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kerogen is not straightforward, because high thermal volatilization high TOC; contents of ~13 wt.% (Figure 6). This demonstrates that
can considerably contribute to lower this index (Dembicki, 2009; de the organic matter was well preserved and of predominantly ma-
Kock et al., 2017), the Dotternhausen black shale and limestone beds rine origin—here, bolstered by the oil shale character of the studied

exhibit relatively invariable HI values of ~580 mg HC/g TOC and section (R8hl, Schmid-Rdhl, Oschmann, Frimmel, & Schwark, 2001).
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TABLE 2 Stable isotope and TOC_, carbonate data for Dotternhausen samples

cf?

13,

813C,, [%]  8°C, [%0] ig [f’j::]rb_ 5%0[%]  TOC, CaCo, [DICl,y s [picl,,  [DICl,,/
Depth[cm]  VPDB VPDB VPDB VPDB [wt.%] [wt.%] [wt.%] [wt.%] [DIC],,,, [%]
613 0.38 -26.94 27.32 -5.65 3.9 29.79 3.57 - -
616 0.19 -27.32 27.51 -5.99 7.6 44.76 5.37 - -
621 0.09 -27.12 27.21 -5.77 10.3 8.61 1.03 0.00 0
624 -0.4 -27.87 27.47 -6.32 7.9 43.94 5.27 0.08 1
628 -0.08 -27.43 27.35 -6.28 7.0 39.86 4.78 0.01 0
631 -0.06 -27.42 27.37 -5.92 7.0 29.68 3.56 0.01 0
635 -0.19 -27.11 26.92 -5.44 5.4 44.32 5.32 0.04 1
638 -0.44 -27.52 27.08 -6.34 8.9 40.16 4.82 0.08 2
642 -0.74 -28.09 27.35 -6.01 7.4 29.24 3.51 0.09 3
645 -0.77 -27.12 26.35 -6.67 11.0 65.54 7.86 0.22 3
648 -0.45 -27.74 27.28 -6.54 12.8 29.03 3.48 0.06 2
652 -0.64 -29.05 28.41 -6.69 7.5 56.48 6.78 0.15 2
656 -0.47 -28.87 28.41 -6.34 8.8 41.47 4.98 0.08 2
670 -0.93 -27.32 26.39 -6.19 12.7 31.73 3.81 0.13 3
673 -0.77 -28.66 27.89 -6.35 9.2 28.2 3.38 0.09 3
677 -0.67 -28.07 274 -6.04 6.8 58.63 7.04 0.17 2
680 -0.62 -28.26 27.64 -6 7.4 56.25 6.75 0.15 2
684 -1.01 -28.69 27.68 -6.25 10.1 37.75 4.53 0.16 4
687 -1.12 -27.9 26.78 -6.22 9.5 42.99 5.16 0.21 4
691 -0.97 -28.51 27.54 -6.54 11.2 32.62 391 0.13 3
694 -1.62 -30.37 28.75 -6.69 8.8 49.81 5.98 0.32 5
698 -1.54 -29.25 27.71 -6.48 14.6 3.47 0.42 0.02 5
701 -1.7 -29.68 2798 -6.56 10.7 42.86 5.14 0.29 6
705 -1.38 -30.03 28.65 -6.38 8.1 31.96 3.84 0.18 5
708 -1.55 -29.79 28.24 -5.99 5.5 24.86 2.98 0.16 5
712 -1.33 -29.76 28.43 -6.16 6.2 48.94 5.87 0.26 4
715 -1.78 -29.17 27.39 -6.6 10.3 4379 5.25 0.32 6
719 -1.49 -29.8 28.32 -6.34 8.1 36.63 4.40 0.22 5
722 -1.64 -29.76 28.12 -6.68 107 53.12 6.37 0.35 6
726 -2.43 -30.92 28.49 -6.15 9.8 36.32 4.36 0.34 8
729 -2.24 -30.25 28.01 -6.11 7.5 36.84 4.42 0.33 7
733 -2.53 -30.35 27.82 -5.71 5.8 29.11 3.49 0.29 8
736 -3.12 -31.44 28.32 -6.44 10.8 87.92 10.55 1.05 10
740 -2.37 -31.28 28.91 -6.73 119 24.88 2.99 0.23 8
743 -2.61 -31.38 28.77 -6.59 11.8 24.69 2.96 0.25
747 -2.46 -30.34 27.88 -6.56 10.8 36.91 4.43 0.36 8
750 -2.93 -31.34 28.42 -6.57 11.8 25.3 3.04 0.28
754 -3.23 -31.22 27.99 -6.54 15.1 32.59 3.91 0.40 10
757 -2.62 -31.83 29.22 -6.37 9.4 25.5 3.06 0.25 8
761 -3.57 -31.28 27.71 -6.02 12.1 29.08 3.49 0.40 11
764 -3.3 -31.03 27.72 -6.39 14.0 25.04 3.00 0.32 11
768 -4.64 -30.33 25.69 -6.91 6.7 52.69 6.32 0.97 15
771 -5.21 -30.68 25.47 -6.64 8.2 54.45 6.53 111 17
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Abstract

The Early Jurassic (Toarcian: ~183 Ma) was accompanied by a widespread marine
anoxic event characterized by the deposition of organic-rich sedimentary rocks bearing
depleted carbon isotope compositions. These signatures, referred as the negative
Toarcian carbon isotope excursion (T-CIE) were widely distributed on the Northern
European epicontinental shelf. These organic-rich rocks generally contain high
amounts of metal sulfide and organic matter which are major hosts for zinc (Zn), a
sulfide-forming and bio-essential element. However, how Zn is cycled throughout the
interval of Early Toarcian marine anoxia has not been investigated so far. This study
presents 8%Znpuk data for two T-CIE sections (Yorkshire and Dotternhausen)
deposited on the European epicontinental shelf. We demonstrate that these values are
independent of local seawater redox and marine productivity, but may be associated
with the Zn reservoir composition of the global deep ocean. To provide insights into
the Early Toarcian ocean Zn geochemical cycling, this study estimated the two sections’
8% Znauth values (~+0.54 and +0.62 %o, respectively) that are within uncertainty identical
with that of the present-day global deep ocean seawater (+0.50 + 0.14 %o). This
observation demonstrates that the Early Toarcian ocean overall approached the
modern level of Zn biogeochemical cycling. It is observed that in both Yorkshire and
Dotternhausen strata there is one small event of synchronous negative &%Znpuik
excursion which was linked to ocean oxygenation leading to isotopically heavier Zn
sequestration into oxic sediments (e.g., carbonates, iron-manganese (Fe-Mn) oxides).
This isotope effect depleted the residual Zn in the global ocean seawater. The ocean
redox landscape throughout the T-CIE was also investigated by sedimentary
molybdenum (Mo) isotope compositions. Compared to Mo, near-quantitative



sequestration of dissolved Zn from seawater can easily happen under the condition of
hydrogen sulfide (H2S) concentration in excess of Zn abundance. This study
conservatively proposed that compared the redox-sensitive Mo isotope system, Zn
isotopes have a higher potential as proxy for redox-driven global ocean seawater

changes.

1. INTRODUCTION

A few distinct extreme perturbations of the carbon cycle to the global climate
occurred during the Mesozoic (250-64 Ma), leading to several temporal intervals of
Oceanic Anoxic Events (OAESs) (Takashima et al., 2006; Jenkyns, 2010). The OAEs
are typically marked by widespread deposition of organic-rich sedimentary rocks, and
associated with rapid warming, expansion of oxygen-poor marine environments and a
decrease in floral and faunal diversities (e.g., Danise et al., 2015; Jenkyns, 2010). One
of the OAEs happened during the Early Toarcian at ~183 Ma (T-OAE: Jenkyns, 1988),
which was commonly accompanied by ~3-7 %o negative carbon isotope excursions (T-
CIEs) recorded in terrestrial fossil woods, lacustrine sediments, marine carbonate and
organic matter around the globe (e.g., Caruthers et al., 2011; Hesselbo et al., 2000,
2007; Xu et al., 2018). This anomalous carbon perturbation was suggested to be linked
to the massive release of CO:2 from the Karoo-Ferrar large igneous province
emplacement (Palfy and Smith, 2000; Svensen et al., 2007) and/or the release of CH4
from Gondwanan organic-rich shales or methane clathrates (e.g., Hesselbo et al., 2000;
Kemp et al., 2005; McElwain et al., 2005). The duration of the T-CIE and the coevolved
T-OAE are not precisely clear but they may have lasted around several hundred
thousand years (Kemp et al., 2005, 2011; Suan et al., 2008). The maintenance of the
T-OAE throughout this interval has been attributed to elevated marine productivity
during which the rising amount of produced organic matter experienced intensive
aerobic remineralization through consuming oxygen from bottom waters (Frimmel et
al., 2004; Rohl et al., 2001). The high-rate marine primary productivity was favored by
enhanced delivery of nutrient inventories to proximal shelf-sea settings due to an
increased hydrological cycle (e.g., lzumi et al., 2018) and warming-induced
intensification of continental weathering (e.g., Cohen et al., 2004; Jenkyns, 2010).

The long-lasting marine oxygen deficit across the T-CIE interval is accompanied by

extensive burial fluxes of metal sulfide and organic matter into the underlying organic-



rich sedimentary rocks, which is particularly widespread in the north European
epicontinental shelf region (e.g., Berner et al., 2013; Frimmel, et al., 2004; Gill et al.,
2011; Rohl et al., 2001; Seelen et al., 2000). Metal sulfide and organic matter occupying
a high fraction in organic-rich marine sediments are major hosts for zinc (Zn) which is
a sulfide-forming and bio-essential element (Hu et al., 2018; Isson et al., 2018; John et
al., 2007; Little et al., 2016; Sweere et al., 2020; Vance et al., 2016). The removal of
Zn from seawater to organic-rich marine sediments relates to two main fluxes:
organically bound metals and metals sulfides (e.g., sphalerite, wurtzite). Uptake of
cellular living organisms generally represents the main export mechanism of Zn to the
sediment, where it may be buried as part of organic material or fixed as metal sulfides
(Little et al., 2015; Weber et al., 2018). This is particularly true for the Mesozoic OAEs
during which high rate of primary productivity accelerated the assimilation of Zn into
biomass and then the sinking of Zn into the underlying oxygen-depleted sediments.
The resultant organic-rich sedimentary rocks thus contain high amounts of Zn (e.g.,
Montero-Serrano et al.,, 2015; Sweere et al., 2020; Wang et al., 2020). Recently,
organic-rich sedimentary rocks depositing during the Cenomanian-Turonian (Late
Cretaceous, ~94 Ma) OAE 2 were used to reconstruct the coevally oceanic Zn-cycle
processes (Sweere et al., 2020). In their study, the authors proposed that the
disturbance of micronutrient Zn cycling was controlled by fluctuating ocean redox
states within the OAE 2 (Sweere et al., 2020). However, in the course of the
widespread deposition of T-CIE organic-rich sediments, how oceanic Zn geochemical
cycling proceeded in response to the coeval marine anoxia so far remains unexplored.
Furthermore, as a traditional seawater redox proxy, whether molybdenum (Mo) cycling
in relation to the Early Toarcian marine anoxia is tight to that of Zn has not yet been
investigated. To better constrain these processes, this study selected two well-
characterized T-CIE sedimentary successions from the Yorkshire coast, northeastern
England (Cleveland Basin), and a quarry located in Dotternhausen, Germany
(Southern German Basin) (Fig. 1). The analysis of Zn isotope compositions for these
two successions was performed to place constraints on the contemporaneous Zn-
inventory evolutions and unravel the associated paleoenvironmental perturbations.
New high-resolution Mo isotope records for Dotternhausen quarry together with those
from the Yorkshire coast were connected to their Zn isotope compositions to attempt

to provide new insights into Zn geochemical significance in paleoceanography.



2. SITES AND METHODS

The Early Toarcian sedimentary successions from Yorkshire coast and
Dotternhausen quarry were paleogeographically located in the northern European
epicontinental shelf-sea settings during the T-CIE (Fig. 1). They provide well-studied
T-CIE records starting from the depth of -2.5 to 6.3 m and ~9.8 to ~6.2 m, respectively
(Fig. 2). More detailed descriptions of their stratigraphy, paleontology, sedimentology,
and petrography can be quantitatively found in Howarth (1973) and Ro6hl et al. (2001),
respectively. The present study sampled organic-lean grey shales deposited before
the T-CIE and organic-rich black shales deposited during the T-CIE from both
Yorkshire and Dotternhausen sections, respectively (Fig. 2). In addition, a diagenetic
limestone bed (Unterer Stein) at the depth of ~8 m in Dotternhausen section (Fig. 2)
was also sampled in this study.

2.1. Analyses of element concentration and molybdenum isotope composition

The analyses of major- and trace-elements for the Yorkshire samples in this study
followed the protocol of Wang et al. (2020). The measurement of bulk Mo isotope for
the Dotternhausen samples followed the method described by Wille et al. (2013). Rock
samples were ashed for 15 h at 500 °C to oxidize organic matter fraction. An adequate
amount of a Mo-*’"Mo double spike was added to 50-500 mg powdered sample
material prior to sample digestion and Mo-purification. The double-spike method allows
for the correction of the instrumental mass bias as well as mass fractionation that may
occur in the process of chromatographic Mo-purification (Rudge et al., 2009). Samples
were dissolved in Teflon beakers by sequential digestion steps using distilled HF,
HNOs and HCI acids. Mo was purified using a combination of anion and cation
exchange chromatography (i.e., using Dowex 1x8, 200-400 mesh and Dowex 50W X8
200-400 mesh resins, respectively) as described by Wille et al. (2013). Molybdenum
isotopic ratios were measured on a multi-collector ICP-MS (ThermoFisher Scientific
NeptunePlus) at the University of Tuebingen, Germany. Measurements of the in-house
standard ZH-2, a Mo-rich sulfide that ran through all chemical separation steps, yield
a long-term reproducibility on 3%Mo better than 0.09%. (20). Results were calibrated
using the Johnson Matthey ICP standard and are reported in the o-notation relative to
the NIST3134 standard (Goldberg et al., 2013), which was set to 0.25%. following a
procedure of Nagler et al. (2014):



0%8Mo = 1.0025 x ((°®M0o/*°*M0)sampie/(*®Mo0/**Mo)nisT3134 -1) (1)

where & is expressed in %o by multiplication with a factor of 1000.

2.2. Analyses of zinc isotope composition

For the Zn isotope analyses, fine-grained rock powder was weighted into Teflon
beakers and admixed with appropriate amounts of purified 4Zn-8’Zn double spike (DS)
isotope tracer solution (in 1 mol L™* HNOg) to achieve a spike:sample Zn ratio of 1.22
(Moeller et al., 2012). Samples were digested using 3 mL of concentrated HF-HNO3
at a 3:1 ratio and placing the closed beakers on hot plates at 110 °C for 48 h. Samples
were then taken to dryness, refluxed in 2 mL of 6 M HCI and placed on hot plates at
120 °C for 24 h to dissolve fluorides and convert the samples to chloride form. Samples
were dried again and taken up in 1 mL 6 M HCI for chemical separation of Zn. lon
chromatographic purification of Zn was completed using 2 mL of 200-400 mesh
BioRad DOWEX AG1X8 anion exchange resin in SpectraChrom columns, followed by
smaller columns containing 0.3 mL of the same resin for 2" purification step. The Zn
purification procedures employed in this study followed the protocol of Moeller et al.
(2012). The DS technique allows in-run correction of the instrumental mass bias, and
accounts for chemical Zn isotopic fractionation effects caused by anion-exchange
chromatography (Maréchal et al., 1999). Zinc isotope ratio determinations were
performed in medium-resolution mode on a ThermoFisher Scientific NeptunePlus MC-
ICP-MS housed at the Isotope Geochemistry laboratories of the Department of
Geosciences, University of Tuebingen. Sample uptake by a Cetac ARIDUS i
desolvating nebulizer system without N2 purging minimised potential polyatomic oxide
and nitride interferences, while yielding improved atom-to-ion conversion and ion beam
stability compared to standard ‘cold spray’ uptake systems. For reporting Zn isotopic
data, this study followed the guidelines by Coplen (2011), based on the
recommendations by the Commission on Isotopic Abundances and Atomic Weights of
the International Union of Pure and Applied Chemistry that are widely consistent with
the Systéme International d’Unités. Sample Zn isotopic compositions were measured
as the %o-differences of their 6Zn/%4Zn isotope abundance ratios relative to that of the
isotopically certified reference material IRMM-3702 in &-values. The data were then
recalculated to the no longer available ‘UMC-Lyon’ standard solution as &-zero anchor

by applying an offset of +0.29 %o on &%Znirum-3702 values (Moeller et al., 2012). For



ease of reference and comparison to previous Zn isotopic studies we report 5%6Znjvc-
L values in Table 1 according to the following equations, and work with the 5%¢Znjmc-L
values throughout the text and in the figures:

0%6Znymc-L = 1.0029 x ((86ZNn/%4Zn)sample/ (48ZN/%4ZN)1IrRMM-3702 -1)

The reproducibility for 8%¢Zn on the IRMM-3702 throughout all analytical sessions
during the course of this study was always better than 0.035 %o (2 s.d.; 0.017-0.031 %eo).
Accuracy was controlled by interleaved analysis of an in-house solution standard
prepared from an Alfa Aesar Puratronic Zn wire yielding an average 8%Znjuc-L of
-9.983 + 0.033 %o (2 s.d, n = 46), which is in great agreement with the laboratory long-
term reproducibility of —=9.983 + 0.037 %o (n = 137). Two determinations of Zn isotope
composition for the USGS reference material BCR-2 yield average 8%Znjwvc-L value of
+0.27 £ 0.011 %o (n = 2; Supplementary Table 1 in Appendix D), which agrees very
well with previously published ones (Moynier et al., 2017; Rosca et al., 2019; Kamber
and Schoenberg, 2020). Multiple digestions followed by Zn purification of USGS
reference materials OU-6 and QS-1 yielded very reproducible 3%¢ZnsmcL values of
+0.23 £ 0.016 %0 (n =6) and and +0.32 £ 0.021 %o (n = 4), respectively (Supplementary
Table 1 in Appendix D). Given that all standard solutions and rock reference materials
reproducibilities were better than 0.040 %o (8%6Znavc-L, 2 s.d), this value was taken as

the conservative overall reproducibility (2 s.d) and applied to all data points in this study.

3. RESULTS

3.1. Elemental concentration

The concentrations of selected major element oxides and trace element data of the
measured samples from Yorkshire section are reported in Table 1. The detrital
indicator element Al in all the Yorkshire samples has a relatively high abundance
(mean = 9.14 wt.%) (Table 1) compared to the UCC (8.04 wt.%: McLennan, 2001).
Notably, the pre-T-CIE gray bioturbated shale samples (from the depth of -12.07 to -3
m) have higher Al concentrations with the average of 10.89 wt.% than those of the T-
CIE laminated black shale samples (from the depth of -1.71 to 6.15 m) (mean = 8.84
wt.%). The concentrations of Mo, uranium (U) and vanadium (V) between the Yorkshire
pre-T-CIE and T-CIE samples are very different, which is expected considering they

are redox-sensitive elements. Mo, U, and V concentrations for the pre-T-CIE samples



range from 0.7 to 1.5 pg/g (mean = 0.9 ug/g), 3.1 to 3.8 pg/g (mean = 3.5 pg/g) and
134.9 to 158.7 ug/g (mean = 148.0 ug/g), respectively (Table 1), which are on the
whole comparable to those of the UCC (Mo: 1.5 ug/g, U: 2.8 ug/g, V: 107 pg/g). By
contrast, these element concentrations for the T-CIE samples ranging from 4.2 to 35.9
Mg/g (mean = 8.4 ug/g), 4.7 to 17.2 ug/g (mean = 7.2 ug/g), and 150.3 to 299.2 ug/g
(mean = 194.8 ug/g), respectively (Table 1), are higher than those of the pre-T-CIE
samples and the UCC. The concentrations of bio-essential elements copper (Cu),
nickel (Ni) and phosphorus (P) between the Yorkshire pre-T-CIE and T-CIE samples
are also different. Cu, Ni and P concentrations for the pre-T-CIE samples range from
29.4 to 38.8 pg/g (mean = 35.7 ug/g), 64.2 to 75.4 pg/g (mean = 75.6 ug/g) and 0.027
to 0.061 wt.% (mean = 0.036 ug/g), respectively (Table 1). Of which the Cu and Ni
concentrations are higher than those of the UCC (Cu: 25 pg/g, Ni: 44 ug/g), while the
P concentration is lower than that of the UCC (P: 0.07 wt.%). For the T-CIE samples,
Cu, Ni and P concentrations are in the range between 41.4 and 151.7 pg/g (mean =
83.6 ug/g), 75.8 and 203.9 ug/g (mean = 99.4 ug/g) and 0.031 and 0.284 wt.% (mean
= 0.097 wt.%), respectively (Table 1), which are significantly higher than those of the
pre-T-CIE samples and the UCC. The concentration of another bio-limiting element Zn
for the Yorkshire pre-T-CIE and T-CIE samples does not show an obvious difference.
For the pre-T-CIE samples, Zn concentration ranges from 77.5 to 121.9 yg/g (mean =
102.9 ug/g), whereas the T-CIE samples have the Zn concentration of 77.4 to 224.8
Mg/g (mean = 128.0 ug/g) (Table 1). Both mean values are higher than that of the UCC

(71 pg/g).

3.2. Molybdenum isotope composition

The measured Mo isotope composition (53°8Mo) for the Dotternhausen samples are
given in Table 1. Its pre-T-CIE samples (from the depth of 1003 to 986 cm) have
heavier %Mo values ranging from 0.99 to 1.46 %o with the average of 1.23 + 0.66 %o
(2 s.d., n = 2) than those of the T-CIE samples (from the depth of 976 to 613 cm) which
are in the range between 0.46 and 1.11 %o (mean = 0.84 £0.32 %o; n = 37) (Table 1).
To correct for possible terrigenous-sourced Mo, the isotope composition of the
authigenic Mo fraction (8%8Moauth) was calculated using Modetitat = 1.5 Yg/g, Aldetrital =
8.04 %, and 35%Modetita = + 0.4 %o as the parameters for the UCC endmember
(McLennan, 2001; Dahl et al., 2011) by the following equations:

fdetritat = (MOdetrital/ Aldetrital) X Alsample/MOsample, and



0%Moauth = (8%8Mo-faetrital X 3%8MOdetrital)/(1- faetritar).
The calculated 5%Moauth values are close to the measured 5°®Mobuk values (5°Moauth
=1.105 x 5%8Monbuik + 0.0621; R? = 0.968; n = 38, p(a) < 0.001), which may result from
the terrigenous Mo comprising only a small fraction of the total Mo in most samples.
The 5%Moauth values for T-CIE samples range from +0.47 to +1.27 %o (Table 1) with
an average of +0.87 %o, which is markedly lower than the modern global seawater
value of +2.34 %o (e.g., Siebert et al., 2003).

3.3. Zinc isotope composition

The Yorkshire pre-T-CIE samples show &%Znpuk values varying from +0.18 to
+0.23 %o with an average of +0.19 + 0.04 %o (2 s.d., n = 7), whereas the Dotternhausen
pre-T-CIE samples have relatively heavy 5%Znbuk values that are in the range of +0.29
to +0.38 %o averaging +0.35 = 0.06 %o (2 s.d., n =7) (Fig. 2; Table 1). The pre-T-CIE
0% Znnuik values for both sedimentary sections are, however, comparable to that of the
lithogenic average (~0.27 + 0.07%o; Little et al., 2016 and references therein). Across
the T-CIE interval, an overall positive excursion of 8%Znwuk is observed for both
Yorkshire and Dotternhausen samples which range from 0.29 to 0.55 %0 (mean = +0.41
1 0.12 %o; 2 s.d., n =41) and from 0.32 to 0.66 %o (mean = +0.52 £ 0.17 %o; 2 s.d., n =
39), respectively. A prominent negative 3%¢Znpux excursion in both Yorkshire and
Dotternhausen T-CIE strata is observed in Fig 2. The negative shifts towards the
similar minimum value of ~0.3 %o are at the depth of ~1.0 m and ~8.2 m in the Yorkshire
and Dotternhausen sections, respectively (Fig. 2). This negative 3%6Znouk excursion of
the Yorkshire and Dotternhausen sections is exhibited on different lithological facies:
organic-rich black shales and a diagenetic limestone concretion (Unterer Stein) (cf. Fig.
2; Rohl et al., 2001).

Assuming the sedimentation rates for the Yorkshire and Dotternhausen T-CIE
strata are respectively constant, they can be calculated by the equation

sedimentation rates = distance/duration (D)
where the distance denotes the thickness of T-CIE strata expressed in Yorkshire and
Dotternhausen sedimentary sections, and the duration (D) denotes the temporal
interval of T-CIE which ranges from ~120 to ~1,200 kyr (Suan et al., 2008; Ogg and
Hinnov, 2012). The thickness of the Yorkshire and Dotternhausen T-CIE strata are
~8.8 m (from ~-2.5 mto 6.3 m) and ~3.6 m (from ~9.8 m to 6.2 m), respectively (Figure
2; Rohl et al., 2001; Pearce et al., 2008; French et al., 2014). After entering the T-CIE



interval, the temporal occurrence of the negative shift in 8%¢Znpuk values at the depth
of ~1.0 m and ~8.2 m in Yorkshire and Dotternhausen sections can be determined. It
respectively lasted ~0.40 x D and ~0.44 x D to arrive at the d%Znbuk negative shift
observed in Yorkshire and Dotternhausen sections. Therefore, the 8%Znpuk drop found
in these two sedimentary sections occurred nearly concurrently after the onset of the
T-CIE.

4. DISCUSSION

4.1. Local marine redox and productivity controls on &%Znyuik during the T-CIE?

Sedimentary 5%Zn records are dominated by burial pathways which are commonly
impacted by seawater redox conditions and marine productivity (e.g., John et al., 2007;
John and Conway, 2014; Kunzmann et al., 2013; Little et al., 2016; Isson et al., 2018;
Sweere et al., 2018, 2020; Kbébberich and Vance, 2019). Temporarily more reducing
conditions could have led to a smaller isotopic offset between seawater and sediments,
compared to sediments deposited under less reducing conditions, as observed in the
present-day continental-margin sediments (Little et al., 2016). The modern ocean
sediments deposited in anoxic to mildly sulfidic environments that exhibit higher 556Zn
values than sediments from suboxic to anoxic conditions (cf. Little et al., 2016). It has
been proposed that marine productivity by living organisms preferentially assimilates
light Zn isotopes which are then exported onto the seafloor by the produced biomass,
enriching the residual seawater Zn in heavy isotopes (e.g., Kunzmann et al., 2013;
Isson et al., 2018). To explore whether these two mechanisms may have controlled
the 8%Znbuk values of the Yorkshire and Dotternhausen organic-rich black shales,
enrichment factors (EFs) of redox-sensitive elements Mo, U and V (e.g., Algeo and
Maynard, 2004; Algeo and Tribovillard, 2009; Tribovillard et al., 2012) and bio-essential
nutrient elements Cu, Ni and P (e.g., Schenau et al., 2005; Tribovillard et al., 2006;
Tyrrell, 1999) are employed here. If sedimentary 3%Znbuk records are dominated by
local marine redox states or marine productivity, a correlation between the 5%Znpui
values and the EFs of redox-sensitive elements or bio-essential nutrient elements is
expected. However, our data show no such correlations of 8%¢Znpuk versus Moer, Uer
and VEer (Fig. 3), which indicates negligible local seawater redox control on the 3%¢Znpui
patterns of both Yorkshire and Dotternhausen T-CIE samples. Further, the absence of

systematic covariations of 8%6Znbuik versus Cuer, Nier and Per (Fig. 3) implies a minimal



export productivity control on the two T-CIE sections’ 3%Znbuk. These observations
demonstrate that the perturbations of 8%6Znbuik values across the T-CIE interval are not
simply controlled by the coeval basinal-scale marine redox or productivity conditions.
Instead, the stratigraphic %0Znnuik patterns of the Yorkshire and Dotternhausen T-CIE
sedimentary sections are more likely to be related to changes in the global deep-ocean
Zn reservoir composition (see section 4.4). The positive 8%6Znbuk excursion for the T-
CIE organic-rich black shale samples compared to the pre-T-CIE organic-lean grey
shale samples may be caused by a joint control between expanded marine anoxia
and/or elevated marine productivity which at the global scale accelerated the removal

of light Zn isotopes onto the seafloor and enriched the seawater in 66zn.

4.2. Determination of the authigenic Zn isotope compositions for T-CIE organic-

rich black shales

Considering the possible contamination from terrigenous-sourced Zn, obtaining
authigenic Zn isotope composition (expressed by &%Znauth) through lithogenic
correction appears requisite. However, Zn enrichment in marine sediments is difficult
to spot, which is unlike Mo. This is because the Zn abundance of the detrital
background can be on the order of 10—100 ug/g, compared to approximately 1 ug/g for
Mo (McLennan, 2001; Rudnick and Gao, 2003), which may give rise to a large bias on
the original 8%6Zn signal of the sediment authigenic component (cf. Vance et al., 2016).
It follows that calculating 8%6Znauth values on a sample by sample basis using the
traditional Zn—aluminum (Al) systematics (cf. Little et al., 2016) for the Yorkshire and
Dotternhausen T-CIE organic-rich black shales seems irrational. To address this issue,
this study alternatively used a cross-plot between 3%Znbuk and Al/Zn (Fig. 4a; Vance
et al., 2016). At Al/Zn = 0 on this cross-plot, the concentration of detrital indicator Al is
set to be zero, meaning no detrital Zn contribution on the sediment authigenic Zn
component (cf. Vance et al., 2016). Thus, 5%6Znauth records can be roughly represented
by the intercept on y (here, 5%Znpuk)-axis (Fig. 4a; Vance et al., 2016). In this study,
for organic-rich black shale samples of the Yorkshire and Dotternhausen T-CIE
sections, the intercepts on y-axis are +0.54 %o and +0.63 %o, respectively (Fig. 4a),

which stand for the two sections’ 8%6Znauth estimates.



4.3. The modern-like Zn geochemical cycling in the Early Toarcian ocean

In the modern ocean, surface-water 3%Zn is spatially heterogeneous and is
generally lower than that of the deep waters whose 3%Zn is nearly homogeneous with
an average of +0.50 £ 0.14 %o (2 s.d.; Fig. 5; Conway and John, 2014, 2015; Isson et
al., 2018). However, the response of 8%Znauth for organic-rich sediments deposited in
hydrographically open versus restricted marine environments to the homogeneous
oceanic Zn inventory behaves discrepantly (Fig. 5; Isson et al., 2018; Little et al., 2016;
Vance et al., 2016). Organic-rich sediments of the continental-margin oxygen minimum
zone (OM2Z) sites represent the only known sink for isotopically light Zn (Little et al.,
2016; Vance et al., 2016). Their 3%Znauth values are generally lighter than in the deep
ocean by ~0.5 %o (Little et al., 2016). By contrast, organic-rich sediments accumulating
underneath euxinic deep waters (i.e., in modern Black Sea and Cariaco Basin) favored
by the hydrographic water-mass restriction feature heavy Zn isotope records (Fig. 5;
Isson et al., 2018; Vance et al., 2016). Their 3%6Znauth values of ~+0.5 to +0.6 %o are
within uncertainty identical to that of the average deep-ocean composition. This
observation is because in both Black Sea and Cariaco Basin sulfidic bottom waters the
dissolved Zn fed from the outside open ocean 1) has the deficient concentration
compared to hydrogen sulfide (H2S), and 2) suffers near-quantitative removal through
precipitation of highly stable Zn sulfide (ZnS) complex (Algeo and Tribovillard, 2009;
Isson et al.,, 2018; Vance et al., 2016; Sweere et al., 2020). Therefore, in euxinic
depositional settings, where Zn drawdown is (near-) quantitative, underlying organic-
rich sedimentary 8%Zn is expected to mirror the original isotope composition of the Zn
source in deep seawater (analogous to Mo) (cf. Vance et al., 2016).

In this study, the Yorkshire and Dotternhausen T-CIE organic-rich black shales
contain high total organic carbon (TOC) abundance of > 4 wt.% (Pearce et al., 2008;
Rohl et al., 2001; Wang et al., 2020). Though their deposition was claimed to be in
response to global ocean anoxia (e.g., Pearce et al., 2008; Thibault et al., 2018), a
growing body of geochemical evidence has shown that they were in fact deposited in
mutually separate, restricted environments (e.g., Dickson et al., 2017; McArthur et al.,
2008; McArthur, 2019; Remirez and Algeo, 2020; Wang et al., 2021). Furthermore, the
Yorkshire and Dotternhausen T-CIE organic-rich black shales display persistently high
abundances of authigenic redox-sensitive elements (i.e., Mo, U, and V; Fig. 2) and
green sulfur bacteria (GSB) biomarker (French et al., 2014; Frimmel et al., 2004,
Schwark and Frimmel, 2004). This indicates that oxygen-depleted benthic water mass



containing aqueous H2S has diffused into the photic zone in both the Cleveland Basin
(Yorkshire coast) and the Southern German Basin (Dotternhausen quarry) during the
T-CIE interval. Taken together, these T-CIE organic-rich sedimentary rocks
accumulated under redox-stratified seawater conditions which splits the water column
into thin oxic surface and thick euxinic bottom. Such restriction and redox nature for
the Early Toarcian Cleveland Basin and Southern German Basin are visibly
comparable to those of the modern analogs, i.e., Black Sea and Cariaco Basin which
are restricted basins having aqueous H2S in their bottom waters (Algeo and Tribovillard,
2009 and references therein). It follows that the 8%6Znauth records for the T-CIE euxinic
organic-rich black shales from the Yorkshire coast of Cleveland Basin and the
Dotternhausen quarry of Southern German Basin can reflect the coeval local deep
seawater Zn isotope signal. Given the persistent existence of the authigenic Zn
enrichment for the organic-rich sediments in both sedimentary sections through the
entire T-CIE interval (Fig. 2), Zn replenishment into their depositional environments
has to be dependent on water-mass renewal from a large Zn reservoir, i.e., open ocean.
The contemporaneous local deep seawater Zn isotope signal (reflected by 3%¢Znautn)
can thus stand for the global average deep-ocean composition. Here, the 3%¢Znauth
estimates for the T-CIE black shale samples of Yorkshire (+0.54 %.) and
Dotternhausen (+0.63 %o) sections (Fig. 4) are indiscernible from that of the modern
global deep water (5%Zn: +0.50 + 0.14 %.: Conway and John, 2014, 2015; Isson et al.,
2018). This finding therefore indicates that the Zn biogeochemical cycling in the Early
Toarcian ocean during the T-CIE interval had overall reached the present-day level.
By contrast, the Cenomanian-Turonian OAE 2 interval exhibiting very fluctuating global
deep-ocean Zn isotope signals (~—0.09 to +0.85 %o with a mean of ~0.33 %) due to
ocean redox perturbations (Sweere et al., 2020) significantly differ from that of the
modern ocean (5%2Zn: +0.50 + 0.14 %.: Conway and John, 2014, 2015; Isson et al.,
2018). The difference in global deep-ocean d%Zn composition between the T-OAE
(~183 Ma) and the OAE 2 (~94 Ma) further imparts a non-linear evolutionary trend for

ocean Zn cycling over geologic time.

4.4. A short-lived ocean oxygenation recorded by a negative Zn isotope

excursion?

Zinc itself is not redox-sensitive, but dissolved Zn has a high affinity for S ligands

and is easily complexed by aqueous H2S in sulfidic pore waters or seawater. The



Zn-H2S complex preferentially incorporates light Zn isotope (Fujii et al., 2011),
enriching the ambient microenvironments in #Zn, when removal is non-quantitative
(Little et al., 2016; Sweere et al., 2020; Vance et al., 2016). This process widely exists
in the modern continental-margin OMZ settings in which the formation of authigenic Zn
sulfide in the underlying organic-rich sediments is suggested to be the driver of the
present-day heavy isotope composition of deep seawater (cf. Little et al., 2016). On
the other hand, Zn also has an affinity for oxic sediments (i.e., iron—-manganese
(Fe-Mn) (oxyhydr)oxides, carbonates) which display Zn isotope composition of
0.4-0.5 %o higher than that of the average deep ocean (Fig. 5; Little et al., 2014a, b;
Pichat et al., 2003). The nearly homogeneous Zn isotope composition of the modern
deep ocean is set by Zn balance between input and output fluxes to and from the ocean
(cf. Conway and John, 2014; Sweere et al., 2020). The steady-state global ocean Zn
cycle may be altered by changes in the input and output fluxes in concert with global
environmental perturbations. A significant increase in Zn input flux into the ocean
system from allochthonous Zn sources such as riverine discharge, hydrothermal fluids,
eolian dust, all £ 0.3 %o (Fig. 5; Lemaitre et al., 2020; Little et al., 2016), can contribute
to a decrease of the deep-ocean Zn isotope composition (cf. Sweere et al., 2018), and
vice versa. Further, a substantial change in the proportion of Zn removal into the
continental-margin OMZ organic-rich sediments and the oxic sediments that constitute
the main Zn outputs in the modern ocean can also alter the deep-ocean 5%Zn (cf.
Sweere et al., 2018, 2020). Specifically, a relative increase in the removal flux of Zn
from seawater into continental-margin organic-rich sediments compared to Zn burial in
oxic sediments would cause a shift toward higher %2Zn values of the global ocean and
vice versa.

To understand the possible existence of remarkable variations in deep-ocean 5%2Zn
throughout the T-CIE interval, lithogenic-corrected 8%Znauth of the studied Yorkshire
and Dotternhauen T-CIE sedimentary rocks are theoretically required (see section 4.3).
Considering the possible existence of a significant bias on calculated 5%¢Znauth values
(see section 4.2), this study alternatively employed a cross-plot between 5%Znpuk and
Al to evaluate the detrital contribution on the primary authigenic Zn isotope signals. A
lack of any marked covariation between d%Znsux and Al (Fig. 4b) indicates that the
5%Znbuk values for the two T-CIE sections are actually controlled by the authigenic
sedimentary Zn suffering negligible influence from detrital input. For the diagenetic

limestone samples from the Dotternhausen section, the 5%6Znouk directly represents



their 8%6Znauth signals due to their low Al concentrations (Wang et al., 2020). However,
these diagenetic limestone d%Znwuik values can only be representative of the local-
scale Zn cycling in the South German Basin rather than that of the global-scale deep
ocean. Collectively, deep-ocean Zn-cycle perturbation trends, if present, during the T-
CIE interval, can thus be reflected by organic-rich black shale 8% Znpuk records, though
its exact Zn isotope signature may not be mirrored.

The synchronous negative d3%Znpuk excursion (see section 3.3) observed in the
Yorkshire and Dotternhausen T-CIE stratigraphic profiles corresponds to distinct
lithological facies that are black shales and a diagenetic limestone bed (Unterer Stein),
respectively (Fig. 2). The observed negative 3%¢Znpuk shift in organic-rich black shales
of the Yorkshire section represents an oceanic Zn-cycle event. It is unlikely that the
0% Znbuik drop results from an increasing input flux from allochthonous isotopically light
Zn sources into the contemporaneous ocean. This is because there is no significant
increase in the Zn/Al values during this short negative Zn isotope excursion interval
(Fig. 2). Instead, the negative shift in 5%6Znpui is most likely to be caused by one ocean
oxygenation event which lead to a global decrease in the proportion of Zn removal into
organic-rich continental-margin sediments relative to oxic sediments. Given the two
sections’ negative 8%Znpuk excursion occurred concurrently, this ocean oxygenation
may in part accelerate the delivery of electron acceptor (e.g., sulfate) onto sediment-
seawater interface occurring in the South German Basin. This process may thus favor
the formation of the diagenetic limestone bed (Unterer Stein) observed in the
Dotternhausen section (Fig. 2). Its negative 3%¢Znouik shift may thus be related to the
coeval decreased deep-ocean 3%Zn or the basinal-scale released light Zn isotopes
from organic matter remineralization during diagenesis, or both.

Short-lived ocean oxygenation events during the T-CIE interval have also been
documented by ichnological records which have pointed out that episodic oxygen
fluctuations indeed developed in basinal bottom waters of the Tethys Ocean and
Panthalassa Ocean (Izumi et al., 2012; Fernandez-Martinez et al., 2021; Rodriguez-
Tovar, 2021). Nonetheless, the current uncertainty in the interpretation of the transient
negative 8%Znpuk excursion may be further improved by (i) providing detailed
ichnological records for the Yorkshire and Dotternhausen T-CIE sedimentary sections,
to better constrain short-term oxygen fluctuations; (ii) analyzing Zn isotope data for T-
CIE sedimentary rocks from other sites, to complementarily constrain the coeval deep-

ocean seawater 5%6Zn more accurately.



4.5. Zinc has a higher potential to track redox-driven ocean chemistry variation
than Mo

The Mo isotope composition of euxinic organic-rich sediments is a widely used
proxy to record global ocean Mo isotope signature in Earth’s history (e.g., Cheng et al.,
2016; Dickson et al., 2012; Goldberg et al., 2016; Kendall et al., 2017). However,
caution should be exercised when using euxinic organic-rich sediment Mo isotopes to
reconstruct the coeval seawater 5°®Mo. At a threshold agueous H2S concentration of >
11 uM, almost all dissolved molybdate anion (MoOs4%*) is converted to
tetrathiomolybdate (M0S4?") and quantitatively scavenged into the underlying sediment,
yielding sediment 5%Mo equal to that of the seawater source (Algeo and Lyons, 2006;
Helz et al.,, 2011). When aqueous H2S is below this threshold, incomplete
transformation of MoO4? to MoS4? followed by non-quantitative Mo removal leads to
a significant Mo isotope fractionation from the ambient seawater, which is recorded by
the sediment (Poulson et al., 2006; Neubert et al., 2008). These two scenarios are well
represented by the modern hydrographically restricted Black Sea and Cariaco Basin,
respectively, in which the Mo supply to their sulfidic bottom water is mainly derived
from the open ocean. Black Sea euxinic sediments carry the averaged global ocean
0%Mo of +2.34 %o due to the high H2S abundance of > 11 yM in its bottom water
(Barling et al., 2001; Erickson and Helz, 2000; Neubert et al., 2008). By contrast, %Mo
records for euxinic sediments from Cariaco Basin are much lighter (mostly between 1
and 2 %o) due to its low water column H2S concentration (Arnold et al., 2004; Bruske
etal., 2020; Helz et al., 1996). In addition to redox control, the lighter %Mo for Cariaco
Basin euxinic sediments may also arise from a local Fe—-Mn (oxyhydr)oxides particulate
shuttle which adsorbs and delivers a large fraction of light Mo isotopes to the sediment
(cf. Scholz et al., 2017). Any paleo-approach attempting to identify a trigger for a shift
to lighter Mo isotope values in organic-rich sediments needs to assess whether the
particulate Mo delivery with Fe—Mn (oxyhydr)oxides can be ruled out. Otherwise, Mo
isotope fractionation associated with this shuttle may disturb the determination of
seawater redox variations. In this study, the incomparable Mo isotope in terms of
authigenic values and stratigraphic trends for the Yorkshire and Dotternhausen T-CIE
organic-rich sedimentary rocks (Fig. 2) cannot simultaneously reflect the coeval global
ocean seawater chemical composition and variation. Instead, these Mo isotopic
discrepancies are indicative of the existence of isotopic offset from the

contemporaneous seawater, at least for one of the two sites. This Mo isotopic offset



between seawater and sediments can be related to low concentration of water-column
H2S (< 11 yM) and/or the operation of a local Fe—Mn (oxyhydr)oxide shuttle. Though
the aqueous H2S concentration is difficult to determine in the coeval depositional
settings, the indeed presence of a local Fe—Mn (oxyhydr)oxide shuttle (Fig. 6; Algeo
and Tribovillard, 2009) disenables the %Mo interpretation to be a result of a global
driver.

Authigenic Zn isotope for organic-rich sediments also has the capability of recording
the global ocean isotope composition, if a fixed isotopic offset from seawater during Zn
removal can be determined (Vance et al., 2016; Sweere et al., 2020; section 4.3).
Lacking a net Zn isotope fractionation from seawater is expected in most sulfidic
environments in which near-quantitative precipitation of dissolved Zn always occurs.
This is in marked contrast to Mo since near-quantitative Zn removal only requires
excess concentrations of aqueous H2S relative to Zn (Sweere et al., 2020; Yan et al.,
2018) instead of the H2S abundance of > 11 yM. Furthermore, a local Fe-Mn
(oxyhydr)oxide particulate shuttle, if present, does not significantly influence the Zn
isotope composition of the authigenic components in the sediment, though
preferentially adsorbed heavy Zn isotopes by this shuttle may be transported onto the
seafloor. This is likely because most of dissolved Zn has been preferentially combined
by aqueous H:S, leaving insignificant Zn available for the adsorption onto Fe-Mn
(oxyhydr)oxide particulates. The phenomenon is well expressed by the modern
Cariaco Basin whose Zn supply mainly derives from the open ocean (i.e., Atlantic)
deep waters (Isson et al., 2018). Near-quantitative Zn sequestration occurring in the
Cariaco Basin renders the authigenic 8%Zn of the underlying euxinic sediments
capture the present-day deep ocean signature (Isson et al., 2018), regardless of the
active operation of a Fe—Mn (oxyhydr)oxide shuttle (Algeo and Tribovillard, 2009). The
scenario is further exhibited by this studied Early Toarcian Yorkshire and
Dotternhausen organic-rich sedimentary rocks. They deposited in separate
persistently euxinic environments and suffered distinct influence of local Fe—Mn
(oxyhydr)oxide shuttling during the T-CIE interval (Fig. 6; Dickson et al., 2017,
McArthur et al., 2008; McArthur, 2019; Wang et al., 2020), but still display comparable
authigenic Zn isotope records and stratigraphic Zn isotope trends (Fig. 2). The
observations imply that near-quantitative Zn removal with minimal isotopic effects

between seawater and sediments easily occurs under excessive H2S conditions.



Frequent redox perturbations in the ocean happen in Earth’s history, which is
characteristic of significantly changes in seawater Mo and Zn isotope compositions
(e.g., Kendall et al., 2017; Sweere et al., 2018, 2020). Expanded oceanic anoxia leads
to a secular decrease in isotope composition of Mo but increase in isotope composition
of Zn in seawater and vice versa (e.g., Kendall et al., 2017; Sweere et al., 2018, 2020).
Such oceanic redox variations are to date abundantly investigated by the use of
authigenic Mo isotope records of organic-rich sedimentary rocks (e.g., Cheng et al.,
2016; Dickson et al., 2012; Goldberg et al., 2016). Notably, if this redox-sensitive
element removal from seawater into the sediment is non-quantitative owing to <11 uyM
H2S concentration and/or is partly accelerated by an active operation of Fe—Mn
(oxyhydr)oxide shuttle, the possibly resultant isotope fractionations may complicate the
reliable explanation of the sediment authigenic Mo isotope compositions. In this
instance, authigenic Zn isotope for such organic-rich sedimentary rocks may take this
opportunity serving as an alternative proxy to trace the contemporaneous oceanic

redox changes.

5. CONCLUSION

The 5%6Znpuk data for two Early Toarcian Yorkshire and Dotternhausen sedimentary
sections deposited on the European epicontinental shelf are presented in this study.
The 3%Znbuk values for the T-CIE organic-rich samples are not controlled by local
marine redox state or productivity, but are likely related to the global deep-ocean Zn
reservoir composition. To better constrain the ocean Zn geochemical cycle during the
T-CIE interval, the estimated 3%Znaut values for the Yorkshire and Dotternhausen
sections were determined (~+0.54 and +0.62 %o, respectively) and found to be
comparable to that of the modern global deep seawater (+0.50 £ 0.14 %o). This finding
implies the Early Toarcian ocean overall had the present-day level of Zn
biogeochemical cycling. Notably, a small negative d%¢Znbux excursion concurrently
occurred in both Yorkshire and Dotternhausen strata, and was interpreted to reflect an
ocean oxygenation event. Sedimentary Mo isotope composition was also used to
explore the global ocean redox variations during the T-CIE interval. However, the
influence of an active Fe-Mn shuttle on the Mo isotope composition remains unclear,
and might affect the effectiveness of this redox proxy. Near-quantitative aqueous Zn

drawdown is inclined to occur under conditions where H2S abundance exceeds that of



Zn, which is unlike Mo that needs a threshold H2S concentration of > 11 uyM to be
guantitatively sequestrated. This study puts forward that, relative to redox-sensitive Mo,
Zn has a higher potential to track redox-driven changes in global ocean chemistry.
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Figures and Figure Captions

Figure 1. Paleographic maps for the Early Jurassic and the North European and Northwestern Tethyan regions
specifically, after Gill et al. (2011) and Percival et al. (2016). Locations of this studied sample sites are noted as
black circles: Yorkshire (Y), England and Dotternhausen (D), Germany.
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Figure 2. Chemostratigraphic 8'3Corg, 8%6Znuuk, Zn/Al, TOC content, enrichment factors (EFs) of Mo-U-V elements, and &%Moauh for the Yorkshire and Dotternhausen sedimentary sections

throughout the pre-T-CIE and T-CIE intervals. The interval bracketed by two dashed red lines denotes the negative bulk Zn isotope excursion (NZnE). The 513Corg, TOC and &°Moaun data for

the Yorkshire samples are from Pearce et al. (2008).
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Figure 3. Cross-plots between 3%Znpuk and enrichment factors (EFs) of redox-sensitive elements Mo, U and V,
and bio-essential nutrient elements Cu, Ni and P for the Yokrshire (blue rectangles) and Dotternhausen (blue
rectangles) T-CIE organic-rich black shale samples. The EF is calculated relative to upper continental crust (UCC;

McLennan, 2001) using the equation of [(element/Al)sample/(element/Al)ucc]. R? represents the coefficient of the

determination of the covariation.
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Figure 4. Cross-plots of (a) 8%6Znbuik versus Al/Zn and (b) 8%Znouk versus Al for Yorkshire and Dotternhausen T-
CIE organic-rich black shale samples. In a, the intercepts at Al/Zn = 0 of correlation trends provide the 8%6Znaun

estimates. R? represents the coefficient of the determination of the covariation.
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Figure 5. A sketch showing Zn inputs and outputs in the modern ocean (modified after Sweere et al., 2018). The
associated Zn isotope systems are based on data from Conway and John (2014, 2015), Little et al. (2014b, 2016),

Vance et al. (2016) and Isson et al. (2018). The size of circles stands for the relative Zn flux sizes, and numbers
are their Zn isotope compositions in per mil (%o).
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Figure 6. Cross-plots of Moer versus Uer for the Yorkshire and Dotternhausen organic-rich black shale samples.
The seawater lines show Mo/U molar ratio equal to the seawater value (SW) and to multiples thereof (3 x SW, 0.3
x SW). The pattern of Mo and U EFs is compared to the model behaviours proposed by Algeo and Tribovillard

(2009). The Yorkshire and Dotternhausen samples obviously display evidence for the operation of an active
particulate shuttle.



Table 1 8%Znpui values for the Yorkshire and Dotternhausen samples, 5%®Mo and 5%®Moauth values for the Dotternhausen sampes, and selected major-trace element

concentrations for the Yorkshire samples

Dotternhausen Yorkshire

66 96 66 i
Tl (it 2se  OMo G Cpi| Name ST L NRY) 2%y ool polal Dol Gel G o o
613 0.32 0.017 111 1.27 Tpa00-44 -12.07 0.18 0.019 1035 0.7 3.1 158.7 38.0 754 0.030 1156
621 0.51 0.018 1.03 1.07 Tte00-53 -8.07 0.17 0.024 1219 0.7 3.4 158.6 36.4 713 0.061 10.57
635 0.37 0.021 0.46 0.47 Tte00-58 -5.62 0.20 0.022 106.2 0.8 35 1576 353 65.7 0.030 11.20
642 0.58 0.021 0.77 0.78 Tte00-59 -5.02 0.20 0.019 1151 0.6 3.8 1449 346 64.2 0.039 10.68
648 0.52 0.021 0.76 0.78 Tse00-60 -4.5 0.23 0.021 108.8 0.7 3.6 1448 294 78.1 0.027 11.00
670 0.46 0.021 0.87 0.90 Tse00-62 -3.5 0.18 0.020 775 14 3.5 136.3 38.8 713 0.032 10.63
680 0.56 0.023 1.10 1.14 Tse00-63 -3 0.18 0.022 871 15 3.7 1349 374 75.1 0.034 10.56
687 0.51 0.020 0.87 0.89 Tse00-65 -1.71 0.35 0.020 110.0 5.7 4.7 166.7 66.1 99.9 0.034 10.57
698 0.56 0.018 0.92 0.94 Tse00-66 -1.21 0.34 0.023 129.7 5.3 5.0 157.7 47.9 90.1 0.045 9.77
705 0.54 0.021 0.91 0.93 Tse00-67 -1.0 0.38 0.0 124.9 5.5 5.3 163.8 49.8 93.8 0.033 9.38
719 0.61 0.018 1.20 1.23 TCO05-C04 -0.73 0.32 0.024 103.3 5.0 5.8 165.6  50.6 95.0 0.031 9.38
729 0.53 0.016 0.89 0.92 TC05-C03 -0.68 0.32 0.023 86.6 5.7 6.1 181.0 65.6 87.3 0.067 9.67
733 0.54 0.020 111 1.14 Tse00-15 -0.65 0.35 0.025 120.9 4.3 6.1 176.7 56.1 103.3 0.031 9.98
743 0.55 0.020 0.76 0.77 TC05-C02 -0.63 0.29 0.025 852 6.5 6.5 165.0 63.0 947 0.060 9.74
761 0.45 0.019 0.80 0.81 Tse00-68 -0.46 0.37 0.022 1124 7.5 6.5 1740 735 97.9 0.059 10.57
775 0.45 0.018 0.95 0.98 | TCO5-CO1  -0.36 0.33 0.028 889 47 57 1752 67.9 77.3 0041 10.30
785 0.37 0.015 1.13 1.16 Tse97-36 -0.25 0.39 0.025 954 4.9 5.9 173.9 683 915 0.031 9.25
796 0.39 0.019 TCO05-B04 -0.16 0.38 0.022 126.4 5.2 5.9 170.0 63.8 83.8 0.033 9.66
801 0.48 0.021 TCO05-B03 -0.01 0.34 0.025 162.2 4.8 6.6 1720 58.6 82.3 0.046 9.16
805 0.44 0.021 TC05-B02 0.04 0.38 0.030 107.7 8.1 6.2 173.4 720 845 0.069 10.03
815 0.31 0.019 TCO05-B01 0.06 0.45 0.025 1318 10.1 6.8 1927 784 97.8 0.061 10.34
817 0.34 0.019 0.80 0.81 Tex97-32 0.15 0.45 0.027 155.3 8.8 8.5 209.5 1003 1024 0.049 8.67
825 0.65 0.016 0.66 0.67 Tex 97-28 0.42 0.50 0.027 141.6 8.2 9.1 2173 1043 1081 0.14 9.47
828 0.55 0.015 0.87 0.88 Tex00-13 0.67 0.41 0.027 113.7 4.2 4.8 150.3 61.0 76.2 0.032 894
836 0.47 0.020 .0.82 0.83 TCO05-A03 0.89 0.34 0.029 774 4.3 6.4 171.2 715 93.3 0.033 9.20
843 0.65 0.018 0.71 0.72 TCO05-A02 1.09 0.34 0.029 1129 4.0 5.7 162.9 58.8 816 0.033 894
848 0.62 0.018 0.83 0.85 Tex00-71 1.14 0.37 0.023 974 4.4 5.9 169.6 69.6 98.0 0.031 9.36
853 0.52 0.019 0.70 0.71 Tex00-14 1.16 0.43 0.026  100.0 6.7 5.0 1728 753 91.0 0.044 9.92
859 0.44 0.018 0.93 0.95 TCO05-A01 121 0.45 0.024 96.6 7.0 4.7 1735 775 91.8 0.041 9.85
871 0.66 0.016 0.82 0.83 Tse97-08 1.38 0.41 0.027 1155 7.4 9.0 220.1 1040 100.2 0.035 9.07
876 0.38 0.018 0.71 0.73 Tex00-72 159 0.41 0.021 958 7.0 8.6 1995 914 96.1 0.045 9.15
898 0.52 0.022 0.87 0.89 Tex01-02 1.8 0.47 0.025 1417 9.71 10.2 226.4 1102 1009 0.14 7.31
903 0.50 0.018 0.80 0.81 Tex00-16 2.08 0.52 0.023 216.3 10.74 9.0 2243 1159 100.6 0.15 8.19
905 0.58 0.018 0.76 0.77 Tex00-73 2.18 0.44 0.025 1155 7.45 8.3 230.1 922 96.7 0.15 8.24
919 0.53 0.021 0.81 0.82 Tex00-74 2.68 0.44 0.028 196.7 9.29 55 2172 1045 100.0 0.16 8.41
922 0.59 0.018 0.84 0.85 Tex06-01 2.81 0.49 0.026 1574 10.85 6.5 2225 1004 977 0.15 8.03
940 0.59 0.023 0.77 0.79 Tex06-06 2.92 0.36 0.025 1295 942 9.1 2183 97.0 100.0 0.15 7.42
949 0.57 0.027 0.61 0.62 Tex06-08 2.95 0.40 0.023 838 10.37 7.6 216.6 818 96.9 0.15 6.52
956 0.57 0.024 0.59 0.60 Tex06-16 3.08 0.46 0.028 1444 1594 140 2646 1458 1190 0.28 8.57
964 0.49 0.024 0.76 0.77 Tex97-27 3.31 0.46 0.028 180.1 2240 159 299.2 1475 156.7 0.24 7.47
971 0.54 0.026 0.61 0.62 Tex97-39 3.53 0.46 0.024 1451 3569 172 2865 1284 2039 0.28 7.39
976 0.44 0.025 0.99 1.18 Tex06-28 3.86 0.45 0.028 100.8 10.1 9.1 241.2 1517 1182 0.047 7.19
986 0.29 0.021 1.46 --- Tex06-38 4.01 0.40 0.030 1769 9.18 7.7 2329 1328 1151 0.14 8.07
1003 0.37 0.025 Tex00-25 4.3 0.48 0.026 1471 7.95 53 175.8 70.1 85.0 0.12 6.94
1009 0.37 0.024 Tex00-24 4.5 0.36 0.024 1143 6.56 5.7 166.3  70.7 87.4 0.15 7.97
1020 0.35 0.020 Tex00-22 4.68 0.49 0.024 2248 9.40 4.9 196.4 822 1142 0.13 8.68
1030 0.36 0.020 Tex97-46 5.42 0.38 0.025 151.8 5.35 54 179.7  58.7 90.4 0.13 9.52
1040 0.38 0.022 Tex00-81 6.15 0.55 0.027 129.3 10.66 4.8 1352 414 75.8 0.25 6.34
1050 0.34 0.022

Internal precision of a sample run is reported as 2 standard error (2 s.e.).



Appendix D

Analytical methods

Yorkshire and Dotternhausen sample powders

Dotternhausen samples of this study include organic-lean gray shales (from the
depth of 1,012 to 986 cm), organic-rich black shales (from the depth of 986 to 613 cm)
and diagenetic limestones (Figure 1.2) at a high resolution with an average spacing of
3.5 cm. Outcrop samples were taken on a freshly quarried surface avoiding the long-
term influence from surface weathering and contamination by vegetation. Powders of
outcrop and drillcore samples were prepared using a diamondmounted driller and dried
at 60°C for further analyses. Yorkshire sample powders including the organic-lean gray
shales (from the depth of -12.07 to -3 m) and organic-rich black shales (from the depth
of -1.71 to 6.15 m) samples (Figure 1.2) used in this study were prepared at The Open
University (Pearce et al., 2008).

Elemental analyses

Major element analyses for Yorkshire and Dotternhausen samples

100 mg sample powders were mixed with 500 mg of Merck Spectromelt® A12 and
were heated to 1,050 °C for 30 min using Oxiflux system to prepare homogeneous
glass beads. These beads were then dissolved in polypropylene bottles using 100 g of
~2 % HNOs to a dilution factor of ~1,000 and then were diluted with 2 % M HNOs to
obtain a final dilution factor of 1:150,000 for major element concentration
measurement. Loss on ignition (LOI) was determined on a separate ~100 mg sample
aliquot by the weight loss after 60 min of heating in a furnace at 1,050 °C. Analyses
were carried out on a Thermo Fisher Scientific iCap-Qc quadrupole inductively coupled
plasma mass spectrometer (Q-ICP-MS) using a similar experimental design as
described in detail below for the trace element determinations. Calibration for sample
unknowns used the powder reference materials W-2a (United States Geological
Survey; USGS) prepared as above and using the major element values reported in
Govindaraju and Roelandts (1989). Secondary quality control standards were also
prepared from the international reference materials (QS-1, OU-6, SCo-1, and AGV-2),

and the precision range of major elements relative to the recommended values from



GeoReM. Data are reported as elemental concentrations expressed in weight percent

(wt.%), and generally, uncertainties for major elements are better than 1 wt.% (10).

Trace element analyses for Dotternhausen and Yorkshire samples

~200 mg of dried powder materials was weighted and ashed in a furnace at 500 °C
for 15 hr to oxidize organic matter. These ashed sample powders were re-weighed
immediately upon cooling to determine the loss of weight during the ashing process.
~25 mg of ashed powders was weighed and digested in a 4 ml (4:1) HF-HNO3
volumetric mixture on hot plates at 120 °C for 2 days. Following digestion, the dissolved
sample mixtures were evaporated, and the residues were reacted with 2 ml 6 m HCI
at 120 C° for 24 hr to dissolve potential fluorides. Upon drying the samples, they were
taken up in 1 ml 14.5 m HNOg3, heated to 120 °C for 1 hr and dried again to volatilize
excess fluorine and chlorine. This last step was repeated to ensure full conversion of
the samples to nitric form. The samples were then taken up in 1 ml 5 m HNOs and
gravimetrically diluted to ~30 ml 2 % HNOs stock solutions with a nominal dilution factor
of ~1,000. Powders of rock reference materials used for calibration and quality control
were also digested using this procedure. For analyses, all stock solutions were then
further diluted with 2 % HNO3 to a nominal, gravimetric dilution factor of ~10,000. This
2 % HNOgs, as an internal standard during ICP-MS analysis, contains a mixed spike of
8Li (~3 ng/g), In (~1 ng/g), Re (~1 ng/g), and Bi (~1 ng/g). All samples were measured
using a Thermo Fisher Scientific iCap-Qc ICP-MS coupled to an ESI SC-2 DX
autosampler with an ESI Fast uptake system equipped with a 4 ml sample loop. All
sample liquids were introduced from the loop using the iCap-Q peristaltic pump (at 30—
35 rpm) and aspirated with a PFA nebulizer into a Peltier-cooled cyclonic spray
chamber. The nebulizer and cool gas flow rates were typically ~1 and 14 L/min,
respectively, and the interface was configured with Ni sampler cone, with a Cu core
and Ni skimmer cone with a high-matrix insert.

The analytical procedure was analogous to that described in previous studies (Albut
et al., 2018; Babechuk et al., 2015; Kamber et al., 2014). Oxide/hydroxide interference
rates of Ba on Eu, Nd on the MREE to HREE (Gd, Tbh, Dy, Er), Zr, on Ag, and the
isobaric overlap of %Dy on 160Gd were quantified ahead of each experiment.
Remaining interference “rates” were determined according to a previous quantification
scaled to the daily Nd oxide on Gd production rate (Aries et al., 2000; Ulrich et al.,
2010). A daily measurement of the 6Li/’Li ratio in unspiked USGS standard AGV-2 was



also applied to determine a correction factor for the contribution of natural Li in sample
unknowns. Experimental sequences contained measurements of the internal standard-
bearing carrier acid, procedural blanks, rock calibration (W-2a), and quality control
standard (OU-6, QS-1, BCR-2, BHVO-2, BIR-1, and IF-G), sample unknowns, and a
final batch of standards. Repeated measurement of a monitor solution (mixture of
dissolved rock standards) was made every 5-7 samples for external drift correction
remaining after internal standard spike correction. Following the introduction of each
sample liquid into the ICP-MS, the sample uptake probe and tubing were rinsed with 5
% HNOs. Additional washing with acid blank bracketed monitor samples or was placed
between samples known or expected to have contrasting matrices or analyte
abundance. In the course of experiments, analyte isotopes were measured in the iCap-
Q STD mode, typically with five repeats of 25—-30 sweeps at 3 channels (0.1 amu
spacing) and analyte dwell times ranging from 10-30 ms. Mean analyte intensities
were corrected offline for blank, isobaric interferences, and signal drift. Corrected
intensities were calibrated using the average response of repeated measurements (5—
8) of the USGS reference material W-2a at different dilution factors (~10,000, ~20,000,
and ~40,000), which was prepared from at least three separate powder digestions. The
calibration lines that show tighter ranges were constructed using the laboratory's
preferred analyte concentrations for the W-2a standard. The overall intermediate
method precision and accuracy are monitored using the repeated measurements of
reference materials (OU-6, QS-1, BCR-2, BHVO-2, BIR-1, and IF-G), representing a
range in analyte concentrations and sample matrices. The method precision, estimated
from the 1 r.s.d of the mean, is better than 3 % for most elements.

Analyses of TOC and carbonate contents for Dotternhausen samples

Powdered mudstone and shale samples was decarbonized in 15-ml centrifuge
tubes by drop-wise addition of 16 % HCI at room temperature to remove all inorganic
carbon (TIC). The residual samples were then centrifuged for 10 min at 246 g,
decanted and again mixed with approximately 10 ml Milli-Q H20. This procedure was
repeated 7-10 times until the samples were neutralized. Upon complete drying of the
samples, between 5 and 70 mg of decalcified samples were weighed into tin-capsules.
TOC concentrations were performed with a VARIO EL Elemental Analyzer at Center
for Applied Geosciences, University of Tuebingen. Acetanilide standard (CsHoaNO, 71.9
% Carbon, 10.36 % Nitrogen) was analyzed at the beginning, middle, and end of each



sample set. All the measured TOC contents were reported as a weight percent (wt.%)
of the total fraction, and the external reproducibility is better than 1 wt.% (10).
Decalcifying procedures refer to organic carbon isotopic analysis (see below). For the
carbonate content measurement, the treatment procedures for the studied samples
are described below for d3Ccarb. An almost perfect linear correlation (R? = 0.9917)
between samples weight (for samples between 10 and 150 mg CaCO3) and the 2
peak area on the Finnigan MAT 252 gas source mass spectrometer (for further details
see Spotl and Vennemann, 2003) allows for the calculation of the carbonate content
in each specific sample. These calculated carbonate contents were then divided by
total sample weights and multiplied with 100 to obtain the carbonate contents of the
bulk samples in %.

Bulk isotopic analyses

Carbon and oxygen isotope compositions for Dotternhausen samples

Carbonate fractions of the selected Dotternhausen samples were measured for
their carbon and oxygen isotope compositions using a Finnigan MAT 252 gas source
mass spectrometer combined with a Thermo-Finnigan Gasbench [I/CTC Combi-Pal
autosampler at the Isotope Geochemistry Laboratory, University of Tuebingen. Both
devices are connected using the continuous flow technique with a He stream as carrier
gas. ~50 mg gray mudstone and shale powders, and ~5 mg diagenetic limestone
powders were loaded into 10-ml glass vials, sealed with a rubber septum. The vials
were then placed in an aluminum tray and heated to 90 °C. 20 drops of 99 %
phosphoric acid were added into the vials, after purging them with pure He gas. After
90 min' reaction time, the released CO2 was transferred to the mass spectrometer
using a He carrier gas via a GC gas column to separate other components. The
collected CO2 was analyzed relative to international reference materials (NBS18 and
NBS19) and an internal laboratory tank gas standard, which was calibrated against the
in-house Lasser marble reference material. All measured values are given in per mile
(%0) notation relative to the Vienna PeeDee belemnite standard reference material
(vPDB) for &'3C and VPDB for &'0. They are thus defined as: &13C =
((*3C/*2C)sample/ (*3C/*?C)vpps — 1) x 1000 and 580 = ((*30/*80)sample/ (*2O/*8O)vrpB = 1)
x 1000. The repeatability and intermediate precision of the analyses were monitored

by replicate measurements of the laboratory standard Laaser marble and the NBS18



(0*3Ccarb = =5 %o, 080 = -22.96 %0) and NBS19 (813Ccarb = 1.95 %o, 580 = —2.20 %o).
All analyzed results have a reproducibility of + 0.1 %o (10) for both 3*3Ccab and 520.
Analyses of 8'3Corg were conducted on an Elemental Analyzer NC2500 connected
to a Thermo Quest Delta Plus XL mass spectrometer in continuous flow online-mode
at the Isotope Geochemistry Laboratory, University of Tuebingen. ~100 mg of sample
powders was decalcified in 15-ml centrifuge tubes by drop-wise addition of 16 % HCI
to remove TIC. Decalcified samples containing 0.05 mg carbon were weighed in tin
capsules and combusted at 1,050 °C in an oxidation tube and at 650 °C in a reduction
tube, before they were cooled in a watertrap and transferred through a GC gas column
into the mass spectrometer. Sample organic carbon was measured relative to an
internal acetanilide standard which is calibrated against an in-house (e.g., Laaser
marble) and international reference material (USGS24, 3*3Corg = —=16.00 %o). 3*3Corg
results have an external reproducibility of £ 0.1 %o (10) for shales and + 0.2 %o (10) for

limestones.

Nitrogen data for Dotternhausen samples

To avoid potential influence from weathered materials and any handling
contamination, we cut the collected sedimentary rock samples into 2-cm-thick slabs
with a water-cooled saw. The slabs were cleaned and then rinsed by distilled water
and analytical grade and glass distilled ethanol and dichloromethane, respectively.
Following preparing the cleaned sample slabs, they were dried at 50 °C for 1 day, and
then fragmented and powdered using an agate mill. The obtained sample powders
were subsequently analyzed for 8'°Nbuk and 5'°Nker, and &*3C for organic carbon and
extracted kerogen (5*3Corg and 8'3Cker) at the laboratory of the Institute of Earth Surface
Dynamics (IDYST), University of Lausanne. The analytical procedure is based on the
previous description provided by Spangenberg and Frimmel (2001), Spangenberg and
Herlec (2006), and Spangenberg and Macko (1998).

The measurement of all C and N data was carried out by combined elemental
analyser (Carlo Erba 1108; Milan, Italy) and isotope ratio mass spectrometry (Delta V
Plus; Thermo Fisher Scientific, Bremen, Germany) (EA-IRMS) under a continuous
helium flow condition through a ConFlo 11l open split interface (cf. Spangenberg et al.,
2006, 2014). For TOC, total nitrogen (TN), 5*3Corg, and 3°Npuk analyses, powdered
whole rock materials were treated by a drop-wise addition of 10 % HCI. For the

analyses of Nker, 3*3Cker, and d'°Nker, powdered whole rock samples were gradually



treated to extract the kerogen fraction that cannot be dissolved in organic solvents,
non-oxidizing acids and bases. On the basis of the kerogen extraction procedure
described by Durand and Nicaise (1980), this study used Soxhlet extraction method in
which mixed methanol and dichloromethane were added to remove bitumen (a soluble
fraction in OM), 6 M HCI was added to remove carbonate, sulfide, sulfate, and
(hydro)oxide, and a mixed acid composed of 40 % HF and 6 M HC| was added to
remove siliciclastic fraction. These stepwise treatments were all carried out at the
temperature of 65-70 °C, and were accelerated through using a PTFE-coated
magnetic stirrer. After removing the supernatant, the residues were thoroughly washed
and purified using deionized water and ultrapure water produced by Direct-Q UV3
Millipore®, respectively, and then dried at the temperature of 40 °C. Following drying
the solid residues, mineralogical analysis performed by a Thermo Scientific ARL X-
TRA Diffractometer showed that all the silicate fraction in the whole rock samples has
been removed completely.

The measured stable N isotope composition is reported using delta (&) notation in
per mil relative to its standard which is atmospheric nitrogen in the air (Air-N2). It is thus
defined as: 3N = ((*>N/**N)sample/(*’N/1*N)air-n2 = 1) x 1000. In this study almost all N
isotope data were performed in duplicate, and the analytical reproducibility of the
repeated sample measurements for the N isotope values conducted by the EA-IRMS
was better than £ 0.3 %. The TOC abundance for the whole-rock samples, and the
abundance of the TNyuk for whole-rock samples and of Nker for kerogen extracts were
obtained from the peak areas of the major isotopes through the use of the calibrations
for the d3Corg, O°Nbuk, and &'°Nker values, respectively. The analytical repeatability
was better than + 0.2 wt.% for the contents of TOC, TNpuk and Ner.

Molybdenum isotope compositions for Dotternhausen samples

The measurement of bulk Mo isotope for the Dotternhausen samples followed the
method described by Wille et al. (2013). Sedimentary rock samples were ashed for 15
hr at 500 °C to oxidize organic matter fraction. An adequate amount of a 1°°Mo-*"Mo
double spike was added to 50-500 mg powdered sample material prior to sample
digestion and Mo-purification. The double-spike method allows for the correction of the
instrumental mass bias as well as mass fractionation that may occur in the process of
chromatographic Mo-purification (Rudge et al., 2009). Samples were dissolved in

Teflon beakers by sequential digestion steps using distilled HF, HNOs and HCI acids.



Mo was purified using a combination of anion and cation exchange chromatography
(i.e., using Dowex 1x8, 200-400 mesh and Dowex 50WX8 200-400 mesh resins,
respectively) as described by Wille et al. (2013). Molybdenum isotopic ratios were
measured on a multi-collector ICP-MS (ThermoFisher Scientific NeptunePlus) at the
University of Tuebingen. Measurements of the in-house standard ZH-2, a Mo-rich
sulfide that ran through all chemical separation steps, yield a long-term reproducibility
on &%Mo better than 0.09 %o (20). Results were calibrated using the Johnson Matthey
ICP standard, and are reported in the o-notation relative to the NIST3134 standard
(Goldberg et al., 2013), which was set to 0.25 %o for better comparison with earlier
published data (Nagler et al., 2014):

59%Mo = 1.0025 x ((*M0/95M0)sample/(*®M0/*>M0)nisT3134 -1)

where & is expressed in %o by multiplication with a factor of 1000.

Zinc isotope compositions for Yorkshire and Dotternhausen samples

For the Zn isotope analyses, fine-grained rock powder was weighted into Teflon
beakers and admixed with appropriate amounts of purified 84Zn-%’Zn double spike
(DS) isotope tracer solution (in 1 mol L™* HNO3) to achieve a DS proportion of 0.6 to
the total amount of Zn in the mixture (Moeller et al., 2012). Samples were digested
through adding 3 mL of concentrated HF-HNOs at a 3:1 ratio and placing the closed
beakers on hot plates at 110 °C for 48 hr. Samples were then taken to dryness, refluxed
in 2 mL of 6 M HCI and placed on hot plates at 120 °C for 24 hr to dissolve fluorides
and convert the samples to chloride form. Samples were dried again and taken up in
1 mL 6 M HCI for chemical separation of Zn. lon chromatographic purification of Zn
was completed using 2 mL of 100—200 mesh BioRad DOWEX AG1X8 anion exchange
resin in SpectraChrom columns, followed by smaller columns containing 0.3 mL of the
same resin for 2" purification step. The Zn purification procedures employed in this
study followed the protocol of Moeller et al. (2012). The DS technique allows in-run
correction of the instrumental mass bias, and account for chemical Zn isotopic
fractionation effects caused by anion-exchange chromatography (Maréchal et al.,
1999). Zinc isotope ratio determinations were performed in medium-resolution mode
on a ThermoFisher Scientific NeptunePlus MC-ICP-MS housed at the Isotope
Geochemistry laboratories of the Department of Geosciences, University of

Tuebingen. Sample uptake by a Cetac ARIDUS Il desolvating nebulizer system without



N2 purging minimised potential polyatomic oxide and nitride interferences, while
yielding improved atom-to-ion conversion and ion beam stability compared to standard
‘cold spray’ uptake systems. For reporting Zn isotopic data, this study followed the
guidelines by Coplen (2011), based on the recommendations by the Commission on
Isotopic Abundances and Atomic Weights of the International Union of Pure and
Applied Chemistry that are widely consistent with the Systéme International d’Unités.
Sample Zn isotopic compositions were measured as the %o-differences of their
66Zn/%4Zn isotope abundance ratios relative to that of the isotopically certified reference
material IRMM-3702 in &-values. The data were then recalculated to the no longer
available ‘'UMC-Lyon’ standard solution as 6-zero anchor by applying an offset of +0.29
%o on 8%6Zn/%*Znirmm-3702 values (Moeller et al., 2012). For ease of reference and
comparison to previous Zn isotopic studies we report 8%ZnjmcL values in Table 1
(Appendix C) according to the following equations, and work with the 5%6Znymc-L values

throughout the text and in the figures:
0% Znyme-L = 1.0029 x ((56ZNn/%4Zn)sampie/ (58ZNn/%4ZN)1IrRMM-3702 -1)

where & is expressed in %o by multiplication with a factor of 1000.

The reproducibility for 8%¢Zn on the IRMM-3702 throughout all analytical sessions
during the course of this study was always better than 0.035 %o (2 s.d.; 0.017-0.031
%o). Accuracy was controlled by interleaved analysis of an in-house solution standard
prepared from an Alfa Aesar Puratronic Zn wire yielding an average 5%Znjmc.L of
-9.983 + 0.033 %o (2 s.d, n =46), which is in great agreement with the laboratory long-
term reproducibility of —9.983 + 0.037 %o (n = 137). Two determinations of Zn isotope
composition for the USGS reference material BCR-2 yield average 3%Znjuc-L value of
+0.27 £ 0.011 %0 (n = 2; see Supplementary Table 1), which agrees very well with
previously published ones (Moynier et al.,, 2017; Rosca et al., 2019; Kamber and
Schoenberg, 2020). Multiple digestions followed by Zn purification of USGS reference
materials OU-6 and QS-1 yielded very reproducible 8%6Znjwvc-L values of +0.23 + 0.016
%o (n = 6) and and +0.32 £ 0.021 %o (n = 4), respectively (see Supplementary Table 1).
Given that all standard solutions and rock reference materials reproducibilities were
better than 0.040 %o (3%6ZnJmc-L, 2 s.d), this value was taken as the conservative overall

reproducibility (2 s.d) and applied to all data points in this study.



Supplementary Table 1 Zn isotope compositions for rock standard references

8% Znbuik
Rock standards (%0,IMC-L) 2s.e.
0.23 0.018
0.22 0.017
0.24 0.017
ou-6 0.24 0.021
0.22 0.025
0.22 0.028
Average 0.23 2s.d. 0.016
0.33 0.019
0.31 0.023
QS-1 0.31 0.024
0.33 0.029
Average 0.32 2s.d. 0.021
0.26 0.018
BCR-1 0.27 0.015
Average 0.27 2s.d. 0.011

Internal precision of a sample run is reported as 2 standard error (2 s.e.).
Reproducibility of the same sample is reported as 2 standard deviation (2 s.d).
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