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DESCRIPTION OF METHODS

Rhenium and osmium-isotope analysis

The aim of our Re-Os organic-rich sedimentary rock analysis was to quantify the osmium
isotope composition (1¥70s/!380s) of Toarcian seawater. This requires an analytical protocol that
extracts and isolates preferentially the hydrogenous rhenium and osmium components from the
bulk mudrock sample, whilst minimizing the possibility of liberating and isolating rhenium and
osmium present in the detrital mineral (i.e. non-hydrogenous) fraction of the sample. The
analytical methods adopted for rhenium and osmium analysis largely followed those of Selby
and Creaser (2003), and a summary is provided here. All sample preparation and analysis was
carried out at Durham University (UK).

Mudrock samples were ground to a fine powder in an agate pestle and mortar. Between
0.25 and 1 g of powder was digested in a sealed glass Carius tube with an 8§ mL solution of 4N
H>SO04 and 0.25 g/g CrOs, together with known amount of mixed tracer solution (spike) of '*°Re
and '%°0Os. The Carius tubes were then heated gradually to 220°C for 48 hours, after which the
tubes were allowed to cool before being opened. Osmium was extracted from the solution using
CHCI3, followed by subsequent transfer into HBr. The Os fraction in the HBr solution was then
further concentrated by micro-distillation. Rhenium was purified from the remaining CrOs-
H>SOy4 solution using solvent extraction in a NaOH-C3HsO solution, before further purification
using anion (single-bead) exchange chromatography. Purified Re and Os were loaded onto Ni
and Pt wire filaments, respectively, ready for isotope composition determination using a Thermo
Scientific Triton negative thermal-ionization mass spectrometer (NTIMS). Settings used on the
Triton for Re and Os analysis were static Faraday collection for Re, and ion-counting using a
secondary electron multiplier in peak-hopping mode for Os.

Standard solutions of Re and Os were analyzed along with samples to quantify precision

and evaluate reproducibility. Aliquots of our in-house Re and Os standard solutions yielded
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185Re/1¥"Re and '870s/'%0s values indistinguishable from previously reported values. The
measured difference in '**Re/!8’Re values for our standard solution and the accepted '%Re/'*"Re
value was used for mass fractionation correction of the Re data from our samples. All Re and Os
data were oxide and blank corrected. Procedural blanks for Re and Os were 16.3 = 5.1 pg/g and
0.09 +0.01 pg/g, respectively, with an '870s/!¥0s value of 0.23 + 0.03 (N=5).

Uncertainties in our calculated '¥"Re/!'%80s and !870s/!380s data were quantified using a
full propagation of all uncertainties, including those arising from sample weighing, mass
spectrometer measurements, spike calibration, blank abundances and reproducibility of the
analyzed standards. Uncertainties of all data (1 s.d.) are provided in Table S1.

All data were age corrected to obtain the initial '370s/!%0s values of seawater

(¥70s/'880s;) at the time of sample deposition (182 Ma), based on the following equation:

187OS 187OS 187R€
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where 1.666 x 107!! is the Re decay constant in years, and age is in years (Table S1).

Analytical uncertainty in the calculated '¥’Os/!%80s; was determined by using the square
root of the sum of squares approach and includes the uncertainty of the measured '*’Re/!*¥0s and
1870s/1%80s ratios and the 0.35% uncertainty of the '¥’Re decay constant (Smoliar et al., 1996).
Although our samples may span a time interval in excess of 5 m.y. (e.g. Ruebsam et al., 2019;
Fig. S2), uncertainties in '8’0Qs/!%80s; arising from a 6 m.y. maximum probable age differential
between the oldest and youngest samples are <0.03, and thus do not significantly affect the trends

or absolute values observed in our data.

Elemental analysis

Abundances of Ti, Al and Zr were measured on the same powdered samples used for Re-
Os analysis using non-destructive handheld X-ray fluorescence (XRF) analysis following the
protocol developed in Saker-Clark et al. (2019). Samples were placed into borosilicate glass vials
and covered with x-ray transmissive (low density polyethylene) cling-film. Sample vials were
then upturned and placed over the X-ray aperture of an Olympus Delta Premium handheld XRF
instrument, held in place in a laboratory stand. Samples were measured in ‘Geochem’ mode on
this instrument using an X-ray exposure time of 120 seconds.

Prior XRF analysis of a set of 30 in-house mudrock standards yielded data that were in

excellent agreement with elemental abundances measured on an ICP-MS, based on linear
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regression between XRF and ICP-MS values (0.990, 0.975 and 0.995 r? values for Ti, Al and Zr,
respectively). Nevertheless, the correlations do not define a 1:1 relationship, and XRF values are
typically underestimated relative to ICP-MS values. Corrected XRF values can be obtained by
adjusting the XRF data using the coefficients of the linear regression (least squares) equations,
thus obtaining a 1:1 relationship. The Ti, Al and Zr data of our unknown samples were calibrated
to absolute concentrations using the coefficients of the standards. The remaining uncertainty in
the data can be quantified as the maximum difference between the XRF data and ICP-MS data
of our standards after correction. For Ti, Al and Zr, these maximum uncertainties were 0.03%,
0.89% and 11.1 ppm, respectively. These uncertainties are likely overestimated, since some
fraction of the uncertainty for each element stems from analytical errors in the ICP-MS data and
not just the XRF. Reproducibility of the XRF data was 2.4%, 4.5% and 1% RSD for Ti, Al and

Zr, respectively.

Organic carbon-isotope (3'3Corg) analysis

Organic carbon isotope data for 13 of the samples measured for Re-Os analysis had
previously been published in Izumi et al. (2012, 2018a, 2018b) and Kemp and Izumi (2014) (data
are identified as such in Table S1). The remaining 11 samples were measured for 8'*Cor in this
study. For these samples, a split of the same powder used for Re-Os and XRF analysis was
decalcified in 3M HCI for 24 hours, before washing with de-ionized water until neutrality was
reached. Samples were then dried and gently re-crushed in an agate pestle and mortar, before
weighing into tin capsules ready for isotope analysis. Samples were measured for organic carbon
isotope ratios on a Europa Scientific 20-20 mass spectrometer. Reproducibility was determined
by intra-run analysis of a set of in-house standards. Analytical uncertainty (1 s.d.) based on these

standards was 0.15%o.
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SUPPLEMENTAL FIGURE AND TABLES

Height [Re] [Os] [©0s]  '"Re/ 17Qg/ %Re %'¥0s %'%0s '770s/ zZr AT
Sample ID (m) (ppb) = (ppt) = (ppt) = 'Os = 8Q0s rho® blank blank blank '**0s® C,.  (ppm) (%) (%)

2016-3AM-2.13  -2712 340 0.01 875 04 320 02 2112 12 1113 0008 0.657 0.88 0.036 0.202 0.47 001 23602 12009 9.04 047

3

2016-3B-1.04 -2279 894 002 2373 09 901 04 1973 1.0 0.795 0005 0612 034 0.018 0.072 0.20 001 24602 12353 914 047
2010-4-2 -1702 479 001 3304 10 1322 06 720 04 0374 0002 0578 0251 0.020 0.030 0.15 000 -2469P 13068 993 045
2014-4-X1 -145 464 001 3290 1.1 131.7 0.7 700 04 0366 0003 0.636 0.26 0.021 0.030 0.15 000 -2431¢ 133.86 982 045
2013-4-17 -9.47 683 0.02 2483 08 964 04 1408 06 0611 0003 0560 0.176 0.017 0.042 0.18 001 -2513P 13227 1073 0.46
2016-5-m0.9 -4.9 517 0.01 1017 05 370 02 2776 14 1151 0007 0.607 0.232 0.023 0.108 0.31 001 2537° 12671 10.13 048
2015-5-m0.53 -4.53 285 001 704 05 259 02 2187 20 1.061 0013 0684 042 0.036 0.155 0.40 002 -2652¢ 12035 958 045
2015-5-0.78 -3.22 302 0.01 958 06 359 03 1672 15 0911 0011 0680 040 0.031 0.112 0.40 002 -2646° 12512 927 047
2014-5-1.83 -2.17 236 0.01 708 05 260 02 1808 1.7 1.099 0014 0682 051 0.035 0.155 0.55 002 -27.40° 11797 997 041
2015-5-2.10 -1.9 463 001 1041 05 377 02 2444 14 1197 0009 0.644 0.26 0.022 0.106 0.45 001 -27.49¢ 12692 928 045
2014-5-3.49 -0.51 110 0.00 292 02 107 01 2059 21 1133 0015 0.690 1.087 0.083 0.377 0.51 002 -27.19°¢ 126.71 11.89 0.58
2013-5-5.45 1.45 128 0.00 382 03 139 01 1828 1.8 1.140 0014 0688 0094 0.063 0.289 0.58 002 -2771P 14022 1076 063
2013-5-6.5 25 112 000 448 03 168 02 1328 13 0919 0012 0679 1.07 0.065 0.239 0.52 002 -27.35° 13227 1002 0.55
2014-S1-X3 5.15 151 0.00 450 02 169 01 1770 1.0 0874 0006 0.638 0797 0.067 0.237 0.34 0.01 -27.16°€ 13466 10.17 0.50
2013-82-17 9.6 292 0.01 99.0 04 372 02 1565 0.8 0.892 0005 0615 0410 0.030 0.108 0.42 001 -27.58¢ 13545 1041 0.49
2010-8-6 139 371 001 1141 05 428 02 1721 10 0893 0007 0641 0.32 0.026 0.094 0.37 001 -26.04¢ 11956 9.41 0.47
2013-10-4 (av.)  20.51 270 0.01 633 04 228 02 2358 1.7 1250 0012 0654 0625 0.032 0.177 0.53 002 -2380° 115659 958 0.46
2013-12-8 251 373 0.01 852 04 314 02 2364 15 1.054 0007 0707 1966 0.081 0.429 0.34 001 -23.46° 11956 997 044
2010-14-2 329 413 001 816 04 292 02 2815 17 1302 0010 0650 0.29 0.026 0.137 0.45 001 -2311P 11877 954 045
2010-14-6 36.9 301 0.01 782 03 288 01 2074 11 1.044 0006 0597 0399 0.033 0.139 0.41 0.01 -2366°€ 125,92 1065 0.47
2010-15-2 394 325 0.01 926 04 344 02 1877 1.1 00968 0006 0527 0369 0.030 0.117 0.40 001 -2397P 12035 877 035
2010-16-5 48 586 0.02 1208 05 440 02 2649 13 1.155 0.007 0610 0205 0.020 0.091 0.35 001 -24.87°¢ 11638 925 044
2010-18-8.2 642 421 001 1217 05 457 02 1830 1.0 0.882 0006 0.629 0.71 0.032 0.141 0.33 0.01 -23.30 161.67 11.06 0.65
2010-24-2 90 481 001 96.2 04 349 02 2742 15 1176 0.008 0655 0.62 0.031 0.185 0.34 001 23399 12830 915 049
2010-10-4 (run 1) 263 0.01 608 04 218 02 2400 22 1276 0016 0685 046 0.036 0.184 0.55 0.02

2010-10-4 (run 2) 277 0.01 658 03 238 01 2317 13 1225 0008 0624 0.79 0.028 0.170 0.52 0.01

2 |zumi et al. (2018b)
Kemp and Izumi (2014)
€ This study
Izumi et al. (2012)
€ lzumi (2018a)
(1) Rho is the associated error correlation function (Ludwig, 1980)
@ 870s/'®0s, is calculated using a depositional age of 182 Ma (see Methods for details)

Table S1. Full listing of all data. Uncertainties (+) are 2c standard error, av. = average.
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Figure S1. Cross plots of ¥0s/!#0s; data from Sakuraguchi-dani and elemental proxies for
detrital input. The lack of correlation between '870s/!880s; and these detrital proxies in any part
of the CIE (carbon-isotope excursion) emphasizes how changes in 8’0s/!%8Os; in Sakuraguchi-
dani reflect changes in hydrogenous osmium (i.e. the global seawater Os inventory), and not
localized changes in the isotopic composition of detrital Os delivered to the basin. See Figure 2

of main text for definitions of pre-CIE, CIE onset and Post-CIE onset intervals.
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Figure S2. Age calibrated plot of climate indicators, Karoo flood basalt dates and '370s/!38Os; data
across the late Pliensbachian and Toarcian. Karoo flood basalt ages and correspondence to
palaeomagnetic stratigraphy/lithostratigraphy in the respective sections has been compiled as in
Xu et al. (2018). Superscript numbers in lava flow dates indicate different samples from the same
level. Superscript letters identify K-Ar (a) or Ar-Ar (b) dating methods, and age uncertainties for
all lava dates are 2o (full details in Xu et al., 2018). Timescale is from Ogg et al., 2016
(‘GTS2016’). The magnetostratigraphy for this timescale is taken from Ogg et al. (2016) (190-
184.6 Ma), and from Xu et al. (2018) (184.6-175 Ma). Ammonite zonation is from Ogg et al.
(2016). The age calibrated belemnite 8'30 compilation (and icehouse-greenhouse interpretation)
is from Ruebsam et al. (2019) and references therein. pCO; data are based on the stomatal density
proxy (references are shown on the figure). The age calibration of the McElwain et al. (2005) pCO»
data is taken from Ruebsam et al. (2019). The correlation of the Sakuraguchi-dani and East
Tributary '870s/!%80s; and 8'*Corganic data is based correlating the start and end of the CIE in each
section. The '%70s/!*80s; and 33 Corganic data are anchored in absolute time using a U-Pb tuff date
of 185.49 + 0.16 Ma (20) in the East Tributary section (Them et al., 2017). Data are linearly scaled
from this age control point based on available biostratigraphic correlation between Japan and
Northern Europe (Nakada and Matsuoka, 2011; updated in Izumi et al., 2018a), and the knowledge
that the CIE onset starts just below the base of the H. falciferum ammonite Zone in Northern
Europe (e.g. Ruebsam et al., 2019; Kemp et al., 2005) and is contemporaneous with the marked
decrease in belemnite 8'30 (e.g. Korte and Hesselbo, 2011; Ruebsam et al., 2019). This scaling
implicitly assumes a >1 Myr duration for the early Toarcian CIE, in broad agreement with the
cyclostratigraphically calibrated duration of Suan et al. (2008), Huang and Hesselbo (2014) and
Ruebsam et al. (2014). Note how the pattern of ¥70Qs/!880s; change closely matches belemnite
8'%0 (i.e. seawater temperature) and how the shift to higher '¥70s/!%80s; and lower 8'*Corganic is
broadly coeval with a sharp increase in pCO;. Ammonite Zone abbreviations: thouar. =
thouarsense, variab. = variabilis, falcifer. = falciferum, tenuico. = tenuicostatum, spinat. =

spinatum, margar. = margaritatus, inouy. = inouyei, hel. = helianthoides, japon. = japonica.
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