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The Cenomanian-Turonian Oceanic Anoxic Event 2 (OAE 2, ca. 94 Ma) was one of the most extreme carbon cycle
and climatic perturbations of the Phanerozoic Eon. Widespread deposition of organic-rich shales during OAE 2
has been attributed to a rapid rise in atmospheric CO2, global heating, and marine anoxia triggered by intense
large igneous province (LIP) volcanism. Here, we present new Hg and Zn elemental and isotopic analyses from
samples spanning OAE 2 in a hemipelagic section from Rehkogelgraben, Austria, which was part of the northwestern Tethys. We compare our data to existing records from a range of sites to constrain the relative
timing, magnitude and geographic extent of the perturbation. We find a prominent Hg concentration peak and an
overall positive Δ199Hg excursion, with no correlation between Hg content and organic matter (OM), Mn-Feoxyhydroxides, and/or clay minerals. We interpret this to indicate a terrestrial volcanic origin of Hg. The Hg
excursion is coincident with an osmium (Os) isotope excursion, and together, this supports a global period of
intense LIP volcanism. The δ66Zn record from the Rehkogelgraben section decreases abruptly by ~0.5‰ prior to
the onset of OAE 2, a change recorded consistently among all reference sections. Combined with the Hg data, we
interpret this to result from isotopically light Zn sourced from LIP activity. However, the second negative
excursion in δ66Zn during the Plenus Cold Event (PCE), which is recorded in the proto-North Atlantic and
adjacent areas and has been attributed to Zn released from OM during re‑oxygenation, is not recorded in this
section. We suggest that the cool, oxygenated deep water mass did not invade the Penninic Ocean in the
northwestern Tethys. Alternatively, this excursion could be missing in our section due to the presence of
carbonate-free sediments during the PCE. After the PCE, the positive excursion in δ66Zn recorded in all sections
reveals a recovery of the atmosphere-ocean system. Our findings highlight the significance of spatial and tem
poral variations in Hg and Zn isotopes during OAE 2.
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1. Introduction
Understanding Oceanic Anoxic Events (OAEs, Schlanger and Jen
kyns, 1976) and their initiation mechanisms can help us to predict the
consequences of current anthropogenic climate change, including ma
rine deoxygenation (Keeling et al., 2010). Mesozoic OAEs were char
acterized by high atmospheric CO2 levels (pCO2), perturbations to the
global carbon cycle, rapid global warming, and widespread

anoxic–euxinic conditions in the oceans (Arthur and Sageman, 1994;
Barclay et al., 2010; Jenkyns, 2010; O’Brien et al., 2017; Takashima
et al., 2006). OAE 2, which occurred at the Cenomanian–Turonian
boundary (CTB; ca. 94 Ma), is the most widespread and well-defined
OAE, represented by worldwide deposition of organic-rich marine
mudstones, referred to as “black shales” (Arthur and Sageman, 1994;
Jarvis et al., 2011; Schlanger and Jenkyns, 1976). Super-greenhouse
temperatures (“hothouse”) at the onset of the OAE 2, termed the
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2017). Recently, high-resolution δ66Zn curves across OAE 2 from marine
carbonate records in the proto-North Atlantic and adjacent areas, such
as Eastbourne, Raia Del Pedale (Sweere et al., 2018) and Tarfaya
(Sweere et al., 2020), and the south of the eastern Tethys region, such as
southern Tibet, Gongzha (Chen et al., 2020), have revealed perturba
tions as well as spatial variation in δ66Zn.
In this study, we present Hg and Zn abundance and isotopic records
from a pelagic Cenomanian-Turonian section at Rehkogelgraben,
Austria, which was located in the Penninic Ocean along the distal
northern continental margin of the western Tethys (Gebhardt et al.,
2010; Pavlishina and Wagreich, 2012; Wagreich et al., 2008). The aims
of this investigation are to: 1) test if the Hg anomaly coeval with OAE 2 is
recorded in this region; 2) reconstruct the paleo-redox conditions and
paleogeographic setting of the Penninic Ocean; and 3) report Zn isotopic
variation across the OAE 2 interval in the Rehkogelgraben section. These
new data will be compared with global records to assess the timing,
magnitude, spatial extent and synchroneity of geochemical signals
during OAE 2, to help us understand the potential mechanisms behind
this event.

“Cretaceous thermal maximum”, have been widely linked with large
igneous province (LIP) volcanic activity (Du Vivier et al., 2014; Jenkyns,
2010; Jenkyns et al., 2017; O’Brien et al., 2017; Turgeon and Creaser,
2008).
Numerous studies suggest that mercury (Hg) anomalies can be a
useful indicator of LIP volcanism in the geological record (Grasby et al.,
2019; Percival et al., 2021; Percival et al., 2018; Sanei et al., 2012; Shen
et al., 2020; Sial et al., 2013). However, Hg signatures in OAE 2 refer
ence sections in different locations are inconsistent, indicating that the
records were affected by several factors, such as the depositional envi
ronment and the paleogeographic conditions (Percival et al., 2018;
Scaife et al., 2017). It also remains unclear whether volcanic eruptions
were the sole source of anomalous Hg, or if other Hg sources and
pathways were significant. The heterogeneous nature of Hg anomalies
from different sites hinders our understanding of the Hg-cycle pertur
bation and the OAE initiation mechanism. Recent studies suggest that
Hg stable isotopes serve as a powerful proxy for tracing the source and
pathway of Hg anomalies (e.g. Grasby et al., 2017; Grasby et al., 2019;
Shen et al., 2019a; Shen et al., 2019d; Yao et al., 2021). However, to
date, a Hg isotope study on OAE 2 sedimentary records is lacking.
The occurrence of organic-rich black shales and/or pronounced
carbon isotope excursions (CIEs) during OAE 2 could indicate elevated
marine primary productivity, potentially facilitated by an increased flux
of bio-essential elements from hydrothermal activity associated with
LIPs (Erba, 2004; Leckie et al., 2002; Snow et al., 2005). However, there
is no direct evidence for the causal link between volcanism and primary
productivity. A range of transition metals act as micronutrients, required
by all microbial life (Wyatt et al., 2014), and their availability in
seawater may affect marine primary production (Morel et al., 1994;
Sinoir et al., 2012). Zn is one such bio-essential element, and Zn isotopes
(δ66Zn) in the sediment record can potentially reveal processes con
trolling water-column Zn distributions and reveal constraints on global
oceanic mass balance (e.g. Little et al., 2016; Little et al., 2014; Liu et al.,

2. Geological setting
The present study deals with pelagic sediments exposed at Rehko
gelgraben in northern Austria that form part of the Ultrahelvetic Unit of
the Austrian Eastern Alps (Wagreich et al., 2008). This deep-water
pelagic unit, together with the more shallow-water deposits of the
Helvetic shelf to the north, was originally part of the northern European
margin of the so-called Penninic Ocean (Fig. 1; Alpine Tethys of, e.g.,
Schmid et al., 1996), an oceanic branch that connected the northwestern
Tethys to the Ligurian Ocean and the North Atlantic (Neuhuber et al.,
2007). The exact location of the section, geological setting, nanno
plankton biostratigraphy, sedimentology, and some geochemical pa
rameters, including outcrop photographs, have been described in detail

Fig. 1. Paleogeographical map of the mid-Cretaceous (ca. 94 Ma) showing the locations of the investigated section at Rehkogelgraben and important sections
referred to in the text (Du Vivier et al., 2014; Sweere et al., 2018; Sweere et al., 2020; Turgeon and Creaser, 2008). Modified from Gebhardt et al. (2010). P.O. —
Penninic Ocean, W.I.S. — Western Interior Seaway, N.S. — Norwegian Seaway, S.A. — South Atlantic.
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by Wagreich et al. (2008). Gebhardt et al. (2010) also investigated
foraminifera assemblages in detail and concluded the Penninic Ocean
was more restricted in nature.
The Rehkogelgraben section comprises tectonically disturbed pelagic
and hemipelagic sediments of Aptian to Campanian age. Within the
Cenomanian-Turonian boundary interval, a 5-m thick succession of
upper Cenomanian marl-limestone cycles is overlain by a black shalemarlstone-claystone interval, followed by lower Turonian white to
light grey marly limestones with thin marl layers (Wagreich et al.,
2008). Three almost carbonate-free black shale layers with a maximum
thickness of 16 cm were logged and have total organic carbon (TOC)
contents of up to 5% (Wagreich et al., 2008). The sediments were
deposited in water depth of a few hundred meters in a distal continental
margin environment with normal marine salinity. The pelagic section
has sediment accumulation rates of 2.5 mm/Ka, which is rather
condensed compared with, e.g., the Bonarelli level at Gubbio (Coccioni
and Luciani, 2004).

instrument for analysis. In addition, redox-sensitive trace element con
tents were normalized to Al in order to correct for variable carbonate
contents, detrital dilution, and biogenic or authigenic phases (Brumsack,
2006; Turgeon and Brumsack, 2006). Concentrations are compared to
average shale (AS) (Wedepohl, 1971) and enrichment factors (EFs) were
calculated as EFelement = (element/Al)sample/(element/Al)average shale
(Wedepohl, 1971; Brumsack, 2006).
3.3. Mercury concentration and isotope analyses
Mercury (Hg) concentration (n = 34) was analyzed using a Direct
Mercury Analyzer (DMA-80) at the Institute of Geochemistry, Chinese
Academy of Sciences, Guiyang, China. For each sample, about 150 mg
powder was weighed before being transferred to the combustion boat
and heated to 800 ◦ C. Data accuracy was confirmed by the analysis of
one certified reference material (GSS-5, soil, 290 ppb Hg) and one
replicate sample for every ten samples. Analysis of the Certified refer
ence material (GSS-5) was within 10% of the expected value. The rela
tive standard deviation (RSD) of duplicate samples was within 5%.
Hg isotope analyses (n = 15) were carried out at the State Key Lab
oratory of Environmental Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, using a previously described method (for
details see Yin et al. (2016b)). Briefly, about 0.1–0.3 g of ground sample
was digested (95 ◦ C for 6 h) in a 5 mL aqua regia (HCl:HNO3 = 3:1, v:v).
After digestion, the solution was centrifuged (3000 rpm for 10 min) at
room temperature and then decanted to obtain the supernatant. The
digested sample solutions were diluted to a Hg concentration of 0.5 ng
mL− 1 and an acid concentration of <20% and measured via a Neptune
Plus MC-ICP-MS. NIST-3133 standard solutions, with Hg concentration
and acid matrices matched to the samples, were measured before and
after each sample. A standard-sample-standard bracketing method was
used to calculate relative permil (‰) deviation (using the δ notation) of
the sample to NIST SRM 3133 (Bergquist and Blum, 2007):
)/( xxx /198
)
}
{(
/
δxxx Hg(‰) = xxx Hg 198 Hgsample
Hg
HgNIST 3133 − 1 x × 1000

3. Materials and methods
The biostratigraphy and carbon-isotope stratigraphy of the Rehko
gelgraben section have been described in detail by Wagreich et al.
(2008) and Gebhardt et al. (2010). We use the same set of samples in this
study. Samples were carefully checked to avoid visible veins and frac
tures and were ground to a ~ 200 mesh with an agate mortar that was
carefully cleaned with Milli-Q water (18.2 MΩ⋅cm), before chemical
analyses.
3.1. Total organic carbon (TOC) analysis
The total organic carbon (TOC) values (n = 34) were measured at
China University of Geosciences, Beijing. Approximately 0.5 g of
powdered sample was acidified with 1 N HCl, rinsed repeatedly with
deionized water, and then dried at 50 ◦ C. The TOC content was
measured with a TOC analyzer (Analytic Jena Multi N/C 2100 s, Ger
many). The accuracy of TOC measurement is within 5–10% of the re
ported values.

(1)
Hg-MIF is reported in Δ notation (ΔxxxHg, deviation from mass de
pendency in units of permil) and is the difference between the measured
δxxxHg and the theoretically predicted δxxxHg value using the following
equations (Bergquist and Blum, 2007):

3.2. Major and trace elements analyses
Analyses of major element concentrations (n = 20, including Si, Al,
Ca and Mn) were conducted at the Wuhan SampleSolution Analytical
Technology Co. Ltd., Wuhan, China. For elemental oxide content anal
ysis, a 0.7 g powdered sample was mixed with 7 g of lithium borate and
fused to glass beads. The addition of a small amount (100 mg) of the
halide LiBr acted as a release agent when using platinum molds. The
mixture was heated in a high-frequency fusion machine at ~1000 ◦ C
until thoroughly melted. Then the fused beads were loaded into the XRF
instrument for testing on a Shimadzu wavelength dispersive X-ray
fluorescence spectrometer. Uncertainty was generally <3%.
Whole rock trace element concentrations (n = 20, including Sr, Mo
and U) were analyzed via inductively coupled plasma mass spectrometry
(ICP-MS) at the Wuhan SampleSolution Analytical Technology Co. Ltd.,
Wuhan, China. The detailed sample-digestion procedure was as follows:
(1) Sample powders were dried in an oven at 105 ◦ C for 12 h; (2) ~50 mg
of sample powder was accurately weighed and placed in a Teflon bomb;
(3) 1 mL of HNO3 and 1 mL of HF were slowly added into the Teflon
bomb; (4) The Teflon bomb was put in a stainless steel pressure jacket
and heated to 190 ◦ C in an oven for >24 h; (5) After cooling, the Teflon
bomb was opened and placed on a hotplate at 140 ◦ C and evaporated to
incipient dryness, and then 1 mL HNO3 was added and evaporated to
dryness again; (6) 1 mL of HNO3, 1 mL of Milli-Q water and 1 mL in
ternal standard solution of 1 ppm In were added, and the Teflon bomb
was resealed and placed in the oven at 190 ◦ C for >12 h; (7) The final
solution was transferred to a polyethylene bottle and diluted to 100 g by
the addition of 2% HNO3, and then was loaded into the ICP-MS

Δ199 Hg ≈ δ199 Hg − δ202 Hg* 0.2520

(2)

Δ200 Hg ≈ δ200 Hg − δ202 Hg* 0.5024

(3)

Δ201 Hg ≈ δ201 Hg − δ202 Hg* 0.7520

(4)

The CRM, GSS-4 (n = 3), was prepared and measured in the same
way as the samples. NIST 3177 Hg standard solutions were diluted to
0.5 ng mL− 1 Hg and were measured in every 10 samples. Our results for
NIST 3177 (δ202Hg: − 0.55 ± 0.14 ‰; Δ199Hg: 0.01 ± 0.06 ‰; 2SD, n =
6) and GSS-4 (δ202Hg: − 1.57 ± 0.15 ‰; Δ199Hg: − 0.33 ± 0.03 ‰; 2SD,
n = 3) are consistent with reported values. The larger values of standard
deviation (2SD) for either NIST 3177 or GSS-4 were used to reflect
analytical uncertainties.
3.4. Zinc concentration and isotope analyses
Sample preparation procedures for the measurement of trace
element concentrations in the carbonate fraction (n = 26) were as fol
lows: 1) ~50 mg of sample powder was accurately weighed and treated
with the Milli-Q water and 1 N ammonium acetate (NH4AC) to remove
the exchangeable fraction; 2) the leached supernatants were dried at
80 ◦ C and 0.5 mL of HNO3 was added; 3) 5 mL Mill-Q water and 0.3 mL
of 6% HNO3 were added into the beaker at 80 ◦ C for 2 h to dissolve the
sample. The final solution was transferred to a polyethylene bottle and
3
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diluted to 100 g by the addition of 2% HNO3. Element abundances were
analyzed on an Agilent 7700e ICP-MS at the Wuhan SampleSolution
Analytical Technology Co., Ltd., Wuhan, China. The Zn content in car
bonates was calculated from Zn concentration in the digest divided by
the carbonate contents (Zn/Ca, μg/g).
The leaching procedure used to prepare for Zn isotope analysis
strictly followed the method of Liu et al. (2017). The leaching steps were
performed in a clean room under a laminar flow hood (class 100) to
minimize Zn contamination. Hydrosoluble salts and exchangeable
fractions on clays were removed before leaching of carbonates using
Milli-Q water and 1 N NH4AC, alternately. The carbonate fraction was
selectively dissolved with two steps of 0.05 M super-pure acetic acid in a
thermostat at 65 ◦ C until no bubbles were generated. The supernatants
were collected after 20 min of centrifugation, followed by filtration. The
leached supernatants were dried at 80 ◦ C and 2 mL of 8 M HCl was
added. This step was repeated twice to remove acetate complexes.
Finally, the solution was prepared in 1 mL of 8 M HCl for chemical
anion-exchange separation. The leaching solutions were dried at 80 ◦ C.
Zinc was purified by an ion-exchange chromatography using Bio-Rad
strong anion resin AG-MP-1 M. 2 mL pre-cleaned resin was loaded
onto the column. Matrix elements were eluted in the first 10 mL of 8 N

HCl. Copper and iron were then collected in the following 24 mL of 8 N
HCl + 0.001% H2O2 and 18 mL of 2 N HCl. Zn was collected in the
subsequent 15 mL of 0.5 N HNO3. This procedure allows Ca to be
completely separated from Zn and a 100% recovery for Zn. The Zn
fractions were repeatedly dried and dissolved with 3% HNO3 to remove
all chlorine prior to isotope analysis. Zinc isotopic ratios were measured
using a Neptune plus multi-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS) at the Isotope Geochemistry Laboratory of
the China University of Geosciences (Beijing). A sample standard
bracketing method was used to correct for instrumental mass fraction
ation. The samples and standards were run in ~200 ppb diluted solution
dissolved in 3% (v) HNO3. The take-up time was 80 s. Zn isotope data of
the leachates are the mean of the two steps of leaching on the samples,
which agree with each other within ±0.1‰. All samples analyzed in this
study yield a slope of 1.96 in a δ68Zn–δ66Zn cross-plot, which is
consistent with the mass-dependent line with a slope of 2, indicating
mass-dependent Zn isotope fractionation and no analytical artifacts
from unresolved isobaric interferences on Zn isotopes.

Fig. 2. Lithostratigraphy, age model, δ13Ccarb, δ13Corg, Hg content, TOC content, Al2O3 content, Hg/Al2O3 ratio, δ202Hg, Δ199Hg data from the Rehkogelgraben
section. Error bars on the δ202Hg and Δ199Hg plot represent 2σ. The lithology, age model and carbon isotopes are from Wagreich et al. (2008). The OAE 2 Os isotope
curves from ODP Site 1260 and the Vocontian Basin are from Turgeon and Creaser (2008) and Du Vivier et al. (2014), respectively. The light blue shaded areas
represent the OAE 2 carbon isotope excursion (CIE) interval. The bold grey dash lines (marked with A, B and C) shows the correlated horizon in different sites using
datum levels on the δ13C profiles referring to Du Vivier et al. (2014), where “A” is the positive δ13C excursion marking the onset of the OAE 2, “B” is the trough of
relatively depleted values following the initial positive excursion in δ13C, and “C” is the last relatively enriched δ13C value before the trend back to pre-excursion
values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Results

Hg content and these two proxies (Fig. 3B and C) indicates that neither
process is responsible for the observed variations in Hg content.
Clay minerals and Fe-Mn oxides can also scavenge Hg in the water
column through sorption and subsequent deposition on the seafloor
(Grasby et al., 2019; Kongchum et al., 2011; Quémerais et al., 1998).
Clay mineral effects can be assessed using the Hg/Al2O3 ratio (ppb/wt
%). The Al2O3 content of the Rehkogelgraben section (Fig. 2 and
Table S2) shows two prominent peaks, the first one is prior to the OAE 2
interval (6.07 wt%; 1.87 m) and the second one is within the OAE 2
interval (11.3 wt%; 2.98 m). Generally, Al2O3 content gradually in
creases from 1.2 wt% (1.14 m) to 11.3 wt% (2.98 m) and subsequently
decreases to 1.4 wt% (4.68 m) in the post-OAE 2 interval. After
normalizing Hg concentrations to Al2O3 content, Hg/Al2O3 ratios (ppb/
wt%) also show a peak (39.2 ppb/wt%) in the OAE 2 interval which is
four times higher than the average of all samples (9.6 ppb/wt%) (Fig. 2).
Hg enrichments are still present at 3 m during the OAE interval after
normalizing to Al2O3 (Fig. 2). However, the first Hg concentration peak
(~1.5 m) discussed above is missing, indicating that this Hg enrichment
may be derived from an increase in clay mineral content. In addition, the
low correlation coefficient of Hg versus Al2O3 content in the black shales
(R2 = 0.02) and limestones, marls, and claystones (R2 = 0.11) indicate
that, in general, Hg enrichments are not controlled by clay mineral
content (Fig. 3D). MnO contents of our samples vary from 0.006% to
0.122%, with low values in the black shales (average = 0.01%) and
relatively high values in the limestones, marls, and claystones (average
= 0.07%) (Fig. 3E and Table S2). The Hg content shows a weak negative
correlation with MnO content in the limestones, marls, and claystones
(R2 = 0.54) and a very weak negative correlation (R2 = 0.17) in the
black shales (Fig. 3E). This indicates that the Hg enrichments are not
derived from Mn-Fe-oxyhydroxide scavenging.
Redox variations can also contribute to sedimentary Hg enrichments
(e.g. Shen et al., 2019a; Shen et al., 2019b). Reducing conditions pro
mote organic matter (OM) preservation and formation of Hg–OM and
HgS complexes as well as uptake of Hg by iron sulfides (Bower et al.,
2008; Ravichandran, 2004). Molybdenum (Mo) content can be used as a

4.1. Hg chemostratigraphy
The carbonate and organic carbon isotope data presented here, as
well as the definition of OAE 2 CIE in the Rehkogelgraben section, are
taken from Wagreich et al. (2008) and Gebhardt et al. (2010). In the
Rehkogelgraben section, our new Hg concentration data show two or
ders of magnitude variation from 1.9 to 325 ppb. There is a clear in
crease in Hg concentration from an average of 15.4 ppb prior to the OAE
2 interval (0–2.26 m) to an average of 60 ppb within it (2.26–3.7 m),
with a first increase from ~8 ppb at the start of the section up to ~37
ppb (~1.5 m) and a second peak up to 325 ppb (3.27 m) (Fig. 2 and
Table S1), before returning to lower average of 6.3 ppb after OAE 2
(3.7–5.1 m).
The TOC content of these samples (Fig. 2, Table S1) is relatively
constant and low: typically <0.2 wt%, apart from four samples of the
black shale layers with a mean TOC value of ~5 wt%. Grasby et al.
(2019) concluded that TOC values <0.2 wt% are often associated with
larger errors, and these errors are propagated when calculating Hg/TOC
ratios to account for changes in TOC on Hg levels. Therefore, we do not
interpret Hg/TOC ratios here. This is also not needed as with such low
TOC values, organic matter cannot be greatly influencing Hg concen
trations. In addition, Hg content shows no correlation with TOC values
(R2 = 0.01) in the limestones, marls and claystones and a weak negative
correlation (R2 = 0.54) in the black shales (Fig. 3A). While recent studies
highlight the impacts of intense weathering and post-depositional
organic-matter degradation on the Hg/TOC proxy in marine sediments
(Charbonnier et al., 2020) our samples were collected from the fresh
part of the outcrop and the weathered surface was removed before
chemical analysis. Alteration can also be tested using the Sr/Ca ratio and
δ18O values of ancient marine sediments, since these may be altered
significantly in cases of major change in carbonate precipitation rate
(Lorens, 1981; Watkins et al., 2014), or during extensive carbonate
diagenesis (Swart, 2015). The fact that there is no co-variation between

Fig. 3. Cross-plots of (A) Hg content (ppb) versus TOC content (wt%); (B) and (C) Hg content versus δ18O and Sr/Ca ratios, which are indicators of the diagenesis; (D)
to (F) Hg content (ppb) versus Al content (wt%), MnO content (wt%), and Mo content (ppm). Red and black circles in (A) and (D) to (F) represent data from black
shales and other lithologies (carbonates and claystones), respectively. Dark grey circles in (B) and (C) represent data from all samples. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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paleo-redox proxy for the local depositional conditions (e.g. Charbon
nier et al., 2018; Shen et al., 2019a). A positive correlation between Mo
and Hg may indicate that Hg enrichments result from deposition under
locally anoxic conditions, but this is not observed, with no correlation in
the limestones, marls, and claystones (R2 = 0.07) and a negative cor
relation in the black shales (R2 = 0.69) (Fig. 3F).
Mercury isotopes undergo large mass-dependent and massindependent fractionations (MDF and MIF) in nature and can be used
to trace Hg sources and cycling (Blum et al., 2014). MDF mercury
isotope (δ202Hg) values show variations in the Rehkogelgraben section,
with values ranging from − 2.34‰ to − 0.14‰, yielding an average value
of − 1.18‰ (Fig. 2). δ202Hg values increase from − 1.35‰ to − 0.14‰
prior to the OAE 2 interval (0–2.26 m) and then decrease back to
− 1.23‰ at the base of the OAE 2 interval. Upwards, δ202Hg values in
crease to − 0.43‰ and subsequently decrease to − 1.94‰ at the end of
OAE 2 and remain consistent during the post-OAE 2 interval (3.7–5.1 m;
Fig. 2). Δ199Hg values range from − 0.03‰ to 0.15‰, yielding an
average value of 0.06‰ (Fig. 2). Δ199Hg values show a decrease from
0.04‰ to − 0.03‰ prior to the OAE 2 interval (0–2.26 m) and gradually
increase towards a maximum value of 0.15‰ within the OAE 2 interval
(2.26–3.7 m). The Δ199Hg values decrease to 0.04‰ and remain con
stant in the post-OAE 2 interval (3.7–5.1 m). Mercury isotope values do
not show any apparent relationship with lithology, and are similar for
limestone, marls, claystones and black shales (Fig. 2 and Fig. S1).

maximum value of 278 μmol/mol at the OAE 2 interval (3 m height).
Zn/Ca ratios continuously decrease to ~12.6 μmol/mol and then remain
low in the post-OAE 2 interval (3.7–5.1 m).
The high abundance of Zn in clay minerals and ferromanganese
coatings means that the liberation of Zn from non‑carbonate phases
during chemical preparation can obscure primary trends (Little et al.,
2016; Liu et al., 2017). Al and Mn abundances in the leachates were used
to assess the leaching of clays and ferromanganese coatings (Chen et al.,
2020) (Fig. 4). The Zn concentration shows very weak negative corre
lations with Al (R2 = 0.01) and Mn (R2 = 0.14) contents (Fig. S2). In
addition, after normalizing Zn concentration to Al and Mn content, Zn/
Al and Zn/Mn curves shows similar trends to the Zn/Ca curve, indicating
that the stratigraphic trend in Zn/Ca is not the result of leaching from
clays or ferromanganese coatings.
δ66Zn values average 0.76‰ for the Rehkogelgraben section, and are
comparable to data from other geological records with biogenic car
bonates (~0.75‰, Liu et al., 2017). A marked stratigraphic feature in
δ66Zn values is a ~ 0.5‰ shift towards lower δ66Zn values prior to the
OAE 2 CIE (1.61–1.87 m), with δ66Zn values remaining low in the lower
to middle parts of the OAE 2 interval (1.87–3 m; Fig. 3). Afterward, the
δ66Zn value returns to background values (~0.85‰) and remains rela
tively constant in the upper part of OAE 2 and the post-OAE 2 intervals
(3–5.1 m).
4.3. Mo-U chemostratigraphy

4.2. Zn chemostratigraphy

Enrichment or depletion of redox-sensitive trace elements such as Mo
and U can be used as an indicator of redox conditions in the marine
environment (Algeo and Maynard, 2004; Brumsack, 2006; Tribovillard
et al., 2006). Samples from the limestone, marl, and claystone intervals
are characterized by low Mo contents, varying from 0.08 ppm to 0.99
ppm, with an average of 0.38 ppm (Table S1). The Mo content of black
shale samples is relatively high, ranging from 1.11 ppm to 13 ppm, with

The Zn content of the carbonate fraction (Table S3) is expressed as
the Zn/Ca ratio (Fig. 4). Zn/Ca ratios in the Rehkogelgraben section
have an average value of 29.5 μmol/mol, which is largely similar to the
range in modern marine calcifiers (e.g. planktonic foraminifera: ~35
μmol/mol, Boyle, 1981). The pre-OAE 2 (0–2.26 m) Zn/Ca ratio aver
ages 18.7 μmol/mol, which is followed by a sharp positive shift to a

Fig. 4. Lithostratigraphy, age model, δ13Ccarb, δ13Corg, Zn/Ca, Zn/Al, Zn/Mn, δ66Zn, Mo and U enrichment factors (EF) from the Rehkogelgraben section. Error bars
on the δ66Zn plot represent 2σ. The light blue shaded area represents the OAE 2 CIE interval. The bottom water redox conditions based on the benthic foraminiferal
index are from Gebhardt et al. (2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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an average of 5.57 ppm. The U content of the limestones, marls, and
claystones varies from 0.36 ppm to 3.44 ppm with an average of 1.21
ppm. Samples from the black shale intervals are characterized by
consistent values ranging from 1.82 ppm to 2.45 ppm (average = 2.22
ppm) (Table S1). Compared to the average shale (PAAS), average Mo
contents are high, with a mean EF of 3.87, while average U contents are
similar, with an average EF of 1.41 (Fig. 4). In addition, Mo and U EFs of
all samples in the Rehkogelgraben section show similar trends, with Mo
and U enriched during OAE 2, and MoEF showing a much higher value
(maxima = 29.50) than the UEF (maxima = 2.85) during the OAE 2
interval (Fig. 4).

Algeo and Tribovillard, 2009). The operation of a “particulate shuttle” is
derived from strong variations in water-column redox conditions (Algeo
and Tribovillard, 2009). In addition, previous studies that reconstructed
bottom water redox conditions using benthic foraminifera suggest a
more restricted, low oxic–dysoxic condition during black shale forma
tion, and oxic bottom water conditions during the remainder of the
period (Gebhardt et al., 2010; Pavlishina and Wagreich, 2012). Missing
OAE 2 high productivity and disaster foraminifera species acmes attest
that the Penninic Ocean was a refuge during the OAE 2 environmental
crisis (Gebhardt et al., 2010; Pavlishina and Wagreich, 2012). The
consistency between the geochemical and paleontological evidence in
dicates that during OAE 2, when black shale was being deposited, the
Penninic Ocean basin became more restricted and a particular shuttle
phenomenon appeared (e.g. Tribovillard et al., 2012).

5. Discussion
5.1. Hydrographic setting of the Rehkogelgraben section

5.2. Evaluation of volcanic Hg inputs during OAE 2 in the Rehkogelgraben
section

The degree and nature of water exchange between the Penninic
Ocean, where the studied section was located, and the open ocean
(proto-North Atlantic and adjacent areas) is of critical importance in
understanding the stratigraphic Δ199Hg and δ66Zn patterns (Scaife et al.,
2017; Sweere et al., 2020). The depositional conditions and processes in
the tectonically complex northwestern Tethyan paleoceanographic sys
tem, including the Penninic Ocean, can be evaluated using a Mo-UEFs
scatter plot and comparison with the Mo/U ratios in present-day
seawater (SW; Fig. 5A) (Algeo and Liu, 2020; Tribovillard et al.,
2012). As shown in Fig. 5A, the limestones, marls, and claystones exhibit
an enrichment of Mo (0.52–4.24) relative to U (0.97–3.34), indicating
an unrestricted basin with a suboxic-anoxic water mass during the
depositional period. The Mo-UEFs of black shales exhibit an enrichment
of Mo (2.53–29.5) relative to U (1.33–1.88) and plot along the vector in
the direction of the particulate shuttle field. Algeo and Tribovillard
(2009) and Tribovillard et al. (2012) related Mo enrichments relative to
U to the presence of a particulate Mn-Fe-oxyhydroxide shuttle, which
accelerates the transfer of aqueous Mo to the sediments whereas
aqueous U is unaffected. The strong affinity of Mo for Mn-oxide surfaces
in comparison to U enhances Mo delivery to the sediments via fixation
by sulfides while the Mn is reduced, solubilized and diffuses back to the
oxic layer to restart the same cycle (representing the “shuttle” effect;

Volcanism is the dominant natural source of Hg to Earth’s surface
(Pyle and Mather, 2003). The residence time of gaseous elemental Hg in
the atmosphere (0.5–2 years, Amos et al., 2013) is sufficiently long to
ensure that volcanic Hg is distributed globally following major eruptive
events (Selin, 2009). As a result, numerous studies of mass extinction
events and major environmental perturbations, postulated to be asso
ciated with LIPs, have used sedimentary Hg anomalies as a proxy for
volcanism (see review by Grasby et al., 2019).
In the Rehkogelgraben section, Hg content shows two peaks in the
pre-OAE 2 (~1.5 m) and OAE 2 (~3 m) intervals, respectively, which are
both significantly above background levels (Fig. 2). This may indicate a
gradual increase in volcanism intensity before the onset of OAE 2, with
volcanism remaining at high levels during the first part of OAE 2 and
subsequent cessation of volcanism during the latter part of OAE 2. In the
marine environment, Hg is typically scavenged by OM and transferred to
marine sediments by organo-Hg complexes (Sanei et al., 2012 and ref
erences therein). The strong affinity of Hg for OM means it is useful to
compare Hg to TOC values to identify true Hg anomalies (Ravichandran,
2004; Sanei et al., 2012). The absence of positive correlations between
Hg concentrations and TOC values indicates that fluctuations in TOC,

Fig. 5. Cross-plots of (A) Mo-EFs versus U-EFs, which indicates the seawater redox conditions, SW — seawater value; (B) and (C) δ66Zn versus δ18O and Sr/Ca ratios;
(D) to (F) δ66Zn values versus SiO2 content (wt%), Al2O3 content (wt%), and Zn/Mn ratios (ppm).
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regardless of lithology, do not control Hg levels (Fig. 3A). The absence of
co-variation between Hg content and indicators of alteration such as Sr/
Ca ratio and δ18O suggests that diagenesis is not responsible for the
observed excursions in Hg content (Fig. 3B and C). The lack of corre
lation between Hg and Al2O3 or MnO content indicates that neither clay
mineral absorption nor Mn-Fe-oxyhydroxide scavenging is controlling
Hg enrichments (Fig. 3D and E). In addition, changes in the local redox
conditions were not a major control on Hg enrichments (Fig. 3F).
Mercury isotopes are a potential tool for tracking sources and path
ways of Hg in ancient depositional systems (e.g. Grasby et al., 2017;
Grasby et al., 2019; Shen et al., 2019c; Shen et al., 2019d). In the
Rehkogelgraben section, background δ202Hg values (average = − 0.62‰
± 0.5‰; Fig. 2) are consistent with pre-anthropogenic marine sediments
(δ202Hg of − 0.76‰ ± 0.16‰; Grasby et al., 2019), and the relatively
narrow δ202Hg values (~ − 0.60‰) of most geological sources (Sherman
et al., 2009; Smith et al., 2008; Yin et al., 2016a). However, Hg released
at the Earth’s surface can undergo complicated geochemical trans
formations which individually have non-unique isotopic effects (Blum
et al., 2014). Hence, it is difficult to assign changes in δ202Hg to a single
process. Therefore, we do not interpret MDF δ202Hg signatures here and
focus instead on MIF Δ199Hg signatures. Geological or volcanic Hg
sources have insignificant Hg-MIF signatures (Δ199Hg = ~ 0‰) (Sher
man et al., 2009; Smith et al., 2008; Yin et al., 2016a), whereas aqueous
Hg photoreduction in cloud droplets and surface waters imparts positive
Δ199Hg values in the residual Hg2+ phase and negative Δ199Hg values in
Hg0 (g) (Bergquist and Blum, 2007; Blum et al., 2014). Hg2+ species in
both precipitation and seawater are characterized by positive Δ199Hg
(Blum et al., 2014). In contrast, terrestrial reservoirs (e.g., vegetation
and soil) primarily accumulate Hg0 (g) via absorption with no isotope
fractionation, and so inherit negative Δ199Hg values (Demers et al.,
2013; Yin et al., 2013). Given this, marine sediments that mainly receive
Hg through terrestrial input tend to display negative Δ199Hg values,
whereas oceanic sediments that mainly receive atmospheric Hg2+
deposition tend to display positive Δ199Hg values (Grasby et al., 2019;
Shen et al., 2022).
In the Rehkogelgraben section, Δ199Hg values range from − 0.03‰ to
+0.2‰ (Fig. 2) which may indicate a mixing of sources from terrestrial
runoff and atmosphere deposition. Δ199Hg decreases to a negative value
of − 0.03‰ during the pre-OAE 2 interval, which indicates an increase in
terrestrial runoff and input at the depositional site. This negative shift
coincides with the first Hg peak, and the associated “missing” Hg/Al2O3
peak, which is consistent with elevated terrestrial sourced Hg. However,
during OAE 2, the dominant organic matter in the black shales is marine
organic matter of kerogen type II (Wagreich et al., 2008), which means
that the mixing of the two above sources is unlikely. Δ199Hg shows a
gradual increase which correlates with the second Hg content and Hg/
Al2O3 peaks just prior to the OAE CIE maximum (~3 m). This may be
linked to one or both of the following processes: (1) an increased
contribution from direct atmospheric deposition of volcanically derived
Hg2+, and/or (2) an increase in OM drawdown which effectively cap
tures Hg2+ with positive Δ199Hg signals. The first process seems the most
reasonable, since the latter process is not supported by TOC data
(Fig. 3A).
Extensive volcanic activity and the subaqueous emplacement of LIPs
(Caribbean, High Arctic, Madagascar, and Ontong-Java LIPs) have
previously been suggested to be responsible for the initiation of OAE 2
(e.g. Scaife et al., 2017 and references therein). Global evidence for
subaerial eruptions of Caribbean, High Arctic and Madagascar LIPs
occurring simultaneously with OAE 2 includes Pb isotopic shifts of sil
icate sediments (Kuroda et al., 2007), enrichments of smectitic clays
(weathering products of continental volcanic deposits) (Löhr and Ken
nedy, 2014) and the deposition of tholeiitic volcanic rocks interbedded
with sedimentary rocks in the High Arctic LIPs (Naber et al., 2020 and
references therein). Volcanic Hg anomalies across OAE 2 may vary
significantly between sedimentary successions, due to the reduced
release and distribution of magmatic volatiles in submarine

environments compared to subaerial eruptions (e.g. Percival et al.,
2018). The increased Hg and Δ199Hg anomaly in our section could
directly capture evidence for nearby volcanic eruptions on land. Upsection, after the OAE CIE maximum (~3 m), the Δ199Hg value, Hg
content and Hg/Al2O3 ratio all return to background values, indicating
that the intensity of volcanic activity was weakened.
In summary, the Hg cycle perturbation prior to the OAE 2 CIE
maximum is indicative of excess Hg inputs (e.g., from the volcanic
source) beginning in the latest Cenomanian and extending into the
earliest Turonian (Fig. 2). This suggests the Penninic Ocean also records
global signatures and is controlled by contemporaneous LIP magmatic
activities. High-resolution Os isotope stratigraphy across OAE 2 from the
western Tethys (Vocontian Basin, S France) and proto-North Atlantic
(ODP Site 1260) realms (Du Vivier et al., 2014; Turgeon and Creaser,
2008) show a similar trend (Fig. 1): radiogenic values prior to OAE 2; an
abrupt shift to unradiogenic values at the onset of OAE 2; an unradio
genic interval during the first part of OAE 2; and a return to radiogenic
values towards the end of the event, above the Cenomanian–Turonian
Boundary (Fig. 2) (Du Vivier et al., 2015; Jones et al., 2020; Naber et al.,
2020; Percival et al., 2020). The maximum Hg content and Δ199Hg
anomalies in the Rehkogelgraben section correlate with the maxima in
δ13C, which is consistent with the relationship between Os-isotope and
δ13C in Vocontian Basin and ODP Site 1260 (Fig. 2). Together, this
phenomenon indicates that the intensity of LIP volcanism peaked when
the δ13C positive excursion was at a maximum, followed by a period of
volcanic quiescence.
5.3. Zn-cycle perturbation in relation to intense volcanism during OAE 2
in the Rehkogelgraben section
5.3.1. Data evaluation and reliability
Measured δ66Zn values are derived from the carbonate fraction of the
rock and we interpret them to record a primary seawater signature.
Firstly, cross-plots of δ66Zn versus Sr/Ca and δ18O suggest δ66Zn is not
controlled by changes in precipitation rate or diagenetic alteration
(Fig. 5B and C) (Lorens, 1981; Watkins et al., 2014). Secondly, δ66Zn
values show no co-variation with the concentration of major oxides in
the bulk sample (e.g., SiO2, R2 = 0.02; and Al2O3, R2 = 0; Fig. 5D and E),
indicating that changes in δ66Zn are not controlled by digestion of sili
cate or clay minerals. Thirdly, Zn/Mn ratios in the leachates and δ66Zn
values show a weak negative correlation (R2 = 0.24) (Fig. 5F), which
indicates that leaching of ferromanganese coatings is not responsible for
the δ66Zn variations.
5.3.2. Rehkogelgraben Zn isotope record and comparison to reference
sections
Zn is fundamental for many marine life processes and its concen
tration and isotopic composition in marine carbonate represents prom
ising tracer of the ocean carbon cycle. (Little et al., 2016; Wyatt et al.,
2014). δ66Zn offers insight into the processes controlling water-column
Zn distribution, and constraints on its global oceanic mass balance
(Little et al., 2014). Due to preferential uptake and removal of light Zn
isotopes by marine primary producers, the average δ66Zn value of
modern surface seawater (~0.9‰; Little et al., 2014) is significantly
higher than volcanic rocks (~0.28‰; Chen et al., 2013) and riverine
waters (~0.33‰; Little et al., 2014). The average δ66Zn value (~0.5‰;
Conway and John, 2014) of the modern deep ocean is lower than that of
surface water due to the authigenic mineral formation in a reducing
environment but is still isotopically heavier than volcanic rocks (Little
et al., 2016; Liu et al., 2017). On this basis we hypothesize that if there
was a large, rapid flux of Zn from riverine waters, volcanic-sourced
fluids, and enhanced weathering of LIPs, a significant drop in δ66Zn of
seawater would be recorded in carbonate rocks.
In the Rehkogelgraben section, the Zn content of the carbonate
fraction shows a prominent positive shift, which begins prior to OAE 2
and peaks coincident with the δ13C maxima. Afterwards, Zn content
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returns to background values (Fig. 4). The poor correlation between Zn
and Al content, the similar trend of Zn/Al with Zn content and domi
nantly marine organic matter of kerogen type II during OAE 2 in the
studied section (Wagreich et al., 2008), together indicate that terrestrial
runoff is not the cause of the peak in Zn content. A negative δ66Zn
excursion coincides with the positive excursion in Zn content. The
maximum Zn content and the end of the negative δ66Zn positive
excursion (~3 m; Fig. 4) correlate with the peak in Hg content and
Δ199Hg, and are within range of Os-isotope negative excursion recorded
in other sections (~3 m; Fig. 2; Du Vivier et al., 2014; Turgeon and
Creaser, 2008). Together, this suggests that seawater Zn variations in
this area were controlled by coeval LIP volcanism.
The δ66Zn data from the Rehkogelgraben section shows a compara
ble trend to data from Eastbourne, Tarfaya, Raia Del Pedale and
Gongzha sections (Fig. 6) (Chen et al., 2020; Sweere et al., 2018; Sweere
et al., 2020). The absolute values vary, which is unsurprising consid
ering the heterogeneity of dissolved δ66Zn in the modern surface ocean
(Little et al., 2016; Sweere et al., 2018). However, all five sections record
a negative shift in δ66Zn (Fig. 6), with a magnitude of ~0.4‰ in the
Tarfaya and Raia Del Pedale sections, ~0.5‰ in the Rehkogelgraben and
Eastbourne, and ~ 0.8‰ in the Gongzha sections (Fig. 6). All these δ66Zn
negative excursions correlate with increased Zn/Ca ratios (ZnEF in the
Tafaya section). The δ66Zn negative excursion at Gongzha section,
southern Tibet, which was located in the southern region of the eastern
Tethys, was interpreted to reflect high terrigenous input derived from
weathering of submarine LIP and/or (sub)tropical Indian continental
volcanic rocks (Chen et al., 2020). However, the other four section may
record a particularly strong pulse of isotopically light Zn to the ocean
from hydrothermal fluids or low-temperature reactions between
seawater and mafic rocks (Liu et al., 2017; Sweere et al., 2018; Sweere
et al., 2020). This may indicate that this volcanically induced Zn in
jection was not contemporaneous and was not recorded globally. The
western Tethys, Boreal and proto-North Atlantic realms are the places

that were most strongly affected by LIP volcanism.
Following the δ66Zn negative shift, the δ66Zn curves of the East
bourne and Tarfaya sections gradually increase towards background
values. This has been interpreted to record increased primary produc
tivity due to magmatic activity, with associated ocean nutrification
leading to increased Zn burial into globally expanding organic-rich
sediments (Sweere et al., 2020). This positive δ66Zn excursion, howev
er, is missing in the Rehkogelgraben, Raia Del Pedale and Gongzha
sections (Fig. 6). This indicates that OM burial was not the main control
on Zn cycling in the western and eastern Tethys, in contrast to the north
Atlantic and Boreal realms. This conclusion is supported by previous
studies on massive organic-matter burial in the proto-Atlantic region (e.
g. Owens et al., 2018).
Within OAE2, a short interval of cooling, known as the Plenus Cold
Event (PCE), is recorded globally (Gale and Christensen, 1996). The
second drop towards lower δ66Zn values occurred during the PCE
(Fig. 6) in the Eastbourne, Tarfaya, and Raia Del Pedale sections, and has
been interpreted to reflect re‑oxygenation of organic-rich sediments
(Clarkson et al., 2018; Jenkyns et al., 2017). Enhanced bottom water
oxygenation resulted in a relative decrease in the size of organic-rich
continental margin sinks for isotopically light Zn and/or the remobili
zation of previously buried isotopically light Zn from organic-rich con
tinental-margin sediments (Sweere et al., 2018; Sweere et al., 2020).
Chen et al. (2020) interpreted the “missing” negative δ66Zn excursion of
the inferred PCE record in the Gongzha section to indicate that weath
ering was the main control on the Zn-cycle in the eastern Tethys, in
contrast to the western Tethys and North Atlantic where OM burial rates
were relatively high. However, this second negative shift in δ66Zn is also
not observed in the Rehkogelgraben section, which is similar to the Raia
Del Pedale section and was located in the western Tethys. This could be
for two possible reasons. Firstly, δ66Zn shows regional variation (Sweere
et al., 2018). During OAE 2, a detailed study of foraminifera assemblages
(Gebhardt et al., 2010), and the Mo-U EFs (Fig. 5) from this study,
Fig. 6. Comparison of Zn/Ca ratio (ZnEF for Tarfaya
section) and δ66Zn plots from the Rehkogelgraben
(this study), Raia Del Pedale (Sweere et al., 2018),
Gongzha (Chen et al., 2020), Eastbourne (Sweere
et al., 2018), and Tarfaya (Sweere et al., 2020) sec
tions. Error bars on the δ66Zn plot represent 2σ. Light
grey box area and dark grey band show Oceanic
Anoxic Event 2 (OAE 2) and Plenus Cold Event (PCE)
intervals, respectively. The area with dashed lines
represents inferred PCE interval in the Rehkogel
graben section. Bold black bars represent the vertical
scale bars.
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suggest the Penninic Ocean basin became more restricted relative to the
western Tethys open ocean system, so may not have been affected by the
deep oxygen-rich high latitude water mass that influenced the East
bourne, Tarfaya, and Raia Del Pedale sections (cf. Jenkyns et al., 2017).
As a result, the δ66Zn values of the Rehkogelgraben section reflect
dominantly volcanic sourced Zn. Alternatively, the absence of this δ66Zn
shift in the Rehkogelgraben section may be due to the absence of
carbonate-rich sediments in the middle of the OAE 2 interval, since black
shales do not capture seawater δ66Zn.
After the PCE, all five sections show a recovery to pre-OAE 2 values.
Although the increase in pCO2 (e.g. O’Connor et al., 2020) could have
led to isotopically lighter Zn inputs from continental weathering, the
positive shifts in δ66Zn in the five sections suggest that primary pro
duction persisted and played a controlling role in this period of the Zncycle change, and this is supported by continually enriched δ13C values
(Chen et al., 2020). In addition, Hg content, Δ199Hg and Os-isotope data
indicate the LIP volcanism was weakening during this period. The
decreasing input of volcanic-sourced light Zn to the ocean would also
contribute to the recovery of δ66Zn. This period marks a recovery of the
earth system, in contrast to the early period of OAE 2.
To sum up, differences between δ66Zn observed in this study and
other carbonate studies (Fig. 6) (Chen et al., 2020; Sweere et al., 2018;
Sweere et al., 2020) reflect geographic and temporal variations in the
δ66Zn value of the global oceans. Due to the closer proximity to
contemporaneous LIPs (Percival et al., 2018; Scaife et al., 2017) and
places with high OM burial rates (Owens et al., 2018), the main controls
of OAE 2 Zn-cycle perturbations in the western Tethys, Boreal and protoNorth Atlantic oceans are LIP volcanism and OM burial. While the hy
drographic conditions, such as the nature of the ocean basin, may con
trol regional features of δ66Zn record. Moreover, in the open ocean of the
eastern Tethys, which is far away from the LIPs and center of OM burial,
the weathering rate of continental and submarine volcanic rocks under a
greenhouse climate was the main control for its OAE 2 Zn-cycle pattern.
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6. Conclusions
This study provides isotopic evidence for changes in the Hg cycle
across OAE 2 in the pelagic Rehkogelgraben section from the northern
margin of the western Tethys. The Hg content enrichments, the absence
of correlation between Hg content and OM, Mn-Fe-oxyhydroxides and/
or clay minerals, and overall positive Δ199Hg excursion during the early
part of OAE 2 indicate a volcanic origin. The Hg peak coincides with an
Os-isotope excursion, which indicates that the Hg anomaly records a
global signature driven by contemporaneous LIP volcanism. LIP
magmatic activities commenced prior to the onset of OAE 2, peaked
alongside the maximum δ13C value and subsequently began to quiesce.
New Zn isotope data from the Rehkogelgraben section are interpreted to
reflect an enhanced flux of isotopically light Zn from intensified volcanic
activity. Based on correlation with Zn-isotope records across multiple
sections in the western Tethys, eastern Tethys, Boreal and proto-North
Atlantic regions, we suggest that the first δ66Zn negative excursion
prior to the onset of OAE 2 is recorded globally, while the second δ66Zn
negative shift, which occurred during the Plenus Cold Event, was likely
controlled by regional water masses. Our results strengthen the
expanding Hg and Zn geochemical records through OAE 2 and highlight
the role of LIP activity in driving this major climatic perturbation.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gloplacha.2022.103881.
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Keeling, R.F., Körtzinger, A., Gruber, N., 2010. Ocean deoxygenation in a warming
world. Annu. Rev. Mar. Sci. 2 (1), 199–229.
Kongchum, M., Hudnall, W.H., Delaune, R.D., 2011. Relationship between sediment clay
minerals and total mercury. J. Environ. Sci. Health A 46 (5), 534–539.
Kuroda, J., et al., 2007. Contemporaneous massive subaerial volcanism and late
cretaceous Oceanic Anoxic Event 2. Earth Planet. Sci. Lett. 256 (1), 211–223.
Leckie, R.M., Bralower, T.J., Cashman, R., 2002. Oceanic anoxic events and plankton
evolution: biotic response to tectonic forcing during the mid-Cretaceous.
Paleoceanography 17 (3), 13-1-13-29.
Little, S.H., Vance, D., Walker-Brown, C., Landing, W.M., 2014. The oceanic mass
balance of copper and zinc isotopes, investigated by analysis of their inputs, and
outputs to ferromanganese oxide sediments. Geochim. Cosmochim. Acta 125 (Suppl.
C), 673–693.
Little, S.H., Vance, D., McManus, J., Severmann, S., 2016. Key role of continental margin
sediments in the oceanic mass balance of Zn and Zn isotopes. Geology 44 (3),
207–210.
Liu, S.A., et al., 2017. Zinc isotope evidence for intensive magmatism immediately before
the end-Permian mass extinction. Geology 45 (4), 343–346.
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