and trace elements through a Thermo iCAP Pro ICP-OES and a Thermo 
Element XR HR-ICP-MS, respectively, at Nanjing University. Accuracy was monitored by 
analyzing the limestone reference materials JLs-1 and GSR-13. JLs-1, from the Geological Survey 
of Japan, is a dark grey limestone collected from Kamiisocho, Hokkaido, with a Ba concentration 
of 476 μg/g. GSR-13 is from the China National Research Centre of Geoanalysis, and is a grey-
white limestone collected from Xishan, Beijing, with a Ba concentration of 10 μg/g. Analytical 
reproducibility of samples yielded relative standard deviations (RSDs) for all elements of <5% 
(1SD). 
 
Carbonate barium isotopes (δ138Bacarb) 

An aliquot of each solution containing 200 ng of Ba was taken out from the stock solution 
and mixed with 130Ba–135Ba double spikes at a sample/spike ratio of 4:1 (Lin et al., 2020). 
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Subsequently, the spike-sample mixtures were dried down and redissolved in 2.5 M HCl, 
followed by the Ba purification protocols detailed in Lin et al. (2020). Specifically, 1 mL of AG 50 
W-X8 cation exchange resin loaded to a 10 mL cation column was at first rinsed with 10 mL of 1 
M HF, 7 mL of 6 M HCl, and 10 mL of Milli-Q water before being preconditioned with 1 mL of 2.5 
M HCl. The sample was then loaded onto the column in 1 mL of 2.5 M HCl. An additional 3 mL 
and 5.5 mL of 2.5 M HCl and 6.5 mL of 1.7 M HNO3 were added to the column in sequence to 
separate Ba from the matrix elements, in particular from the REEs, through elution. 

The collected solution containing purified Ba was dried down and dissolved into 
approximately 100-ppb solutions with 3% HNO3 for the measurement of δ138Bacarb using a 
Thermo Neptune XT MC-ICP-MS at Nanjing University. The δ138Ba values of standards SRM 
3104a and JLs-1 were determined bracketing every five samples in measuring sessions to 
monitor the measurement accuracy. The measured δ138Ba values of SRM 3104a and JLs-1 are 
0.00 ± 0.04‰ (2SD, n = 11) and 0.03 ± 0.02‰ (2SD, n = 9), respectively. The JLs-1 value 
represents three independent digestions processed through the full chemical purification 
procedure, with each digest measured in triplicate by MC-ICP-MS. Ba concentrations from total 
procedural blanks were <1 ng, much lower than the Ba concentrations (~200 ng) separated from 
the bulk samples. 
 
Fe-speciation 

Fe-speciation analyses were performed on the Dogna samples following refined extraction 
protocols (Jin et al., 2016) at the State Key Laboratory of Biogeology and Environmental 
Geology, China University of Geosciences (Wuhan). Around 0.1 g of powdered sample was 
reacted with a 10-mL solution of 1 M sodium acetate and acetic acid at 50 °C for 48 h to extract 
iron in carbonates (FeCARB). The residue was then mixed with a 10-mL solution of sodium 
dithionite and sodium citrate for 2 h to dissolve Fe (oxyhydr)oxides (FeOX). Subsequently, the 
mixed ferrous–ferric minerals (FeMAG) were extracted by adding 10 mL of ammonium oxalate for 
6 h. The chromium reduction technique was followed to determine the fraction of Fe sulfides 
(FePY) on separate splits of each sample (Canfield et al., 1986). The sample powders (1–2 g) were 
treated with 40 mL of 1 M reduced chromium chloride (CrCl2) solution and 20 mL of 6 M HCl for 
1 h. The produced H2S was then purged under a nitrogen atmosphere (N2) and trapped as Ag2S 
by bubbling through an AgNO3 solution (0.1 M). Subsequently, the precipitated Ag2S was filtered 
and dried down for the determination of sulfide in the sample by gravimetry. The amount of 
FePY in the original sample was then calculated stoichiometrically. The iron concentration of 
each sequential extract was obtained via a ThermoFisher iCE 3300 atomic absorption 
spectrometer (AAS). Replicate extractions of samples and reference material WHIT (a Lower 
Jurassic fine-grained, laminated, organic carbon-rich mudstone deposited in an anoxic water 
column) yielded RSDs of <5% for all highly reactive Fe phases.  

Separate splits of each sample were used for the measurement of total Fe concentrations 
(Fetot) at ALS Minerals, Guangzhou. In detail, 0.1 g of powdered sample was mixed with sodium 
peroxide flux (1.1 g) and then fused in a 700 °C furnace. The resulting melt was cooled and 
dissolved in 30% hydrochloric acid. This solution was then analyzed for Fetot via an inductively 
coupled plasma-atomic emission spectrometry (ICP-AES). Accuracy was monitored by analyzing 
reference materials GBW07281 and GBW07170. Repeated measurement of samples yielded 
RSDs of <5%. 
 
P-speciation and whole-rock major elements 

Before utilizing the P-phase partitioning approach, we used the melting method on the 
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Dogna samples (n = 28) to obtain the whole-rock major-element concentrations, such as total P 
(Ptot), at Wuhan SampleSolution Analytical Technology Co., Ltd. In detail, around 0.6 g of 
powdered sample was weighed out and then melted at 1050 °C for 15 min. The flux is a mixture 
of lithium tetraborate, lithium metaborate, and lithium fluoride (45:10:5). Ammonium nitrate 
and lithium bromide were used as oxidants and release agents, respectively. Zsx Primus II 
wavelength dispersive X-ray fluorescence spectrometer (XRF) produced by RIGAKU, Japan, was 
used for the analysis of major elements in the whole rock. The standard curve was established 
using the national standard material: rock standard sample GBW07101-14, soil standard sample 
GBW07401-08, and stream sediment standard sample GBW07302-12. The data were corrected 
by the theoretical α coefficient method. Repeated measurement of samples yielded RSDs of 
<2%. 

P-phase partitioning analyses were performed on the same batch of samples (n = 28) using 
a revised sequential extraction method (Thompson et al., 2019) at the State Key Laboratory of 
Biogeology and Environmental Geology, China University of Geosciences (Wuhan). Around 0.15 
g of powdered sample was used for the sequential P extraction. In detail, the sample powder 
was treated with a sodium dithionite solution (buffered with bicarbonate to pH 7.6) for 8 h at 
room temperature to extract poorly crystalline Fe (oxyhydr)oxides (PFe1); Authigenic P (Pauth; 
which targets carbonate fluorapatite) was extracted using a sodium acetate solution at pH 4 for 
6 h at room temperature; Detrital apatite (Pdet) was extracted using a 10% HCl solution for 16 h 
at room temperature; Pmag (which targets P associated with magnetite) was extracted using an 
ammonium oxalate solution for 6 h at room temperature. PFe2 (i.e., more crystalline Fe 
(oxyhydr)oxide minerals) was extracted using a sodium dithionite solution (buffered with citrate 
to pH 4.8) for 6 h at room temperature. The residue was ashed (550 °C for 2 h) and reacted with 
10% HCl solution for 16 h at room temperature to liberate organic-bound P (Porg). Fe 
(oxyhydr)oxide-bound P (PFe) is defined as the sum of PFe1 + PFe2 + Pmag. The P content of the 
various extracts was determined either by using the molybdate blue method (Ruttenberg, 1992) 
at a wavelength of 880 nm or by inductively coupled plasma optical emission spectrometry (ICP-
OES) for solutions where the matrix interferes with the molybdate blue method (PFe1, PFe2, and 
Pmag). Replicate analyses of in-house reference materials (n = 5) yielded an RSD of <10% for each 
step, except for PFe, where the low concentrations resulted in an RSD of <20%. 
 
Hg concentration 

Hg concentration was measured using a Milestone DMA-80 Evo at the School of Earth 
Sciences, China University of Geosciences (Wuhan). Around 100 mg of powdered sample was 
weighed out and then heated to 1000 °C under an oxygen flow to be thermally decomposed. 
Mercury species were then catalyzed to be reduced and trapped on a gold amalgamator, 
followed by subsequent release and measurement. A soil Reference Standard (GBW07423, 32 ± 
3 ng/g Hg) was analyzed after every ten samples to monitor accuracy. Analytical precision based 
on these standards was better than ± 2.44 ng/g (2SD).  
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Figure S1. A schematic diagram illustrating marine Ba cycling. The lower right panel denotes 
simplified profiles of dissolved Ba concentrations (rose red) and δ138Ba (olive green) from the 
northeast Pacific Ocean at the SAFe site (Geyman et al., 2019), showing a distinct quasi-nutrient 
type distribution. MPP, marine primary productivity; OM, organic matter; Δ138Babarite–diss = 
δ138Babarite–δ138Badiss.  
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Figure S2. Supplementary geochemical data from the Dogna core in the Lower Toarcian. CaCO3, 
I/(Ca+Mg), and Ce/Ce* data are from Chen et al. (2024). δ15N data are from Jenkyns et al. 
(2001).  
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Figure S3. Cross-plots of δ138Bacarb versus molar ratios of Sr/Ca and Mg/Ca from the 

Nianduo section (panels A and B) and Dogna core (panels C and D).  
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Figure S4. Photomicrographs of characteristic microfacies of our analyzed samples in the 
Nianduo section. Panel A (–1.6 m section height, Pupuga Formation) showing bioclastic 
wackestones prior to the T-OAE N-CIE. Panel B (2.4 m section height, Nieniexiongla Formation) 
showing micrite during the T-OAE N-CIE interval.  
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Figure S5. Cross-plots of δ138Bacarb versus Sr concentration, Mn/Sr molar ratio, and 
δ18Ocarb from the Nianduo section (panels A–C) and Dogna core (panels D–F). Note 
δ18Ocarb data at Nianduo and Dogna are from Han et al. (2018) and Chen et al. (2024), 
respectively.



 
 

11 
 

 
Figure S6. (A) Assessment of phosphorus extraction proficiency based on the correlation 
between Ptot (as determined from XRF) and the sum of each P extract (Psum) following the 
sequential extraction. (B) The relationship between Al and Pdet concentrations. 
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Table S1. Full analytical data for the analyzed samples at Nianduo (A) and Dogna (B). 


