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The long-term global oxygenation history of ancient oceans provides context for the rapidly
decreasing oxygen concentrations in the present-day ocean. Here, we present thallium (Tl) isotope
evidence from an epicontinental Laurasian Seaway, deposited during a greenhouse climate between
150 and 149 Ma, that suggests substantial changes in the global burial of manganese (Mn) oxide. This
provides evidence for fluctuating global marine (de)oxygenation at a time when there is no evidence for
major shifts in the global carbon cycle. Between periods when Tl isotope data suggest similar rates of
burial of Mn oxides to the modern, reductions of up to 70% Mn oxide burial are inferred, suggesting
major expansions of hypoxic bottom waters. Periods of more extensive global hypoxia are not
coincident with regional enrichment of sedimentary organic matter. Fluctuations in deoxygenation
occurred on geologically rapid timescales of 10,000 to 100,000 years but are still an order of magnitude

lower than those occurring in the modern ocean.

Whilst the present-day ocean is generally well-ventilated, the dissolved
oxygen content of the global ocean is decreasing rapidly, by around 2% in
the last 50 years' and projected to decline by a further 1-7% by 2100>".
Oxygen loss is being driven by (a) the anthropogenic supply of nutrients,
resulting in increasing primary productivity and subsequent reminer-
alization and oxygen consumption of biomass; (b) the lower solubility of
oxygen in warmer waters and (c) reduced ventilation of the deep ocean
as a result of changes in thermohaline circulation patterns**. This is
critical because deoxygenation exerts a profound impact on marine
ecosystems, given their sensitivity to even modest changes in oxygen
concentrations®” and the subsequent negative feedback of long-term
organic carbon burial.

Fluctuations in the oxygenation status of ancient oceans are known and
provide important context for studies of the modern ocean. For example,
low-oxygen events occurred during a period of abrupt (10°—10* year)
warming during the last deglaciation®, and the Mesozoic sedimentary record
documents Oceanic Anoxic Events (OAE) of ca. 10%year periods of
deoxygenation of the global ocean, coinciding with periods of extreme heat
and measurable changes in the global carbon cycle’. Nevertheless, the
response of oceanic oxygen to global warming is poorly constrained and is

likely to be complex; for example, a notable reduction in the extent of
oxygen-depleted regions of the ocean has been documented in the eastern
tropical North Pacific during the warm Middle Miocene and Early Eocene
Climatic Optima'’.

These studies imply that past changes in oceanic oxygenation
were spatially and temporally heterogeneous, ascribed to variations in
nutrient supply, respiration rates and changes in deep ocean venti-
lation rates™'*''. Regional variations in oxygen concentrations before,
during and after Cretaceous OAEs are supported by Earth Systems
Models; these suggest that both ocean stagnation and palaeogeo-
graphy played important roles in spatially variable changes in deep
ocean ventilation patterns, with additional variations related to
orbital eccentricity cycles*®."'*. The current response of oceanic
oxygenation to warming is thus uncertain, so that assessments of the
redox status of ancient oceans during periods of hot climate, both
locally and globally, can provide a useful framework for modern
deoxygenation studies. Importantly, most of the published work has
focused on intervals that have major carbon isotope perturbations
which suggest large-scale changes in the carbon cycle, rather than
general state changes with small deviations.
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Fig. 1 | Location maps of the study site. a Map of the British Isles showing the location of the Ebberston-87 core in Yorkshire, UK; b Global palaeogeographic map of the Late
Jurassic, modified after ref. 78. The yellow arrow points to the location of the Ebberston-87 core at the time of deposition.

The local to global redox state of ancient oceans has been commonly
inferred from organic-rich shales using both palaeontological and ichno-
logical observations'>'’, and a range of geochemical proxies including trace
metal concentrations'”™"’, Fe speciation®””' and metal isotopes™ . Whilst all
shed important light on the related physical, biological, and chemical pro-
cesses that lead to large-scale organic carbon sequestration in marine
sediments, it is the isotopic composition of seawater thallium (¢**T1) that
responds earliest to changes in global marine (de)oxygenation, such as the
extent of hypoxia™***~.

The isotopic compositions of the known inputs of TI to the ocean
are generally near —2.0 + 1.0" e-units (or %o0) and are not thought to
have varied much through geological time. Temporal variations in sea-
water £”°T1 therefore reflect changes in oceanic thallium sinks, which are
primarily (a) alteration of ocean crust (estimated at 63% removal) with a
relatively small isotopic fractionation from seawater (A*”Tl=—1.2 &-
units), and (b) sorption by Mn oxides and their preservation in marine
sediments (32% removal**"***") with a large isotopic fractionation from
seawater (A’”Tl=~+16 e-units)’"”. Thus, the Mn oxide sink plays a
larger role in the temporal variations in £*”T], reflecting the extent of Mn
oxide preservation. Furthermore, on sub—lOs—year timescales, the rate of
alteration of ocean crust can be assumed to be relatively constant as this is
likely related to seafloor spreading and should not cause measurable
perturbations in €*”Tl; changes in seawater €Tl therefore specifically
indicate the extent to which Mn oxides are preserved in sediments. More
detail on the simple model used to assess controls on €Tl in seawater is
given in the Methods and in Supplementary Fig. 1.

The seawater residence time of Tl is ~18.5 kyr™”, which is long
enough for €Tl to be homogenous throughout the marine reservoir
but short enough to detect rapid changes in (de)oxygenation, through
variations in Mn oxide burial, occurring on 10*year timescales. The
preservation of Mn oxides into sediments can only occur when bottom
waters and porewaters are highly oxygen-depleted, due to the reductive
dissolution of Mn oxides*** in both the water column and during early
burial. Thus, sub-10%year shifts in seawater €*T1 are an indication of
changes in the proportion of the ocean bottom water that are oxygen-
depleted. Although there is no specific or universal oxygen level below
which Mn oxides cease to be preserved in sediments, field data™”
suggest that it is likely to be around the hypoxic threshold of
~60 pmol/kg (2 mg/kg), below which O, levels are detrimental to most
aerobic organisms, with major impacts on the functioning of marine
ecosystems”*”’. Importantly, Sampaio et al.” suggest that the ecological
impacts of future hypoxic events may be greater than those driven by
ocean warming and acidification. During intervals of increased bottom
water oxygenation and Mn oxide preservation, ¢*Tl will be more

negative. Currently, around 5% of the global ocean is hypoxic®* and

30,33

the £°®Tl of seawater is —6.0** due to the expansive, global burial of
isotopically positive e*°T1 Mn oxides. Under increasingly hypoxic and
anoxic conditions, sequestration of Mn oxide into sediments will
decrease and £**T1 will become less negative, shifting toward the global
seawater source value of around —2”.

Results and discussion

Late Jurassic Palaeoenvironment

The late Jurassic (161-145 Ma) has been thought to be a period of relative
climate stability but when atmospheric pCO, concentrations were
approximately four times the current value*, resulting in hot and humid
‘greenhouse’ climate conditions. Sea surface temperatures of ~25-30°C
have been suggested to occur as far south as 60°S***’. In NW Europe, the
Upper Jurassic Kimmeridge Clay Formation (KCF) contains a detailed
record of sedimentary and oceanographic conditions at this time, spe-
cifically for the epicontinental Laurasian Seaway that connected the
Arctic and Tethys Oceans*. Climate reconstructions suggest that the
UK sector of the Boreal Sea was a wet and humid, tropical environment,
with the Intertropical Convergence Zone (ITCZ) at a latitude of around
35°N*. Importantly—and in contrast, for example, to the early Jurassic
Toarcian Oceanic Anoxic Event*®*~’—there is neither carbon isotopic
evidence for a notable alteration of the global carbon cycle™*™, nor evi-
dence for faunal shifts in those marine ecosystems that can be recorded
through palaeontological studies'.

Here, we have analysed sediments deposited between 150 and 149 Ma,
from the upper Pectinatus wheatleyensis to the lower Pectinatus pectinatus
ammonite biozones, which are amongst the most organic-rich shales within
the KCF in the region, with organic carbon contents averaging 7 wt% (range
from 1 to 25 wt%). These samples, from northern England, are strati-
graphically correlated to southern England and northern France*****"™.
The generally high and often exceptionally high abundances of preserved
organic matter, along with other geochemical proxies, have been previously
used to suggest generally reduced oxygen contents in regional bottom
waters, but with fluctuations, from oxic to euxinic, on a range of timescales,
including orbitally-paced’>”**. However, although there is well-
documented evidence for periodic deoxygenation of bottom waters at
these sites of major accumulations of sedimentary organic matter®, the
global oxygenation levels of the oceans are unknown on timescales of
10°~10° years, as are any relationships between global and local
oxygenation.

Forty samples were taken from the Ebberston (EB) 87 core (Fig. 1)
curated by IFP Energies Nouvelles, Chartres, France. The core was drilled in
the Cleveland Basin (Yorkshire, UK), one of many small, extensional basins
in the epicontinental Laurasian Seaway, which was fully connected to the
open ocean at this time™*. With a sampling resolution of around 25,000
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years (approximately 1 sample per metre), similar to the modern marine
residence time of T1, this represents one of the highest temporal resolution
studies of the global ocean’s deoxygenation and reoxygenation, over a period
of 1 million years. In addition, more commonly used geochemical proxies
allow us to examine the local oxygenation status and to investigate what, if
any, constraints can be drawn on global oxygenation from studies at single
locations.

Local ocean oxygenation

Most of the study section is described in detail in refs. 60,67, comprises
relatively homogenous, bioturbated mudstones that are predominantly
composed of detrital quartz, clay minerals and organic matter that, based
on its petrographic characteristics and carbon isotopic composition
(Fig. 2), has a mainly terrigenous origin. Most trace metal/Al ratios are
similar to average shale, as is Fer/Al” (Fig. 2). However, Mn/Al ratios are
much lower than those of average shale and U/AI ratios are slightly
elevated® (Fig. 2); these ratios suggest that both pore waters and over-
lying bottom waters were hypoxic. Iron speciation data are also con-
sistent with hypoxia (Fig. 2): Fer/Al ratios are close to those of average
shale; Feyyr/Fer ratios are commonly around 0.4, which is just above the
threshold for anoxic bottom waters™’; Fepy/Fepy ratios range from 0.2 to
0.8, which suggests that sediment pore waters were sulphidic but lack
strong evidence for euxinia®'.

There are three sedimentologically and geochemically more variable
intervals that are highlighted in grey on Fig. 2. These intervals partly
comprise similar sediments to those in the main sections but are domi-
nated by two facies that indicate distinctly different local ocean conditions.
One is a coccolith-dominated, medium-grained mudstone that includes
coccolith-rich faecal pellets, clay minerals, detrital quartz and marine
organic matter. The second is an exceptionally organic matter and cal-
careous pellet-rich, laminated mudstone. Thin section analysis™"" shows
that, despite exceptionally high concentrations of marine organic matter
and strong evidence for high levels of primary productivity (Fig. 2), both
sediment types were periodically reworked by—presumably oxygenated—
bottom currents. Many of the most organic-rich sediments are highly
enriched in iron, with Fer/Al ratios above 0.7 and as high as 2.1 (Fig. 2).
Values of Fer/Al >0.7 indicate an additional, lateral supply of iron to the
place of preservation™; here, Feyg/Fer ratios >0.5 in the Fe-enriched
sediments indicate that much of the additional iron was supplied as oxides,
and Fep,/Fep ratios between 0.6 and 0.8 show that much of the reactive
iron was converted to, and preserved as, pyrite.

The additional iron was most likely supplied by lateral advection within
surface oxygenated waters as a ‘particulate shuttle of iron oxide’ to locations
where conversion to, and preservation as pyrite occurred where pore waters
and/or bottom waters were sulphidic®**”’. This is supported by high ratios
of Mo/U in the most Fe-enriched sediments (Fig. 2). As redox-sensitive
elements, both Mo and U are preferentially preserved in anoxic and sul-
phidic bottom/pore waters, but Mo is a much more particle-reactive ele-
ment than U and is, thus, preferentially supplied to areas of deposition
sorbed to iron oxides within the shuttle®*”. Periodically euxinic local con-
ditions are possible but unproven, although photic zone anoxia has been
suggested by the presence of isorenieratene in laterally equivalent sediments
from southern England®.

Global ocean deoxygenation and reoxygenation

€Tl values range from —6.6 to —2.9, with most data between —6.6 and
—5.3. Fluctuations in €Tl occur on different timescales and are not
simply related to sedimentology or the redox-sensitive geochemical
intervals discussed above (Fig. 2). Broad trends in the data, marked as
Sections i to v on Fig. 2, are: (i) an increase in Tl from —6.4 to —3.4
between 72 and 63 m; (ii) the most positive values of —4.2 to —2.9
between 63 and 55.7 m; (iii) a decrease in €Tl from —3.1 to —6.0
between 55.7 and 50.0 m; (iv) fluctuations between —6.6 and —4.2
between depths 50.0 and 40.5 m; and (v) an increase in €Tl from —6.6
to —4.1 between 41.5 and 31.1 m (Fig. 2). Within these broad trends, one

e-unit differences are common between samples, with a maximum shift
of 2.4 e-units between samples at 55.7 and 54.3 m depth.

The most negative £*°Tl value (—6.6 + 0.3) is similar to modern-day
seawater (—6.0 +0.3), suggesting that at certain times (e.g. lower part of
Section i and parts of Sections iv and v, Fig. 2), Mn oxide burial rates were
similar to those in the modern ocean, and that global seawater redox
conditions were predominantly oxic. This assumes that other Tl fluxes,
such as the alteration of ocean crust had near-modern values. Whilst the
rate of production of ocean crust in the Jurassic was ca. 25% greater than
today’s value’’, the effect of a 25% increase in the removal rate of Tl into
ocean crust is only to shift £ T1 of seawater by <1 e-unit™, so that greater
shifts in £*®Tl require a change in the rate of Mn oxide burial. Fur-
thermore, on the 1 Myr time scale of this study, the production rate of
ocean crust is effectively constant, so that shifts in €”TI in this study
relate specifically to changes in the burial rate of Mn oxides. We do,
however, note that Mn/Al ratios throughout the section are much lower
than average shale™, suggesting that locally, bottom waters were at least
hypoxic, much like oxygen minimum zones on the eastern edges of
modern ocean basins; as noted previously, around 5% of the modern
ocean is considered hypoxic**™*.

If €”T1 values of -6.6 are indicative of ocean bottom waters that are
almost entirely oxic and can thus preserve Mn oxides throughout (as
interpreted in ref. 25 prior to the Toarcian Oceanic Anoxic Event),
deviations in £*°T1 to more positive values can be used to infer increasing
deoxygenation of the global ocean. As outlined in the Methods and
Supplementary Fig. 1, an oceanic TI isotopic mass balance model can be
used to estimate global changes in the depositional fluxes of Mn oxides
and the extent to which the ocean is hypoxic, with the following four
assumptions: (a) €Tl values of around —2.0 for oceanic Tl inputs; (b) an
average isotopic fraction (A*°TI) of —1.2 for the altered oceanic crustal
sink, () an average ATl of +16 for the fractionation of Tl isotopes
between seawater and sorption onto Mn oxides”, and (d) a linear rela-
tionship between the depositional flux of Mn oxides and the proportion of
the ocean floor that does not preserve Mn oxides. For the most positive
€Tl value of —2.9 (59.7 m, Section ii, Fig. 2), this equates to around 70%
less Mn oxide burial. Forty percent of the €Tl data are more positive
than -5.3, a value which suggests up to ~30% less Mn oxide burial
compared to both (a) the maximum burial rates during the 1 Myr period
studied here and (b) approximately, the modern ocean. In other words, if
the amount of Mn oxide burial directly scales with area, for 400,000 of the
million years interrogated in this study, > ca. 30% of the ocean bottom was
hypoxic.

Previous studies have used large-scale Earth System ocean-atmosphere
models to suggest that Jurassic and Cretaceous oceans were highly sus-
ceptible to deoxygenation. For example, in the Cenomanian and
Toarcian'*'"*”?, the models suggest that changes in ocean circulation pat-
terns, controlled by a combination of palaeogeography and orbitally
induced variations in deep water formation, result in substantial changes in
the spatial patterns of oceanic dissolved oxygen; there are also substantial
changes in Tl isotopes™”’. The thallium isotopic evidence presented here
provides direct evidence supporting the modelling results in terms of the
general susceptibility of Jurassic-Cretaceous oceans to extensive deox-
ygenation, in this case between 150 and 149 Ma. These Tl isotope data are
some of the first evidence that demonstrates the reality of geologically rapid
fluctuations in global bottom water oxygen, at a resolution suggesting that
subtle, difficult to observe changes in ocean circulation caused substantial
changes in deep water oxygen levels.

Rates of both deoxygenation and reoxygenation of bottom waters vary
substantially. For example, between 72 and 66.3 m (Section i, Fig. 2), a
period of ca. 130 kyr assuming a constant sedimentation rate of 40 m/Ma,
£®Tlincreases from —6.4 to —5.5. This suggests an ocean in which hypoxic
bottom waters increase from 5 to 26% of ocean area, assuming that Mn-
oxide burial is distributed homogenously throughout an oxic ocean. The
average, long-term rate of deoxygenation is then 0.007% per 50 yr, 300 times

slower than the current 2% deoxygenation over the last 50 years"”.
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Fig. 2 | Geochemical redox indicators, total organic carbon (TOC), 6’3C(,rg, and
facies log of the Ebberston-87 core, 150-149 Ma. £*T1 data (this study; 20
analytical errors are shown as horizontal bars) are divided into five sections
indicated in the Tl isotope panel as i to v; see text for description and discussion.
Note that shifts to less negative Tl values indicate less preservation of Mn
oxides and related deoxygenation of bottom waters (see Methods and Supple-
mentary Fig. 1 for model details). Fe speciation data (this study), and redox
sensitive trace elements® (Mn/Al, U/AL and Mo/Al; ppm/wt %). Feyg highly
reactive iron, Fer total iron, Fep, iron bound in pyrite (this study). Dashed
vertical lines on Mn/Al, U/Al and Fey/Al are values for global average Phaner-
ozoic shale®. Dashed vertical lines on Feyr/Fer are values suggested to

differentiate oxic (<0.21) environments from a possibly anoxic (0.21-0.38) and
b ferruginous (>0.38)”". Dashed vertical line on Fepy/Fepg is the value (>0.8)
suggested to differentiate euxinic environments from non-euxinic
environments”'. Three periods with much higher TOC contents and isotopically
heavier organic matter are indicated with grey shading. They represent times of
enhanced preservation of marine organic matter, against a background of iso-
topically lighter, terrestrial organic matter. Facies 1: Clastic, detritus-rich,
medium-grained mudstone; Facies 2: Organic material and calcareous pellet-rich,
laminated mudstone; Facies 3: Coccolith-dominated medium mudstone; Facies 4:
Agglutinated foraminifera-bearing, medium to coarse, carbonaceous mudstone;
Facies 5: Biogenic detritus-dominated, fine to medium mudstone (see ref. 67).
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From 37.7 to 31.1 m (Section v, Fig. 2), & Tl shifts from —6.1 to —4.0,a
change from almost fully oxic bottom waters to 55% hypoxic, at a rate of
0.018% per 50, 100 times slower than that in the last 50 years. The most
rapid deoxygenation occurs between 66.1 and 65.7 m (Section i, Fig. 2),
where €% Tl shifts from —6.5 to —4.6. Over 10,000 years, the ocean changed
from having almost fully oxic bottom waters to 40% hypoxia, at an average
rate of 0.2% per 50 yr. Partial reoxygenation occurred immediately after-
wards (Section i, 65.7 to 65.5 m), with hypoxic areas decreasing from 40 to
25% over ca. 5000 years; a similar oxygenation rate to the prior deox-
ygenation. These data suggest that hypoxic bottom waters periodically
extended into the abyssal plain bottom waters, assuming Mn oxide burial
occurs in all depositional environments equally. Whilst in the Jurassic,
higher sea levels would mean that the continental shelf was larger than
today, only 16% of the modern ocean comprises continental shelf and slope,
and 70% of the modern ocean is abyssal plains.

A change over 10,000 years, from an ocean with almost fully oxic
bottom waters to one in which 40% of bottom waters were hypoxic,
represents a deoxygenation rate that is similar to or even faster than that
observed in the period directly leading up to OAE-2*. Unlike OAE-2,
however, there is no global carbon isotope evidence at 150-149 Ma for a
notable change in the global carbon cycle, which might suggest global,
anoxia-related preservation of organic matter. Whilst there are major spikes
in the isotopic composition of organic carbon seen in Fig. 2, these specifically
reflect the enhanced preservation of isotopically distinct marine organic
matter against the background of terrestrial organic matter in the rest of the
section®™”’, and is, thus, a local record and not indicative of a global increase
in organic carbon preservation.

It is important to recognise that deoxygenation rates estimated from
£%Tl in the geological record are strictly changes in the rate of Mn oxide
burial, with the assumption of a linear relationship between Mn oxide
burial (related to the area of deoxygenated bottom water and sediment)
and ocean deoxygenation. In contrast, the calculation of the rate of
deoxygenation of the modern ocean is based on volume', so that the
ancient and modern deoxygenation rates are not strictly comparable.
Whilst caution is needed in comparing ancient and modern, the current,
2% deoxygenation rate measured over the last 50 years"” is an order of
magnitude faster than the rates estimated in this study of the late Jurassic.
We also note that with a longer-term future perspective (10*~10° years),
modelling studies™ suggest that continued global warming will lead to the
expansion of oxygen-deficient waters to areas similar to those observed
both during OAEs and in this study.

Local vs. global ocean oxygenation

The data plotted in Fig. 2 show no clear relationships between global
oxygenation, expressed as variations in €Tl, and the sedimentology,
organic carbon (OC) content or redox-related geochemistry of the
sediments® (see full dataset in Supplementary Data, and in Supple-
mentary Tables 1 and 2). €Tl values in the homogeneous sections with
lower organic matter contents (broadly, TOC < 5%; §"”Coyg <26 %o),
range from —6.0 to —2.9, indicating that these sediments were deposited
in a global ocean that had bottom waters that ranged from being almost
fully oxic to ones that were ~70% hypoxic (Fig. 2). Locally, these sections
are characterised by (i) hypoxic redox conditions based on the local redox
indicators (Fig. 2), (ii) OC contents of 1-3% dominated by terrestrial
Type III organic material, (iii) an absence of blooms in primary pro-
ductivity, and (iv) relatively low depositional energy®**.The €Tl data
show that these conditions occurred at times when the global ocean was
both well oxygenated and poorly oxygenated; in turn, this means that
local geochemical and sedimentological observations are not clear indi-
cators of the oxygenation state of the global ocean.

The danger of extrapolating local indicators of oxygenation to the
global ocean has previously been inferred from studies of the Toarcian
OAE*>”, Despite being suggested as an OAE based on carbon isotope
shifts, there is in fact limited evidence for the development of global ocean
anoxia at that time”. Although organic carbon burial rates in anoxic/euxinic

basins in Europe increased by a factor of five, sites elsewhere likely remained
oxic and show limited changes in organic matter enrichment™. Never-
theless, a key difference between our study and the Toarcian OAE, is that
during the period of our study (150-149 Ma), there is no evidence for a
change in the global carbon cycle of sufficient magnitude to be detected
through perturbations in carbon isotope records.

The three intervals that include sediments with the highest OC
contents (36.9-39.5 m; 45-46.7 m; 65.5-68.5 m) are typically associated
with €Tl values from —6.6 to —4.6, and thus a more oxygenated global
ocean than the lower OC intervals. During these three periods, in which
the preservation of marine organic matter is greatly enhanced, £*°Tl
values fluctuate rapidly, with shifts of 1 e-unit over ca. 10,000 years,
corresponding to a 20 % change in global, bottom water hypoxia (Fig. 2).
There is no relationship between ¢TI and the local OC contents and
redox proxies of the sediments, so the link between local and global
oxygenation is highly ambiguous. A generally more oxygenated water
column during these periods is consistent with a more vigorous ocean
circulation that is recorded in these sediments by erosive events and by
sediment deposition from bottom water currents®. Oscillations between
the higher/lower variable mudstone intervals on the shallow, epiconti-
nental Laurasian seaway have previously been attributed to orbitally
modulated shifts in the position of the ITCZ*. As a result of movements
in the ITCZ, itis possible that cyclone frequency in this region was higher
during the higher variability periods than during the periods over which
the majority of the sediments were deposited”®, explaining the common
observations of sediment transport and erosion during these intervals. A
more vigorous circulation is also consistent with enhanced upwelling
and nutrient supply to the epicontinental shelf, enhancing primary
productivity and resulting in both the coccolith-rich and OC-rich
sediments—and in some cases, locally, to euxinic bottom waters.

Conclusions

In a period of hot and humid climate between 150 and 149 Ma, geologically
rapid fluctuations in ocean Tl isotope records indicate several episodes when
there appears to have been reductions of up to 70% in the global burial of Mn
oxides, suggesting major expansions of hypoxic bottom waters. While these
fluctuations in Mn oxide burial and deoxygenation occurred on timescales
of 10*-10° years, the rates of deoxygenation are still an order of magnitude
lower than those occurring in the modern ocean.

At the same time, there are no dramatic changes in the global carbon
cycle to sufficiently perturb carbon isotope signatures recorded in organic or
inorganic carbon records. This suggests that the ocean can have lower Mn-
oxide burial and thus likely lower marine oxygen conditions, that may not
lead to substantially increased global burial of OC and a subsequent shift in
the isotopic composition of atmospheric and marine carbon. Furthermore,
those periods between 150 and 149 Ma during which the global ocean was
more hypoxic do not coincide with times of maximum enrichment of
sedimentary organic matter in NW Europe. This emphasises the impor-
tance oflocal oceanographic conditions on the production and preservation
of organic matter and warns against giving local to regional studies a global
significance without more context.

Overall, the combination of carbon and thallium isotope data
suggests that marine (de)oxygenation might be more dynamic
throughout the Phanerozoic than previously thought, indicating the
need to understand how ‘normal” or ‘baseline’ oxygenation conditions
may have fluctuated throughout the geologic record, and not only
during widely documented OAEs. Equally, the expansion of hypoxic
waters, as revealed here by Tl isotopes, may have profound con-
sequences for the biology and biogeochemistry of the oceans, both in the
geological past”’— and into a warmer future.

Methods

This study builds on the geochemical and petrographic studies reported in
refs. 60,67, which can be referred to for further detail. Additional data
presented in this paper are the analysis of 49 samples for Fe speciation and
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42 samples for Tl isotope composition; assuming a constant sedimentation
rate, the sampling frequency is approximately 25 kyr.

Sequential iron extraction

Sequential iron extraction was conducted upon 100-200 mg of sample
following the methods in ref. 20, operationally defining ‘highly reactive’ iron
(Fenr) and pyrite Fe (Fepy). In summary, the first step used a sodium acetate
solution, buffered to pH 4.5 with acetic acid, to extract the carbonate phases
of the sample (e.g. FeCO; and Ca(Fe, Mg, Mn,(CO3),)). Sodium dithionite,
buffered to pH 4.8 with 0.35 M acetic acid and 0.2 M sodium citrate, was
then used to extract the Fe associated with crystalline oxides (e.g. FFOOH
and Fe,0;). Then, Fe in the magnetite (Fe;O,) was extracted from the
sample using 0.2 M ammonium oxalate, 0.17 M oxalic acid buffered to pH
3.2 to ammonium hydroxide. The supernatant was collected after each
extraction and diluted appropriately prior to analysis. Fe concentrations
were determined using an Agilent 7500cs inductively coupled plasma
spectrometer. Chromium reducible sulphide extraction was carried out
following the methods outlined in ref. 79. Pyritic sulphur was extracted by
heating 500 mg of sample with a chromium chloride and hydrochloric acid
solution for two hours. The evolved hydrogen sulphide gas was passed
through a sodium citrate trap and precipitated as silver sulphide (ZnS),
which was filtered, dried, and weighed and used to calculate wt% pyrite
sulphur stoichiometrically.

Thallium isotopes

Forty two samples were analysed for Tl isotopes following the ana-
lytical procedure in ref. 24. Fifty milligrams of sample was treated
with 2M HNOj; at 130°C for 12h to remove the authigenic com-
ponent of Tl. Samples were centrifuged multiple times and the
supernatant (i.e. authigenic component) was collected and treated
with HNO; and HCI to remove organic material. Anion exchange
chromatography was conducted to purify the Tl and quantitatively
remove Pb using a single micro-column method and AG1X8 anion
exchange resin from Biorad. Tl isotope compositions were measured
using a Thermo Scientific Neptune multi-collector inductively cou-
pled plasma mass-spectrometer. Thallium isotopic compositions are
compared to the NIST 997 thallium metal standard and reported as:

EZOSTI — (205T1/203Tl 205T1/203T1NIST997)/(205T1/203T1N15T997) X 10’ 000

sample —
with an analytical error for the SCo-1 geostandard of +0.3 € units, the long-
term laboratory analytical uncertainty. All analyses were conducted in the
National High Magnetic Field Laboratory at Florida State University.

Ocean Tlisotope mass balance and estimation of Mn oxide burial
in sediments

We use an isotope mass-balance model” to estimate changes in the burial of
Mn oxides inferred from observed shifts in the T1 composition of seawater:

gsw = &N — Aunox T (Awinox = Aaoc) (Fyinox/Faoc) + 1) (1)

where &gy and ey are the T1 isotope compositions of seawater and total
inputs respectively; Apnox and Axoc are the isotopic differences between
seawater and Mn oxides, and seawater and altered oceanic crust (AOC),
respectively; Fyr,ox and Faoc are the relative fluxes of seawater Tl removal
via Mn oxides and altered oceanic crust, respectively. The Tl isotope com-
position of marine inputs is effectively constant, as are the TI isotope frac-
tionation factors associated with sorption of Tl by Mn oxides, and the
alteration of ocean crust”’. Because the Tl isotopic composition of marine
inputs is constant, it is the relative removal rate of T] from seawater by Mn
oxides and AOC, and how this changes, that governs the TI isotope com-
position of seawater. The production rate of ocean crust in the Jurassic was
around 25% higher than it is today, so that F5oc may have been similarly
enhanced. However, a 25% increase in the flux of Tl into altered ocean crust
would only change &, by less than one e-unit (see ref. 27). Furthermore,

Faoc depends directly on the long-term (multi-million year) average ocean
crust production rate, which can be assumed to be effectively constant over
time scales shorter than one million years, as for this study. Here, therefore,
changes in the Tl isotope composition of seawater depends almost
exclusively on the rate of T1 burial associated with Mn oxides.

Assuming Tl isotopic fractionation values of (a) —1.2 e-units for the
alteration of ocean crust and (b) + 16 €-units for sorption by Mn oxides
and their preservation in marine sediments”**"*’, Eq. 1 can be used to
show how &, changes as a result of changes in the flux (preservation
rate) of Mn oxides, assuming that Fyoc is constant. This is shown in
Supplementary Fig. 1.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The geochemical dataset generated for and analysed within this study is
available in the Figshare repository at https://doi.org/10.6084/m9.figshare.
32144395. More geochemical data related to these samples are available in
the PANGAEA data repository at https://doi.org/10.1594/PANGAEA.
903744.
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