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[bookmark: _Toc36139450][bookmark: _Toc36139609]1 Sampling, Regional Paleogeography, Stratigraphy and Biomass Distribution 
[bookmark: _Toc36139451][bookmark: _Toc36139610]1.1 Sampling
A total of thirty three rock samples at Frasnian-Famennian boundary (FFB) were collected from well-exposed Xikuangshan section, which is located at 27°45'56''N and 111°29'51''E, ~12 km north of Lengshuijiang City in Hunan Province, South China (Fig. S1). These samples were selected without considering TOC and lithology, but less weathered samples were preferentially chosen. Weathered surfaces and veins were carefully removed during sampling during field work and subsequently in laboratory.  
[bookmark: _Toc36139452][bookmark: _Toc36139611]1.2 Regional Paleogeography, Stratigraphy and Biomass Distribution 
[bookmark: OLE_LINK79][bookmark: OLE_LINK80]The well-exposed Xikuangshan section has been systematically studied for biostratigraphy, sedimentology, and chemostratigraphy1,2,3. In brief, during the Late Devonian, this area to the north in Hunan Province was deposited in outer littoral to shallow subtidal zones on the carbonate platform facies. The FFB sequence in the studied area consists of shallow water subtidal mixed carbonate-argillaceous limestone facies, calcareous mudstone, and shales. It contains the Upper linguiformis through Middle P. triangularis conodont zones, and shows large scale regression from the Upper Pa. rhenana zone (below the base of the studied section) to the uppermost portion of the linguiformis zone in the latest Frasnian. This regressive sequence is followed by a transgression that starts at the base of the Middle triangularis zone, and that overlies the undulating and current scouring structures found in the Lower triangularis zone. The transgressive sequence is characterized by well-laminated mudstones and shales (upward from the bottom of L10) 1,2 (Fig. 1). Frequent sea-level fluctuations are superimposed on these longer-term regressive and transgressive events1,2,3,4 (Fig. 1). Importantly, though the F–F black shale horizon (L6) represents a sea-level rise event in terms of lithologic change, this interval was still deposited in a shallow-water environment1. This scenario is consistent with some other sections in South China4,5,6, which indicate that sea-level was rising at a small-scale, but falling in a greater third-order sequence on a longer timescale (Fig. 1) 6. 
[bookmark: OLE_LINK87]Globally, most studies have revealed that the F–F (Kellwasser) biotic crisis was composed of a series of extinction pulses in conjunction with the deposition of the Lower Kellwasser Horizon (LKH) and Upper Kellwasser Horizon (UKH)2,7,8, i.e., Lower and Upper Kellwasser Crisis. The organic matter rich UKH, found just below F-F boundary in the uppermost linguiformis zone, is the main extinction pulse of the prolonged, stepwise collapse of the Devonian ecosystem4,7,8. Quantitative fossil records constrained by conodont biostratigraphy reveal that two steps of the Upper Kellwasser Crisis are registered at the base and near the top of the UKH in South China, respectively2,4. The number and diversity of ostracods, corals, and brachiopods were very high near the top of the Frasnian. In contrast, the most signifcant biomass and diversity loss occurred at the UKH in the base of the black shale (L6) 2,3, which is similar to some localities in Europe9,10. After this interval, corals disappeared completely, most of brachiopods vanished except for rare Radiatrypa maanshanensis and Desquamatia shetienchiaoensis, which remain in Famennian; but ostracods remained abundant although the diversity is very low. Thus, some bryozoans, brachiopods, and rare ostracods can be found in the black-shale interval1,2,3. The second step of the UKH mass extinction occurred in the FFB with dramatic reduction of the ostracod and further elimination of brachiopods.
The positive excursions in δ13Corg or δ13Ccarb in the upmost linguiformis zone have been reported globally. The amplitude of this positive excursion at Xikuangshan is ~2‰ in this study (Fig. 1), which is comparable to the UKH excursions in δ13Ccarb in USA (~3‰) 11, Germany (~3‰) 12, Poland (~3‰) 13,14, and other South China profiles (~2.5‰ to 4‰)15,16,17. The stratigraphic classification in our section is generally in accordance with Ma et al.2 (Fig. 1, L4–L10), in which the UKH is generally continuous, but the LKH has no exposed counterpart outcrop in the study area.
The FFB at the top of bed L8, or the transition from linguiformis to triangularis, is well defined on the basis of conodonts and the UKH black-shale3 (Fig. 1). The F-F boundary age was recently estimated at 371.93 to 371.78 Ma through the U-Pb ziron dating supplemented by depositional rate estimation18, and suggested to be at 372 1.6 Ma by current Geological Time Scale19. The entire Upper Kellwasser crisis was estimated to last about 0.2 Ma based on high-resolution conodont biostratigraphy and cyclostratigraphy. Thus, linguiformis zone was estimated to last about 0.9 to 1.0 Ma20,21. The deposition of the Xikuanshan section started at about 372.4 Ma. Thus, each sample can be estimated for its depositional age (Table S2), by assuming that the sediments was deposited at same sedimentary rate before and after UKH, and at the same rate during the UKH.

[bookmark: _Toc36139453][bookmark: _Toc36139612]2 Methods
[bookmark: _Toc36139454][bookmark: _Toc36139613]2.1 Analysis of Organic Matter δ34SKero 
Joachimski et al.13 and Siedenberg et al.22 measured organic sulfur δ34SKero on the residual samples after pyrite removal from bulk rock which were assumed as pyrite-free. Differently, we use the method of Cai et al.23 in this study and give an error for the first time (see the following). Fresh rock samples, after having their weathered surfaces and veins removed, were pulverized as 200 mesh powder (or 74 µm in size) in an agate shatter box. Then, 300g ground samples were put into PTFE beakers with hot 6M HCl to dissolve carbonate minerals. The samples were subsequently digested at 60C for two hours with excessive amounts of hot 6M HCl, a 3:1 mixture of 6M HCl and HF, and then 6M HCl. After dilution by distilled water and centrifugation, the kerogen was separated from the residue using heavy liquids (KBr + ZnBr2) with densities of 2.1 g/cm³. Pyrite was removed from the kerogen by adding a mixture of hot 6M HCl and CrCl2 to the ground dry kerogen under a nitrogen cushion with gas flow carrying the H2S to a trap containing AgNO3. Excess acids and acid soluble salts were removed from the residual kerogen by water washing. About 2h later, the residual kerogen was collected and reground to expose new pyrite surfaces, and the whole procedure was repeated once more. H2S release during this treatment indicates that additional treatment is necessary. After the treatments, a given weight of kerogen (MKero, g) was put into a Parr bomb apparatus with deionized water in the bottom, and then combusted at ~25 atm pure oxygen to oxidize organically bound sulfide and any pyrite remaining pyrite contamination to sulfate and iron oxides. The dissolved sulfate and iron oxides were then diluted to ~200mL with deionized water, and acidified to pH<2, 10 mL of which was used to measure the dissolved iron content (CFe, ppm) using atomic absorption spectrometry in order to determine the maximal residual pyrite content in the kerogen after the chromium reduction. The residual dissolved sulfate was precipitated as BaSO4 (weighed MBaSO4, g) by adding 20mL10% BaCl2 after oxidation treatment by bromine water. Only BaSO4 from the combustion of kerogen with organic sulfur ≥92% (see the following) was collected for further δ34SKero analyses. 
[bookmark: _Toc36139455][bookmark: _Toc36139614]2.2 Analyses of Carbonate-associated Sulfate δ34SCAS and Pyrite δ34SPy
To release carbonate-associated sulfate (CAS) from calcite for δ34SCAS analysis, the samples were dissolved by 0.2M acetic acid instead of hydrochloric acid as used by Wotte et al. 24 and Peng et al. 25 to minimize the contamination from pyrite and dolomite. The CAS from samples X-19, 20 and 23 and the kerogen from samples X-24 and 25 were not acquired successfully for the extremely low content of calcareous components or organic matters. Pyrite sulfur (SPy) was extracted by chromium reduction and precipitated as Ag2S. BaSO4 and Ag2S were then analyzed on a Thermo Finnigan Delta S mass spectrometer, calibrated by a series of IAEA standards. δ34S results are relative to the VCDT standard with the reproducibility of ±0.3‰. 
[bookmark: _Toc36139456][bookmark: _Toc36139615]2.3 Fe-speciation 
Fe-speciation was extracted from carbonate-rich samples following the procedures of Clarkson et al. 26,27. All Fe concentrations were measured via atomic absorption spectrometry on a PinAAcle 900T and the replicate extractions gave a RSD between 0.2% and 2% for all steps. 
[bookmark: _Toc36139457][bookmark: _Toc36139616]2.4 Organic Matter δ13Corg and Element Compositions 
δ13Corg vales were measured on a Thermal MAT-253 mass spectrometer after removing the inorganic carbon and expressed in standard delta notation relative to the VPDB standard with an analytical error of ≤0.06‰. The H and C contents of total rock and kerogen were analyzed by EURO3000 with an analytical precision of ±0.5% and the TOC was calculated from decarbonated samples. Element P and other elements were analysed by X-ray fluorescence (XRF) with an error of 5%.
All the samples were analyzed at the Institute of Geology and Geophysics, Chinese Academy of Sciences. The results are shown in Tables S1 and S2.
[bookmark: _Toc36139458][bookmark: _Toc36139617]2.5 Calculation of Contamination from Pyrite S in Kerogen after the Treatments
Based on the data mentioned above, organic sulfur content in the kerogen (SKero%) was subsequently calculated by subtraction of the SPy from the total residual kerogen sulfur as following steps:
The mass of iron in the dissolved sulfate solution (MFe) can be expressed by equation: 
MFe=CFe×200×10-6. (DR1)
where CFe is concentration of iron, in mg/L.
Then the mass of residual pyrite in the extracted kerogen (MPy) is:  
MPy=120×MFe/56. (DR2)
So the proportion of residual pyrite in the extracted kerogen is: 
Py%=(MFePy/Mk)×100%. (DR3)
For the proportion of SPy in the extracted kerogen:
SPy%= Py%×64/120. (DR4)
The total residual kerogen S can be calculated as the S in BaSO4 (SBaSO4%): 
SBaSO4%=(32×MBaSO4)/(233×MKero). (DR5)
Finally, SKero% can be expressed as:
SKero%=(SBaSO4%- SFePy%)/SBaSO4%. (DR6)
We now substitute Equation DR1~DR5 into Equation DR6 and obtain a SKero% value. When SKero% ≥92%, an error due to contamination from ≤8% SPy is estimated to be <0.8‰ given the differences in δ34S between kerogen and pyrite generally <10‰ (refs. 28,29). If not, more treatments using HCl and CrCl2 should be employed.
The SKero% values of the 15 residual kerogen samples after acidic chromous chloride treatments range from 92.57–99.46%, suggesting that the pyrite in all samples have been well removed (Table S1). Thus, the residual kerogen samples can be used for the following analyses of δ34SKero.
[bookmark: _Toc36139459][bookmark: _Toc36139618]3  Isotope-driven Model
[bookmark: _Toc36139460][bookmark: _Toc36139619]3.1 Inverse Model for Seawater Sulfate Concentration
To quantify the dynamic of seawater sulfate reservoir we recruited an inverse modeling approach wherein measured isotopic composition of pyrite and sulfate were used to reconstruct the change in seawater sulfate through time. The model is based on a well-established isotope mass balance model for sulfate:



Here Jin, Jev, Jpy, δin, δ, and Δ denote the riverine flux of sulfate, sulfate evaporite flux, flux of pyrite, isotopic composition of riverine sulfate, isotopic composition of seawater sulfate, and isotopic difference between seawater sulfate and pyrite (∆34SCAS-Py = δ34SCAS - δ34SPy). At steady state: 



Jev and Jpy can be further parameterized as follow:
 
and


Where Jev*, Ca*, and SO4* denote modern values for evaporite burial, seawater calcium and sulfate concentration (Table S3). For the pyrite flux (Jpyr), parameters RC, k, Aarea, and f, correspond to, respectively, the maximum sulfate reduction in the modern environment, half-saturation constant for sulfate uptake by sulfur-reducing bacteria (SRB), area of ocean that sulfate reduction occurs (which is the total area of ocean times a factor less than 1, where maximum value correspond to sulfidic condition, Fepyr/FeHR > 0.8, Table S1), and fraction of sulfide ends up in pyrite pool (which is less than 10% for modern and between 10-60% for anoxic condition). To account for variability in oceanic productivity and its effect on the maximum sulfate reduction, we multiply the RC by an organic matter availability factor, which is the ratio of measured TOC in each sample over the typical modern TOC (TOC*).
Putting everything together, seawater sulfate can be solved by the following equation using the measured δ and Δ:


Given the uncertainty involved with estimating some of the parameters, we used a stochastic approach, wherein input parameters were sampled randomly within their expected range (Fig. S2), and most probable range of sulfate for a given measured δ and Δ were obtained. 
[bookmark: _Toc36139461][bookmark: _Toc36139620]3.2 Sensitivity Analysis of the Isotope-driven Model
To investigate the sensitivity of our results to the values of model parameters, we conducted a sensitivity analysis. Model parameters were varied within their reasonable ranges (specified in Table S3), and changes in seawater sulfate concentration (ΔSO42-) were recorded. While the results from sensitivity analysis of input parameters fall within the ~68% confidence interval, it indicates an important role of riverine flux of sulfate, isotopic composition of riverine sulfate, fraction of area of the ocean that is euxinic, fraction of sulfide that ends up in pyrite pool, and the maximum sulfate reduction rate. Notably, increased the amount and isotopic composition of riverine flux of sulfate would result in significant accumulation of sulfate, though this significant change may not be consistent with results from fluid inclusion data. The parameters f1, f2, as fraction of area of the ocean that is overlain by euxinic condition and fraction of sulfide produced by sulfate reduction that precipitate as pyrite, exert strong leverage on steady-state concentration of oceanic sulfate. To better constrain the range of values for these parameters we used our results from iron-speciation, where for Fepyr/FeHR > 0.8, value of f1 is considered to be between 0.1-0.3, meaning between 10 to 30 percent of the area of the ocean is likely covered by sulfide-rich condition. Values of f2 were also constrained from our iron-speciation data, where for FeHR/FeT >0.38 which correspond to anoxic condition, range of 0.1-0.6 were taken for f2, meaning 10 to 60 percent of the sulfide produced by sulfate reduction would reaction with iron and precipitate as pyrite. The relatively insignificant role of half-saturation constant in determining the steady-state sulfate concentration suggest that change in physiology of sulfur reducing bacteria may have, unlikely, played a major role in the change in the global sulfate reservoir. 
 
[bookmark: _Toc36139462][bookmark: _Toc36139621]4 Preservation of Geochemical Signals
[bookmark: _Toc36139463][bookmark: _Toc36139622]4.1 Preservation of Primary Carbonate-associated Sulfate (CAS) Isotope Signatures 
It is necessary to consider the possible incorporation of contaminative sulfate as CAS. Pyrite oxidation during experiment processing35, outcrop weathering36 or secondary atmospheric sulfate25 would have altered primary seawater signatures. To minimize contamination by secondary atmospheric sulfate or weathering of pyrite on rock surfaces or in fractures, only freshly cut samples without fractures were prepared for powdering in our study, and a water leaching procedure was then utilized. However, when carbonate samples with high pyrite content that were digested for longer than 8 hours would have a potential risk of contamination from pyrite35, 24. To reduce the risk, we used 0.1mol/L acetic acid instead of hydrochloric acid, and the digestion was limited to 2 hours at room temperature. At Xikuangshan, the pyrite contents in the CAS extracted samples are mostly <0.3 wt% (Table S1), implying minimal possible influence from pyrite oxidation. More important, neither pyrite content (R2 = 0.0817) nor δ34SPy (R2 = 0.0015) is correlated significantly with δ34SCAS values (Fig. S5A), indicating no obvious influence from pyrite oxidation in our study36,11. Notably, the δ34SCAS values from samples X-24 and 25 are similar to those of δ34SPy (Fig. 2C), which seems to be related to some contamination from pyrite. However, if the small Δ34SCAS-Py value did come from contamination, the δ34SCAS value should also be greater than that of δ34SPy, rather than a negative Δ34SCAS-Py value, combined with similar trend of high-frequency fluctuations in the lower triangularis zone, supporting well preservation of primary marine signatures.
[bookmark: _Toc36139464][bookmark: _Toc36139623]4.2 The influence of Maturation on the Isotope Signatures
The thermal maturation during burial metamorphism causes a structural change in organic matter (OM) that is accompanied by the preferential release of 13C-depleted CO2 and 34S-depleted H2S. The release of lighter carbon isotope would affect the pristine δ13Corg values and lead to an inverse relationship between TOC and δ13Corg. The released 34S-depleted H2S can form secondary pyrite perturbing the isotope signature of primary pyrite37,38,28. It has been proved that the δ13Corg would be significantly changed only when H is lost from the kerogen and leads to the H/C molar ratio less than 0.2 as well as an inverse relationship between δ13Corg values and the ratios38,39,23. Therefore, the TOC–δ13Corg relationship and the molar ratios of H/C have been used as important proxies to evaluate the preservation and maturity level of OM. In our study, the kerogen H/C molar ratios are all higher than 0.2, both H/C molar ratios (R2 = 0.027) and TOC values (R2 = 0.0655) display no relation to the δ13Corg values (Table S1, Fig. S5B), indicating that the samples were not significantly altered by thermal maturation during burial stage. Moreover, although the released sulfur during maturation is 34S-depleted relative to SKero, it is still 34S-enriched relative to the existing pyrite, so new generation of pyrite would increase the 34SPy pool, thus leading to the significant increasing of δ34SPy value22. A suspiciously positive excursion of δ34SPy is on the top of interval-Ⅱ with a large magnitude of 32.3‰ (Fig.2C, sample X-24). However, this carbonate sample has OM content (TOC=0.05%) so low that we failed to separate the kerogen from it, not to mention that the high δ34SPy value has sulfur contributed from OM maturation.
[bookmark: _Toc36139465][bookmark: _Toc36139624]4.3 Effects of Weathering on Fe-speciation Data
Although our outcrop samples were carefully collected fresh rocks with the weathered surfaces removed, we must consider the possibility of weathering. The post-depositional weathering reactions would lead to the loss of pyrite and the increase in FeOx simultaneously, thus the inverse relationship between FeOx and FePy can be used to assess the weathering effects in samples39,40. In our study, there is no inverse relationship between FeOx and FePy (Fig. S5C), indicating that the samples were not much influenced by weathering. The geochemical records from our samples, therefore, can well reflect the original information during the deposition.
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Table S1 Geochemical data from Xikuangshan section
	Sample
number
	Height 
(m)
	TOC
(%)
	δ13Corg
(‰)
	δ34SKero
(‰)
	δ34SCAS
(‰)
	δ34SPy
(‰)
	△34SCAS-Py
(‰)
	△34SKero-Py
(‰)
	FeT
(%)
	Fecarb
(%)
	FeOx
(%)
	FeMag
(%)
	FePy
(%)
	FeHR
(%)
	FeHR/FeT
	FePy/FeHR
	SKero
(%)*
	(H/C)Kero
(Molar ration)

	XKS-5
	0.19
	0.25
	-26.95
	--**
	--
	--
	--
	--
	1.30 
	0.04 
	0.11 
	0.07 
	0.01 
	0.22 
	0.17 
	0.04 
	--
	--

	XKS-6
	0.37
	0.08
	--
	--
	--
	--
	--
	--
	0.38 
	0.00 
	0.00 
	0.00 
	ND
	0.01 
	0.02 
	0.00 
	--
	--

	XKS-7
	0.55
	0.09
	-26.34
	--
	--
	--
	--
	--
	0.37 
	0.00 
	0.00 
	0.00 
	ND
	0.01 
	0.02 
	0.00 
	--
	--

	XKS-8
	0.94
	0.16
	-26.20
	--
	--
	--
	--
	--
	2.21 
	0.01 
	0.01 
	0.03 
	ND
	0.04 
	0.02 
	0.00 
	--
	--

	XKS-9
	1.23
	0.15
	-26.79
	--
	--
	--
	--
	--
	2.47 
	0.11 
	0.38 
	0.13 
	0.06 
	0.68 
	0.28 
	0.08 
	--
	--

	XKS-10
	1.51
	0.34
	--
	--
	--
	--
	--
	--
	2.81 
	0.21 
	0.25 
	0.07 
	ND
	0.53 
	0.19 
	0.00 
	--
	--

	XKS-11
	1.77
	0.16
	-26.44
	--
	--
	--
	--
	--
	3.38 
	0.20 
	0.16 
	0.39 
	0.03 
	0.77 
	0.23 
	0.04 
	--
	--

	XKS-12
	1.98
	0.24
	-26.22
	--
	--
	--
	--
	--
	0.44 
	0.00 
	0.00 
	0.00 
	ND
	0.01 
	0.02 
	0.00 
	--
	--

	XKS-13
	2.22
	0.25
	-26.47
	1.67
	26.17
	-10.11
	36.29
	11.78
	2.68 
	0.05 
	0.01 
	0.01 
	0.01 
	0.08 
	0.03 
	0.07 
	95.43 
	0.39 

	XKS-14
	2.48
	0.22
	-26.91
	--
	--
	--
	--
	--
	2.23 
	0.17 
	0.05 
	0.11 
	0.05 
	0.38 
	0.17 
	0.12 
	--
	--

	XKS-15
	2.69
	0.25
	-26.71
	0.33
	21.26
	-8.58
	29.85
	8.92
	2.13 
	0.01 
	0.24 
	0.03 
	0.13 
	0.41 
	0.19 
	0.33 
	97.53 
	0.67 

	XKS-16
	2.96
	0.13
	-26.84
	9.81
	22.86
	-2.73
	25.59
	12.53
	2.75 
	0.08 
	0.36 
	0.05 
	0.20 
	0.69 
	0.25 
	0.29 
	96.89 
	0.54 

	XKS-17
	3.20
	0.34
	-26.65
	15.43
	23.47
	-1.43
	24.91
	16.87
	0.79 
	0.11 
	0.04 
	0.00 
	0.07 
	0.23 
	0.29 
	0.33 
	92.98 
	0.41 

	XKS-18
	3.41
	0.40
	-26.71
	15.66
	26.22
	2.32
	23.91
	13.35
	0.54 
	0.01 
	0.04 
	0.01 
	0.00 
	0.06 
	0.11 
	0.03 
	98.70 
	0.76 

	XKS-19
	3.58
	0.87
	-26.22
	-9.33
	ND
	-11.34
	ND
	2.01
	3.87 
	0.04 
	0.51 
	0.03 
	2.82 
	3.40 
	0.88 
	0.83 
	95.97 
	1.37 

	XKS-20
	3.84
	0.91
	-25.15
	-7.30
	ND
	-15.22
	ND
	7.93
	4.62 
	0.02 
	1.43 
	0.07 
	1.86 
	3.38 
	0.73 
	0.55 
	98.16 
	0.40 

	XKS-21
	4.06
	0.87
	-26.03
	2.96
	14.97
	-10.06
	25.04
	13.02
	5.68 
	0.16 
	0.95 
	0.04 
	1.58 
	2.72 
	0.48 
	0.58 
	99.46 
	0.66 

	XKS-22
	4.18
	0.23
	-25.81
	4.08
	7.07
	-6.76
	13.83
	10.84
	6.18 
	2.84 
	0.11 
	0.09 
	0.21 
	3.24 
	0.53 
	0.06 
	96.76 
	0.56 

	XKS-23
	4.39
	0.43
	-26.14
	3.62
	ND
	-10.36
	ND
	13.98
	3.49 
	0.04 
	1.11 
	0.01 
	0.38 
	1.54 
	0.44 
	0.25 
	92.87 
	0.49 

	XKS-24
	4.63
	0.05
	-25.60
	ND
	24.30
	21.99
	2.31
	--
	4.77 
	0.01 
	0.66 
	1.54 
	0.27 
	2.48 
	0.52 
	0.11 
	--
	--

	XKS-25
	4.87
	0.06
	-25.66
	ND
	16.68
	20.88
	-4.20
	--
	1.46 
	0.07 
	0.22 
	0.02 
	0.02 
	0.34 
	0.23 
	0.07 
	--
	--

	XKS-26
	5.20
	0.24
	-25.97
	11.16
	24.39
	-0.61
	25.01
	11.78
	4.31 
	0.13 
	0.91 
	0.00 
	0.29 
	1.34 
	0.31 
	0.22 
	97.17 
	0.42 

	XKS-27
	5.46
	0.15
	-25.61
	--
	14.43
	8.10
	6.33
	--
	2.29 
	0.04 
	0.02 
	0.02 
	0.01 
	0.09 
	0.04 
	0.09 
	--
	--

	XKS-28
	5.74
	0.25
	-25.36
	8.23
	21.54
	-9.67
	31.21
	17.90
	2.96 
	0.17 
	0.53 
	0.01 
	0.03 
	0.74 
	0.25 
	0.04 
	98.94 
	0.48 

	XKS-29
	5.98
	0.25
	-25.76
	9.23
	--
	-3.87
	--
	13.10
	3.52 
	0.05 
	0.18 
	0.01 
	0.04 
	0.28 
	0.08 
	0.13 
	95.72 
	0.65 

	XKS-30
	6.27
	0.37
	--
	--
	--
	--
	--
	--
	1.83 
	0.10 
	0.19 
	0.01 
	0.00 
	0.29 
	0.16 
	0.00 
	--
	--

	XKS-31
	6.63
	0.28
	-25.55
	9.12
	
	6.70
	
	2.43
	4.50 
	0.03 
	0.40 
	0.01 
	0.15 
	0.58 
	0.13 
	0.25 
	92.57 
	1.65 

	XKS-32
	7.04
	0.90
	--
	--
	--
	--
	--
	--
	3.36 
	0.12 
	0.63 
	0.00 
	0.46 
	1.21 
	0.36 
	0.38 
	
	

	XKS-33
	7.60
	0.55
	-25.83
	8.52
	
	1.11
	
	7.42
	2.71 
	0.43 
	0.55 
	0.00 
	0.46 
	1.43 
	0.53 
	0.32 
	98.35 
	1.77 

	XKS-34
	8.26
	1.44
	--
	--
	--
	--
	--
	--
	3.02 
	0.12 
	0.60 
	0.00 
	0.70 
	1.42 
	0.47 
	0.49 
	--
	--

	XKS-35
	8.77
	0.90
	-25.77
	--
	--
	--
	--
	--
	5.58 
	1.13 
	0.28 
	0.00 
	1.21 
	2.62 
	0.47 
	0.46 
	--
	--

	XKS-36
	9.19
	0.72
	--
	--
	--
	--
	--
	--
	3.19 
	0.12 
	1.05 
	0.11 
	0.47 
	1.75 
	0.55 
	0.27 
	--
	--

	XKS-37
	9.83
	1.00
	--
	--
	--
	--
	--
	--
	2.63 
	0.01 
	0.74 
	0.22 
	0.44 
	1.42 
	0.54 
	0.31 
	--
	--


Note: * SKero is organic sulfur percentage in total organic matter after treatments, and **-- means Not Determined,.


Table S2 Phosphorus contents and TOC/P ratios in FFB sediments from worldwide basins (see excel Table S2)


Table S3 Range of parameters for isotope-driven modeling and sensitivity analysis
	Parameter 
	Symbol
	Unit
	Typical Range

	Area of the ocean
	Aarea
	m2
	

	Modern flux of evaporite
	Jeva*
	Tmol/year
	0.5-230

	Riverine flux for sulfate
	Jin
	Tmol/year
	2.5-531

	Areal fraction of euxinia
	f1
	-
	0.01-0.3

	Fraction of sulfide as pyrite
	f2
	-
	0.03-0.5

	Isotopic composition of riverine sulfate
	δin
	‰
	6-1232

	Half-saturation constant
	k
	µM
	5-5033

	Maximum sulfate reduction rate
	Rc
	mol/m2/year
	1-1034
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Figure S1 (A) Location map, and (B) paleogeographic map (modified from Chen et al. 15)


. [image: ]
Figure S2 Change in seawater sulfate concentration in response to changes in isotope-driven model parameter values from lowest to highest values.  Dashed lines correspond to 68% confidence interval and mean value of sulfate concentration, calculated from results of stochastic modeling at the beginning of the UKH.







 [image: ] Figure S3  Pyrite and CAS sulfur isotopic compositions across the Fransnian–Famennian boundary. Data for Xikuangshan, China are from this study, for Hony section from John et al. 41, Kowala-1 from Joachimski et al. 13 and for Kowala-2 and the Great Basin sections are from Sim et al. 11. The shaded area indicates the linguiformis conodont biozone, and the Upper Kellwasser positive δ13C excursion begins in the uppermost part of this biozone for all these sections. Abbreviations: L. rhenana, Late rhenana; ling., linguiformis; E.-M. triang., Early to middle triangularis.


[image: ]

Figure S4 Variation of P contents from worldwide sections with conodont zones and thickness corrected to Age (Ma). P data for Xikuangshan (China) are from this study, for Appalachian basin (USA) from Sageman et al. 42, which are enlarged for 5 times, and for Coumiac (France) and Steinbruch Schmidt (Germany) from Percival et al. 43 
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Figure S5 cross plots of, (A) Spy content versus δ34SCAS and δ34Spy versus δ34SCAS, (B) TOC versus δ13Corg and H/C molar ratios versus δ13Corg, and (C) FeOx versus FePy content, at Xikuangshan section.
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