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Abstract Many metals present in trace concentrations in the oceans are sensitive to reduction and oxidation
reactions (termed redox-sensitive trace metals or RSTMs) and can therefore be affected during intervals of
expanded oceanic anoxia and euxinia (anoxic and sulfidic waters). These RSTMs are important micronutrients;
and their availability plays a significant role in controlling metabolic pathways and therefore ecosystem
structure. Understanding the links to ecosystem restructuring and potential collapse is important since past
deoxygenation events are associated with biological turnover. The Early Jurassic Toarcian Oceanic Anoxic
Event (T-OAE) was one such event. We focus on the RSTM molybdenum (Mo), important in the nitrogen
cycle, from a basin transect where local redox conditions permit the tracking of the marine reservoir of Mo. Mo
enrichments start to decline in the Pliensbachian, continue to decline in the early Toarcian, drop precipitously
during the T-OAE interval, and remain low afterward before a protracted increase toward the initial values seen
in the Pliensbachian. From a compilation of available data, we estimate that ~41 Gt of Mo was buried during
the T-OAE using a range of possible flux estimates. Given the known correlations of Mo with total organic
carbon, the estimated burial of organic carbon during the T-OAE interval was ~244,000 Gt. This requires a
minimum of 3.25% of the ocean floor to be covered by euxinic waters. Finally, we suggest that the intervals
traditionally classified as OAEs are associated with the greatest extent of euxinia.

Plain Language Summary Marine metal availability in low amounts is important for organisms
that use sunlight to produce energy; thus, a significant reduction in their availability would have profound
impacts on the base of marine ecosystems. Using sedimentary molybdenum (Mo) concentrations from a
unique region of the Panthalassan (ancient Pacific) superocean, we have reconstructed the marine Mo contents
of the global oceans, for the first time, across the Early Jurassic Pliensbachian-Toarcian mass extinction and
the Toarcian Oceanic Anoxic Event (T-OAE). We document a significant decrease in the availability of this
bioessential trace metal during this time interval, which may have contributed to the observed marine mass
extinction. Using our new Mo data, we calculated the amount of organic carbon (OC) buried in the oceans and
compared it with previous estimations of carbon release that occurred during the T-OAE. Our new estimates
suggest that much more OC was buried than previously estimated. If our modern oceans continue to lose
oxygen at high rates, then the future oceans may experience another catastrophic reorganization of the marine
ecosystem structure due to not only oxygen loss, but also major decreases in bioessential trace metals.

1. Introduction
1.1. Oceanic Anoxic Events and Redox-Sensitive Trace Metals

Oceanic anoxic events (OAEs) have historically been recognized by organic matter-rich deposition in marine
environments across several basins (e.g., Schlanger & Jenkyns, 1976), which were suggested to represent an
expansion of marine anoxia. The stratigraphic extent of an OAE is typically defined by a carbon isotope excursion
(CIE) that represents a perturbation to the global carbon cycle. These excursions are found worldwide. Often,
but not always, an OAE is characterized by locally elevated organic carbon (OC) concentrations in sedimentary
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deposits (as reviewed by Jenkyns (2010), Kemp, Suan, et al. (2022), and Owens et al. (2018)). Studying OAEs
may provide an understanding of the link between past events of environmental change and biological evolution
(e.g., increased turnover, mass extinctions, etc.). Although OAEs are, as their name suggests, thought to be
associated with major changes in the extent of marine redox conditions on a global scale, recently new proxies
have been developed to more accurately track the degree of deoxygenation and its temporal extent (e.g., Bowman
et al., 2019; Newby et al., 2021; Ostrander et al., 2017; Them et al., 2018; see Owens, 2019)—suggesting reduc-
ing condition are not limited to only the OAE interval.

Understanding the link between the availability of redox-sensitive trace metals (RSTMs) and biological evolu-
tion in the marine system across ancient extinction events is also becoming increasingly critical to our society.
The modern global ocean has lost more than 2% of its dissolved oxygen over the past 50 years linked to climatic
warming (e.g., Schmidtko et al., 2017). Shoaling of hypoxic regions of the open oceans can lead to habitat
compression for aerobic organisms (e.g., Kohn et al., 2022). Projections of O, loss suggest that this trend will
continue for at least centuries (e.g., Keeling et al., 2010; Long et al., 2016). Additionally, it has been docu-
mented that O, loss has a rapid negative influence on aerobic ecosystem structures in the oceans (e.g., Breitburg
et al., 2018; Diaz & Rosenberg, 2008; many others). In the modern marine environment, a healthy and fully func-
tioning phytoplankton-driven ecosystem is directly controlled by nutrient availability in the oxygenated upper
ocean, which includes many RSTMs (e.g., Morel & Price, 2003). Redox-sensitive trace metals (e.g., Mo, V, Cu,
and others) are necessary for several metabolic processes including photosynthesis, and these requirements are
thought to have remained relatively constant throughout biological evolution over much of geologic time (e.g.,
Reinhard et al., 2013).

Bioessential RSTMs such as Mo also have a wide range of individual chemical and redox sensitivities (Anbar
& Knoll, 2002; Lyons et al., 2014; Reinhard et al., 2013; T. J. Algeo & Maynard, 2004), and many RSTMs are
enriched in reducing marine or estuarine sediments or sediments deposited under anoxic to euxinic (anoxic and
sulfidic) water columns (e.g., Bennett & Canfield, 2020; Tribovillard et al., 2006). In the modern oxygenated
ocean, for example, ~35% to 50% of molybdenum (Mo) is removed via adsorption onto manganese oxyhydrox-
ides (Mn-oxides) in marine sediments (e.g., Bertine & Turekian, 1973; Morford & Emerson, 1999; Shimmield
& Price, 1986; Takematsu et al., 1985). Molybdenum accumulation in these environments is slow, but much of
the Mo lost from the oceans today leaves through this sink since these sediments cover a large portion of the
modern seafloor (Bertine & Turekian, 1973; Scott & Lyons, 2012). On the other hand, ~50% to 65% of Mo is
removed in the oceans through scavenging via organic matter or sulfides in sulfidic water columns or sediments
(e.g., Scott et al., 2008; cf. Chappaz et al., 2014). This occurs because Mo transforms into a particle-reactive oxy
thiomolybdate (MoSnO2‘<4,n>) under sulfidic conditions (e.g., Erickson & Helz, 2000). The seafloor covered by
euxinic waters represent only a small (<<1%) portion of the modern global oceans, however note that the burial
efficiency (i.e., the ability of an OC compound to withstand remineralization) in these environments is much
greater than in their oxygenated counterparts (Canfield, 1994).

Molybdenum concentrations in sediments deposited under euxinic waters often reach values >100s ppm, whereas
sediments with sulfide restricted only to pore waters have Mo concentrations <~30 ppm (Scott & Lyons, 2012).
Molybdenum concentrations between ~30 and 100 ppm can also result from natural (e.g., seasonal, annual,
etc.) variability in water column redox conditions (e.g., Scott & Lyons, 2012 and references therein). Varying
sedimentation rates and diffusion rates of Mo and S into sediments can also cause Mo concentrations to overlap
(<25 ppm) from fully oxygenated to euxinic end-member environments (e.g., Hardisty et al., 2018). Therefore,
enrichments of Mo have been used as proxies for locally reducing conditions due to its efficient removal in
these environments (e.g., Bennett & Canfield, 2020; Chappaz et al., 2014; Hardisty et al., 2018; T. J. Algeo &
Liu, 2020; Tribovillard et al., 2006; many others).

While there has been much research focused on resolving long-term changes in marine RSTM inventories during
the Archean and Proterozoic (e.g., Lyons et al., 2009, 2014; Partin et al., 2013; Reinhard et al., 2013; many
others), less is known regarding the global fluctuations during intervals of marine deoxygenation in the Phanero-
zoic. It has long been speculated that ancient time intervals associated with widespread marine anoxia and organic
matter deposition have the capacity to draw down the RSTM marine inventory (e.g., Emerson & Huestead, 1991).
For example, Algeo (2004) suggested that Late Devonian RSTM records in the Appalachian Basin indicate
a global depletion of the marine RSTM reservoirs driven by widespread postoxic (e.g., non-sulfidic anoxia)
conditions during an interval of increased OC burial. Subsequently, drawdown of the marine reservoirs has been
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Toarcian paleogeography

Figure 1. Global paleogeography of the early Toarcian (modified from Scotese (2001), Them, Gill, Caruthers, et al. (2017),
and Them, Gill, Selby, et al. (2017)). Black circles represent study sites. Hatched outline in southern Africa and Antarctica
represents location and extent of Karoo-Ferrar large igneous province. Dark gray represents landmasses, light blue represents
shallow seas, and dark blue represents open oceans. CPM represents the Central Pangean Mountains. Reprinted with
permission from Scotese (2001).

suggested to have occurred during several other events during the Phanerozoic including OAE-2 in the Creta-
ceous (Dickson, Saker-Clark, et al., 2017; Goldberg et al., 2016; Owens et al., 2016), the Lau Event in the Silurian
(Bowman et al., 2021) and the SPICE event in the Cambrian (Gill, Lyons, Young, et al., 2011; Gill et al., 2021).
Furthermore, the global marine RSTM inventory may have been more susceptible to increases in marine anoxia
(and therefore the bioavailability of RSTMs) as the marine reservoir may have been substantially lower than the
modern reservoir before these events (e.g., Bowman et al., 2021; Gill, Lyons, Young, et al., 2011; Gill et al., 2021;
Owens et al., 2016; T. Algeo, 2004). The drawdown of marine RSTMs, especially Mo, during OAEs may there-
fore have affected the basal ecology of the oceans, with the possibility of a larger impact on eukaryotes due to
their higher RSTM metabolic requirements (e.g., Liu et al., 2021; Owens et al., 2016).

1.2. The Early Jurassic Toarcian Oceanic Anoxic Event

Perhaps the most catastrophic Mesozoic OAE, in terms of environmental change and extinction, was the Early
Jurassic Toarcian Oceanic Anoxic Event (T-OAE; ~183 Ma; see Figure 1). Current understanding suggests that
it was most likely triggered by the emplacement of the Karoo-Ferrar large igneous province (LIP; e.g., Palfy
& Smith, 2000), whereby volcanogenic outgassing caused a host of biogeochemical changes and a cascade
of environmental feedbacks including massive outgassing of carbon from marine and terrestrial '2C-enriched
pools (e.g., Beerling & Brentnall, 2007; Hesselbo et al., 2000; Them, Gill, Caruthers, et al., 2017; Ruebsam
et al., 2019); a significant increase in strength of the hydrologic cycle, global weathering, and soil erosion (e.g.,
Chen et al., 2021; Izumi et al., 2018; Kemp et al., 2020; Liu et al., 2020; Percival et al., 2016; Them, Gill, Selby,
et al., 2017; Them et al., 2019; Xu et al., 2018); widespread marine anoxia and euxinia (e.g., Dickson, Gill,
et al., 2017; French et al., 2014; Gill, Lyons, & Jenkyns, 2011; Liu et al., 2021; Schouten et al., 2000; Schwark &
Frimmel, 2004; Them et al., 2018; van Breugal et al., 2006); a transition to bacterial-dominated microbial ecosys-
tems at some locations (e.g., Liu et al., 2021); and a global marine mass extinction (e.g., Caruthers et al., 2013;
Dera et al., 2010; Harries & Little, 1999).

As a result, the T-OAE produced a geochemically unique signature in the stratigraphic record, with one of its
hallmark characteristics being the widespread deposition of OC-rich sediments throughout many European
successions and other locations around the world (e.g., Jenkyns, 1988, 2010; Them, Gill, Caruthers, et al., 2017;
and others). The T-OAE is classically defined by a large (~2%o to 12%o), globally observed, negative carbon
isotope excursion (N-CIE) that occurs in lower Toarcian marine and terrestrial sediments that may interrupt a
somewhat cryptic broad positive CIE (e.g., Hesselbo et al., 2000; Ikeda et al., 2018; Jenkyns & Clayton, 1997;
Jin et al., 2020; Liu et al., 2020, 2021; Them, Gill, Caruthers, et al., 2017; Them et al., 2018). It has recently
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been suggested, however, that globally significant increases of expanded bottom-water anoxia began at the
Pliensbachian-Toarcian (P1-To) boundary, well before (and was sustained well after) the classically defined OAE
(Them et al., 2018), concomitant with the beginning of the main phase of the multi-phased extinction event
(e.g., Caruthers et al., 2013). This is significant because it suggests that widespread post-oxia or marine anoxia
occurred over a much longer timeframe (>1 Ma), and therefore its potential influence on marine RSTM invento-
ries may have also been protracted.

Currently, it is debated whether there were (a) global changes in marine redox during the T-OAE and (b) a global
drawdown of the RSTM inventory during the T-OAE (see McArthur, 2019; McArthur et al., 2008; Remirez &
Algeo, 2020b). Interestingly, both debates are linked to the power and reliability of geochemical proxies used
to reconstruct environmental change. Some have suggested that “evidence for a global OAE during the Early
Toarcian is weak” (e.g., Remirez & Algeo, 2020b), and others have proposed that the term “Toarcian oceanic
anoxic event be abandoned” (e.g., McArthur, 2019). This first debate (i.e., point (a)) is related to the observation
that not all Toarcian locations experienced local anoxia (whether in the water column or sediments) during the
OAE. Many authors focus on the OC concentration of sediments to infer local anoxia. This, however, cannot
be used as direct evidence of anoxia as total organic carbon (TOC) contents are not reliable indicator of bottom
water redox and it is common to have similar TOC contents in sediments deposited under fully oxygenated to
euxinic water columns (e.g., Canfield, 1994; Hartnett et al., 1998; Kemp, Suan, et al., 2022; Owens et al., 2018).
Other methods such as sedimentary iron speciation (in siliciclastic-dominated rocks) or iodine/calcium values
(in OC-lean carbonates) represent proxies that more explicitly track local redox changes and have shown the full
range of redox conditions spanning the T-OAE (e.g., Lu et al., 2010; Them et al., 2018). More importantly, it
has rarely been proposed that all areas of the oceans experienced anoxic or reducing conditions during OAEs
(but see Monteiro et al., 2012; Wang et al., 2021), and therefore it should not be surprising that many regions
(especially shallow areas within the mixed layer of the oceans, or central open-ocean gyres) remained rela-
tively well-oxygenated across these events; the view that the entire ocean, or even most of the ocean, became
anoxic represents one of the most common misconceptions regarding marine redox evolution across OAEs (see
Monteiro et al., 2012; Wang et al., 2021).

For the early Toarcian interval, however, novel sulfur, thallium, and Mo isotope data argue for an increased
geographic extent of anoxic and euxinic bottom waters, likely on a global scale (e.g., within multiple ocean
basins; Dickson, Gill, et al., 2017; Dickson, Saker-Clark, et al., 2017; Gill, Lyons, & Jenkyns, 2011; Them
et al., 2018), but again not the entire ocean. The thallium isotope data from Them et al. (2018) also suggest
initial deoxygenation occurred before the traditional T-OAE interval in the late Pliensbachian and extended well
after it into the middle Toarcian. The debate on whether a global drawdown of the RSTM inventory occurred
during the T-OAE revolves around the fact that no studies have been conducted at sites where locally anoxic/
euxinic redox conditions were sustained before, during, and after the event (e.g., Chen et al., 2021; Kemp, Chen,
et al., 2022; McArthur, 2019; McArthur et al., 2008; Remirez & Algeo, 2020a, 2020b; Thibault et al., 2018;
Wang et al., 2021). These conditions are fundamental to track the global RSTM marine reservoir (e.g., Figure 2,
e.g., Owens et al., 2016; see Figure 2).

To date, studies centered on the Toarcian RSTM inventory predominantly focus on European successions repre-
senting a variety of depositional environments within an epeiric sea (e.g., Dickson, Gill, et al., 2017; Dickson,
Saker-Clark, et al., 2017 and references therein; Wang et al., 2021). Much attention has been placed on RSTM
data from the Cleveland Basin succession (Yorkshire, UK; representing the northwest European epeiric seaway)
during the T-OAE, which has been the focal point of debate concerning the global versus local/regional
nature of the RSTM systematics (McArthur, 2019; McArthur et al., 2008; Hesselbo et al., 2020; Remirez &
Algeo, 2020a, 2020b; Thibault et al., 2018). Within this work, it was recently argued that the global Mo reservoir
decreased during the T-OAE interval (e.g., Thibault et al., 2018), whereas others have suggested these changes in
RSTMs across the T-OAE are not globally extensive and are rather the product of local hydrographic restriction
(e.g., McArthur, 2019; McArthur et al., 2008; Remirez & Algeo, 2020b). Furthermore, metal isotope records
from Cleveland Basin have been attributed to local, not global, changes in water mass chemistry (e.g., Cohen
et al., 2004; Dickson, Gill, et al., 2017; Nielsen et al., 2011; Pearce et al., 2008). Unfortunately, other Toarcian
RSTM records (e.g., other locations within the European epeiric sea, Japan, and South America) do not have the
long-term local redox conditions required to more directly track global RSTM marine inventories (e.g., Baroni
et al., 2018; Fantasia, Follmi, Adatte, Bernirdez, et al., 2018; Fantasia, Follmi, Adatte, Spangenberg, et al., 2018;
Hermoso et al., 2013; Kemp, Chen, et al., 2022; Kemp & Izumi, 2014; see Figure 2; see Data Set S1). This
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Figure 2. Idealized molybdenum (Mo) and Mo/total organic carbon (TOC) systematics in the marine realm. The bottom panel (solid line) represents local Mo
concentrations and Mo/TOC values measured from fine-grained, siliciclastic-dominated sedimentary succession. The top panel (dashed line) represents the global
marine Mo reservoir. The pie chart represents the relative contribution of oxic and reducing environments with respect to burial of Mo within the global ocean. (a) In
this non-Oceanic Anoxic Event (OAE) scenario, anoxic, organic matter-rich sediments are sandwiched between oxygenated, organic matter-poor sediments. Locally,
sedimentary Mo values increase during anoxic sedimentation, but there is little to no change in the marine Mo reservoir because anoxia and organic carbon (OC)
burial is not widespread. (b) In this OAE scenario, anoxic, organic matter-rich sediments are deposited between oxygenated, organic matter-poor sediments. Locally,
sedimentary Mo values increase only slightly during anoxic sedimentation, and there is a synchronous decrease in the global marine Mo reservoir size because
anoxia and OC burial is widespread. (c) In this OAE scenario, anoxic, organic matter-rich sediments are deposited during the entire study interval in an open-ocean
(Cariaco-like) basin. Locally sedimentary Mo values decrease as Mo and OC burial increases before the classic OAE interval. After the OAE interval, local sedimentary
Mo values begin to increase and the global Mo reservoir begins to recover as widespread sedimentation under anoxic conditions decreases. *Note that these idealized
TM records come from fine-grained, siliciclastic-dominated sediments as the proxy has not been calibrated for limestones. Furthermore, in these idealized records,
low-TOC intervals are associated with oxygenated settings, whereas high-TOC intervals are associated with anoxic settings. In reality, both low- and high-TOC
sediments can be deposited in either redox regime, and it is necessary to generate ancillary local redox proxies (e.g., iron speciation) to distinguish between them. It is
also important to note that Mo chemostratigraphy from highly restricted depositional environments (e.g., T-OAE Yorkshire record) may be similar to Scenario C, thus
constituting inappropriate evidence for interpreting global changes in marine chemistry.

reinforces the need for coeval data outside the European epeiric sea and Tethys Ocean and from locations that
have stable, reducing redox conditions before, during, and after the event.

In this contribution, we present Mo data across the upper Pliensbachian—middle Toarcian interval, including the
classic T-OAE interval, from multiple localities along a basin transect within the Western Canada Sedimentary
Basin (WCSB). The Lower Jurassic Fernie Formation was deposited in a shelf-slope environment of westernmost
Laurentia with an accretionary arc to the west, and geological evidence suggests that this region maintained strong
connections with the open-ocean deep waters of Panthalassa throughout the Early Jurassic (e.g., Pana et al., 2019;
Poulton & Aitken, 1989; Them, Gill, Caruthers, et al., 2017). Furthermore, this region experienced relatively
stable, locally reducing redox conditions throughout the study interval (e.g., Them et al., 2018, Figure 1). We
report data generated across the basin transect (southeast-northwest; see Them et al., 2019) to resolve variation
in the global Mo inventory. We then use a compilation of Mo data to estimate both Mo and OC burial during the
study interval with implications for the area of the seafloor worldwide that experienced euxinic conditions and
budgets for the global carbon cycle over the T-OAE.

2. Materials and Methods

Splits of powdered samples from previous geochemical studies (Them, Gill, Caruthers, et al., 2017; Them, Gill,
Selby, et al., 2017; Them et al., 2018; 2019) were analyzed for their elemental compositions (e.g., Al and Mo)
at the National High Magnetic Field Laboratory at Florida State University. Carbon isotope, TOC, and iron
speciation data used in this study are reported elsewhere (e.g., Them, Gill, Caruthers, et al., 2017; Them, Gill,
Selby, et al., 2017; Them et al., 2018). Samples were dissolved using a standard total digestion method with
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Figure 3. Chemostratigraphy from proximal, shallower-water East Tributary of Bighorn Creek, Alberta. 613C0rg, organic carbon isotopic composition from Them, Gill,
Caruthers, et al. (2017); TOC = total organic carbon from Them, Gill, Caruthers, et al. (2017); iron speciation data from Them et al. (2018). Lithostratigraphic members
of the Fernie Formation, stages of the Jurassic, and ammonite zonations for both northwestern Europe and western North American shown to the left of the stratigraphic
column (refer to Them, Gill, Caruthers, et al. (2017) and Them et al. (2018) for their placements). The Mo data have been corrected to account for carbonate dilution,
which is variable. Time slices are as follows: 1 = late Pliensbachian; 2 = PI-To boundary to base of Toarcian Oceanic Anoxic Event (T-OAE) negative carbon isotope
excursion (N-CIE) (dark gray box); 3 = T-OAE N-CIE interval (medium gray box); 4 = post-T-OAE N-CIE.

HCI-HNO,-HF in a CEM MARS 5 and 6 microwave digestion system with trace metal clean vials and acids.
After complete sample digestion, each sample was re-dissolved in 2% HNO, solution and analyzed using an
Agilent 7500cs ICP-MS. Internal standards and spikes were used to measure elemental abundances and correct
the samples for instrument drift. External standards (USGS SCo-1 and SDO-1) were used and have values within
3% for each reported element. Duplicate samples also have a reproducibility of +3% or less for all elements.
Procedural blanks were below detection limits for all reported elements.

3. Elemental Data and Results

Data were collected from three stratigraphic sections representing an upper Pliensbachian—middle Toarcian basin
transect of the Fernie Formation in the WCSB. All study sites show elevated Mo/Al and Mo/TOC values leading
up to the PI-To boundary (Figures 3-5). In all the records, there is a general decline in Mo concentrations ([Mo])
at the P1-To boundary, and another significant decrease at the onset of the traditional T-OAE interval, that is, the
interval that contains the N-CIE (Figures 3-5). At the proximal East Tributary location where detailed biostrati-
graphic data exist (Them, Gill, Caruthers, et al., 2017), [Mo] do not return to pre-excursion levels directly after
the T-OAE N-CIE, but they begin a slow rise in the Planulata ammonite Zone (Figure 3). These trends are also
observed using Mo/TOC (ppm/wt% x10~%) values and Mo enrichment factors.
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Figure 4. Chemostratigraphy from intermediate drill core 1-35-62-20W5, Alberta. §'3C

org» Oganic carbon isotopic composition from Them et al. (2018); TOC = total

organic carbon from Them et al. (2018); iron speciation data from Them et al. (2018). Lithostratigraphic members of the Fernie Formation and stages of the Jurassic
shown to the left of the stratigraphic column (refer to Them et al. (2018) for their placement). The molybdenum data have been corrected to account for carbonate
dilution, which is variable. Time slices are as follows: 1 = late Pliensbachian; 2 = P1-To boundary to base of Toarcian Oceanic Anoxic Event (T-OAE) negative carbon
isotope excursion (N-CIE) (dark gray box); and 3 = T-OAE N-CIE interval (medium gray box).

Similar to the [Mo] trend, Mo/TOC values show a long-term decrease at the two more proximal locations (East
Tributary and core 1-35-62-20W5) in the upper Pliensbachian before quickly declining in the lower Toarcian and
reaching their lowest values during the N-CIE interval. At East Tributary where sample resolution is highest,
there is a transient spike in Mo/TOC values at the P1-To boundary. At the most distal locality (core 6-32-75-5W6),
Mo/TOC values show a long-term decrease leading up to the Pl-To boundary and remain low during the N-CIE
interval. Approximately 1 m above the N-CIE interval, Mo/TOC values begin to rise in the lower Planulata
ammonite Zone, similar to the East Tributary site, and eventually reach pre-N-CIE levels (~10-20). An increase
in Mo/Al and Mo/TOC values is also observed after the T-OAE N-CIE interval in the distal locality during the
middle Toarcian (Figure 5). The upper Pliensbachian and lower Toarcian are more condensed stratigraphically at
this location and therefore some of the short-term [Mo] perturbations observed from the other locations (if they
represent basinwide or global Mo perturbations) may not be captured here due to the sample resolution.

4. Discussion

The setting and redox proxy data for the WCSB basin transect suggest this is an ideal location for tracking the
global marine inventory of Mo (see explanation below). First, these locations represent open marine environ-
ments along the western margin of Laurentia (easternmost Panthalassan Ocean) with a relatively representative
and biostratigraphically complete upper Pliensbachian-middle Toarcian section (e.g., Poulton & Aitken, 1989;
Them, Gill, Caruthers, et al., 2017; Them, Gill, Selby, et al., 2017; Them et al., 2018; Pina et al., 2019). Second,
these sections have been used to successfully reconstruct global changes in other isotope systems (e.g., C, Os, and
Tl; e.g., Them, Gill, Caruthers, et al., 2017; Them, Gill, Selby, et al., 2017; Them et al., 2018) even as global sea
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Figure 5. Chemostratigraphy from distal, deeper-water drill core 6-32-75-5W6, Alberta. 5'°C
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TOC = total organic carbon from Them et al. (2018); iron speciation data from Them et al. (20 IDS). Lithostratigraphic members of the Fernie Formation and stages of
the Jurassic shown to the left of the stratigraphic column (refer to Them et al., 2018 for their placements). The [Mo] data have been corrected to account for carbonate
dilution, which is variable. Time slices are as follows: 1 = late Pliensbachian; 2 = P1-To boundary to base of Toarcian Oceanic Anoxic Event (T-OAE) negative carbon
isotope excursion (N-CIE) (dark gray box); 3 = T-OAE N-CIE interval (medium gray box); 4 = post-T-OAE N-CIE.

level fluctuated (e.g., Hallam, 2001). Third, deposition at these locations occurred under predominantly anoxic
and euxinic conditions as determined using the iron speciation redox proxy (e.g., Them et al., 2018), which allows
us to also discount changes in local redox as a driver of the Mo records. Here, we discuss this new Mo data set
in light of: (a) the suspected global changes in Mo inventory across the T-OAE; (b) the novel use of sedimentary
Mo/TOC data and their role in estimating both Mo and OC burial rates (e.g., Owens et al., 2018), and estimates
of percent global seafloor experiencing euxinic conditions during the Toarcian (e.g., Reinhard et al., 2013); and
finally (c) a re-evaluation of the OAE concept, in context of our new estimates of OC burial and existing estimates
for the release of carbon necessary to produce the T-OAE N-CIE along with previously published redox data.

4.1. Pliensbachian-Toarcian North American Mo Trends

In the upper Pliensbachian, the average Mo/TOC value from the three study sites is ~25 (range of ~22-30), which
is similar to the modern euxinic Cariaco Basin (~25; e.g., T. J. Algeo & Lyons, 2006), suggesting a large global
marine Mo inventory similar to today (if sediment accumulation rates were similar). The Cariaco Basin yields
high Mo/TOC values because Mo is efficiently removed from the upper water column, which is continuously
renewed by Mo-rich, open-ocean water (e.g., T. J. Algeo & Lyons, 2006). These average Mo/TOC values drop
to 4.4 (P1-To boundary to N-CIE; range of 3.4-5.6) and 1.7 (N-CIE; range of ~1.1 to 2.1), before rising to 7.6
(post-N-CIE; range of ~7.3 to 7.9). These trends are similar to that of Yorkshire, which has been argued to be the
result of changing basin restriction (e.g., McArthur, 2019; McArthur et al., 2008; Remirez & Algeo, 2020b) due
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to the similarity with the modern Black Sea Mo/TOC values (e.g., T. J. Algeo & Lyons, 2006). The Black Sea has
depressed Mo/TOC values (~4) because the renewal rate of Mo-rich waters from the Mediterranean Sea is slower
than the rate at which Mo is moved from the euxinic water column in the basin (e.g., T. J. Algeo & Lyons, 2006).
Based on previous studies of the WCSB, this region maintained strong connections with the open-ocean deep
waters of Panthalassa throughout the Early Jurassic (e.g., Pdna et al., 2019; Poulton & Aitken, 1989; Them, Gill,
Caruthers, et al., 2017; Them, Gill, Selby, et al., 2017), thus there is no supporting evidence to suggest basin
restriction played a role in the Mo/TOC data or interpretations.

The Mo concentration and other metal isotope data challenge the supposition that there were no changes in global
redox during the T-OAE. They also suggest that marine oxygen concentrations did not fully recover to back-
ground values on a global scale at the end of the traditionally defined OAE, or N-CIE, interval. Eastern Panthal-
assan sedimentary Mo and carbonate-corrected Mo (Mo-cc) concentrations decrease coevally with changes in
Tl isotopes at the P1-To boundary and T1 and S isotopes at the T-OAE N-CIE (Figures 3-5; e.g., Gill, Lyons, &
Jenkyns, 2011; Newton et al., 2011; Them et al., 2018). These metal isotope records have been interpreted as
evidence of widespread/increased marine deoxygenation (Them et al., 2018) and euxinia or pyrite burial (e.g.,
Gill, Lyons, & Jenkyns, 2011; Newton et al., 2011). Considered in isolation, some of these absolute Mo concen-
trations observed during this interval could be interpreted to represent locally non-reducing conditions (e.g.,
Hardisty et al., 2018); Fe speciation data, however, suggest locally persistent euxinic bottom-water conditions in
this basin during this interval (Them et al., 2018), leaving changes in marine reservoir of Mo the likely interpre-
tation for the Canadian Mo records. Notably, both the S- and Tl-isotope systems remain perturbed well after the
classically defined T-OAE interval as defined by the N-CIE (Gill, Lyons, & Jenkyns, 2011; Newton et al., 2011;
Them et al., 2018), and as the new Mo records from the WCSB also show depletion, it is probable that the oceans
remained in a more reducing state, relative to the late Pliensbachian, after the classic T-OAE interval.

These new data sets from eastern Panthalassa suggest a decreasing marine Mo reservoir beginning near the P1-To
boundary followed by a continued global drawdown of Mo during and after the normally defined T-OAE interval
(N-CIE; see Them et al., 2018). As the area of postoxic and euxinic marine environments increased, along with
or related to more organic matter deposition in sediments, the burial flux of Mo out of the system would have also
increased, thereby decreasing the dissolved marine reservoir (e.g., Emerson & Huestead, 1991; T. Algeo, 2004).
These factors would have increased the burial efficiency and therefore sequestration of bioessential nutrients in
the oceans (e.g., Reinhard et al., 2013). This is consistent with a stepwise sequence of increased organic matter
burial (e.g., Jenkyns, 1988; Them, Gill, Caruthers, et al., 2017) and expanded deoxygenation (Them et al., 2018)
followed by a global increase in pyrite burial during and after the classic T-OAE interval (e.g., Gill, Lyons, &
Jenkyns, 2011).

Carbon isotope values slowly decrease during the middle to upper Toarcian (e.g., Jenkyns et al., 2001; Them
etal., 2018) when Mo/TOC values start to increase. Using linear sedimentation rates from East Tributary and core
6-32-75-5W6, the first rise in Mo/TOC values in the Planulata ammonite Zone is contemporaneous (~182.4 Ma;
see Data Set S1). The large increase in Mo/TOC values from core 6-32-75-5W6 occurs ~182 Ma (~1 Ma after
the classic T-OAE interval), but this later Mo/TOC trend from East Tributary cannot be resolved as the Mo data
set ends at ~182.1 Ma based on linear sedimentation rates.

As the ocean remained in this relatively deoxygenated state, the enhanced preservation and burial of organic
matter continued to occur, which is observed in several locations around the world after the N-CIE interval
including shallow and deep-sea environments (e.g., Ikeda et al., 2018; Them, Gill, Caruthers, et al., 2017; Them
et al., 2018). The low Mo and Mo/TOC values were likely driven by a smaller Mo reservoir, which was sustained
by increased output fluxes (i.e., organic matter-rich deposition; see Chappaz et al., 2014), rather than a transient
and enhanced Mo burial episode during the classic T-OAE interval followed by an increasing marine Mo reser-
voir over several hundred thousand years as observed in core 6-32-75-5W6 (residence time of Mo is ~450 ka
in the modern oxygen-replete oceans; Miller et al., 2011). Generally, enhanced OC burial is recognized in the
geologic record by either positive CIEs (Kump & Arthur, 1999) and/or widespread black shale deposition (see
Jenkyns, 2010). While there is known widespread black shale deposition (Jenkyns, 1988; Them, Gill, Caruthers,
et al., 2017), there is not a significant positive CIE in this interval (e.g., Jenkyns & Clayton, 1997; Them
et al., 2018). It is possible that this expected outcome may have been muted or offset via continued addition or
inputs of isotopically light carbon from multiple sources (e.g., Beerling & Brentnall, 2007; Them, Gill, Caruthers,
et al., 2017). Additionally, it is also likely that marine OC burial remained elevated (as was the geographic extent
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of bottom-water anoxia), but was declining relative to the T-OAE interval and offset by input of isotopically light
carbon, which is supported by lower-resolution thallium isotope data that extend into the middle Toarcian (e.g.,
Them et al., 2018). Although the potential role of OC burial in the deep sea setting is difficult to resolve given
the dearth of preserved Toarcian deep-sea successions (see Kemp, Suan, et al., 2022), even small changes in OC
burial in the deep sea could be an important factor in the global carbon cycle given the larger percentage of the
total ocean floor encompassed by these environments (e.g., Owens et al., 2018). As the Panthalassan Ocean was
by far the largest ocean basin during the study interval (and the entire Phanerozoic), it is likely that this location
represented a significant locus of OC burial.

These data suggest that the Toarcian Mo record was controlled by the relative output flux into sediments. Molyb-
denum concentrations from distal drill core 6-32-75-5W6 begin increasing approximately 1 m above the N-CIE,
suggesting that some regions of the oceans experienced decreased OC burial and post-oxia, which decreased
RSTE output flux and led to an increased marine reservoir. The increase in Mo/TOC values is also contempo-
raneous with more depleted 8'3C values (Figure 5), supporting a role for decreasing OC burial rates rather than
the replenishment of the Mo reservoir via weathering. On the other hand, continued injections of isotopically
light carbon from the Karoo-Ferrar LIP during this time interval and subsequent biogeochemical feedbacks may
have sustained more efficient Mo removal (e.g., Greber et al., 2020 and references within). Osmium isotope data
suggest decreased weathering rates in the post-N-CIE interval relative to the N-CIE, but still elevated compared
to pre-N-CIE values (e.g., Kemp et al., 2020; Percival et al., 2016; Them, Gill, Selby, et al., 2017). Thallium
isotope data from this section of the drill core corroborate our interpretation as they suggest a slow increase of
global bottom-water oxygenation (Them et al., 2018), which may have affected OC preservation and therefore
Mo (and other RSTM) drawdown. These new Mo records from North America are broadly consistent with Mo
chemostratigraphy from Dotternhausen, Germany where there is biostratigraphic overlap in the Toarcian and the
proper (e.g., fine-grained, reducing, OC-rich) sediments to compare (e.g., Dickson, Gill, et al., 2017). Therefore,
these combined records provide compelling evidence that the T-OAE N-CIE global marine Mo reservoir was
depleted. As such, a small global marine Mo reservoir in concert with basin restriction likely resulted in the large
regional variability of water mass (and therefore sedimentary) Mo concentrations and isotopes observed from
several other European basins during the study interval (Chen et al., 2021; Dickson, Gill, et al., 2017; Dickson,
Saker-Clark, et al., 2017; McArthur et al., 2008; Pearce et al., 2008; Thibault et al., 2018).

4.2. Estimating Molybdenum and Organic Carbon Burial

These open-ocean Mo records are used here to estimate the amount of Mo buried globally using estimates for
local sedimentation rates over the Pl-To interval in the East Tributary section and estimated global weathering
rates during the T-OAE N-CIE (e.g., Them, Gill, Selby, et al., 2017; Them et al., 2018; see Data Set S1). After
determining the global amount of Mo buried during each respective interval, Mo/TOC values can then be used
based on the observed correlation to TOC in different modern basins (e.g., T. J. Algeo & Lyons, 2006) to calcu-
late the amount of OC buried (sensu Owens et al., 2018; see Data Set S1). To accomplish this, the Pl-To study
interval has been binned into four different time intervals: (a) late Pl to P1-To boundary; (b) PI-To boundary to
T-OAE N-CIE; (c) T-OAE N-CIE; and (d) post-T-OAE N-CIE (Figure 6).

While Mo abundances have been published from various sections, there are significant challenges with using
them to constrain the marine Mo inventory, however, given the potential influences of local hydrographic restric-
tion, facies changes, sedimentary accumulation rates, and redox changes on these records. With these concerns in
mind, calculations were conducted based on the Mo and Mo/TOC data from the WCSB transect and then compared
to a global compilation of Mo data from various lithologies (see Tables 1-4 and Table S1). The P1-To boundary
is placed at 184 Ma based on magnetic susceptibility data from European strata (e.g., Ait-Itto et al., 2018), and
small changes in the absolute date of the P1-To boundary do not significantly affect our interpretations of Mo or
OC burial during each time bin. The duration of the N-CIE is estimated at 500 ka (183.1-182.6 Ma) based on an
absolute age date from South America (Sell et al., 2014) and cyclostratigraphic analysis from European epeiric
seaway successions (Boulila et al., 2014, 2019) and deep-sea cherts from Panthalassa (Ikeda et al., 2018). Global
weathering rates are suggested to have increased by ~200% during this interval based on Os isotope records
(lower estimate from Kemp et al., 2020; Percival et al., 2016, Them, Gill, Selby, et al., 2017). Higher estimates
also exist (~500% to 800%; e.g., Cohen et al., 2004; Kemp et al., 2020; Them, Gill, Selby, et al., 2017) but are
likely unrealistic (see Them, Gill, Selby, et al. (2017) for additional discussion on this point). Sedimentation rates
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Figure 6. Organic carbon (OC) burial and euxinic area estimations across late Pliensbachian to early Toarcian. The range of
OC burial values for each time interval comes from the highest and lowest Mo/total organic carbon (TOC) value from Canada
and Germany, with the middle bar representing the average molybdenum (Mo)/TOC value (black lines; see Data Set S1 for
these calculations). Gray lines represent global compilation Mo/TOC averages for each time interval. Green values represent
the seafloor percentage of euxinia. 1 = late Pliensbachian; 2 = P1-To boundary to base of Toarcian Oceanic Anoxic Event
(T-OAE) negative carbon isotope excursion (N-CIE); 3 = T-OAE N-CIE interval; 4 = post-T-OAE N-CIE.
from the East Tributary section are derived from previous age models (e.g., Them, Gill, Selby, et al., 2017; Them
et al., 2018). The post-T-OAE N-CIE sedimentation rates were kept constant relative to the N-CIE rates, as there
are no bentonite beds or other absolute age markers that can be used for age constraints, and there is also minimal
variation in lithofacies in this interval.
The reduction of the global Mo reservoir size is estimated from the average Mo concentrations from the three
Canadian sites for each time bin. The average Mo/TOC values from Canada and Germany were used for the
late Pliensbachian, Pl/To boundary to N-CIE, N-CIE, and post-N-CIE intervals of 25, 6, 1.7, and 7.3 ppm/
TOC%, respectively. Assuming a modern Mo weathering flux and reservoir size (e.g., Miller et al., 2011) and
no change in the global Mo reservoir or weathering rates during the entire study interval, then an average of
~2.97 x 10'* mol of Mo (~28.5 Gt Mo) is estimated to have been buried during the N-CIE over 500 ka—this
provides a background conservative estimate but is not indicative of the observations. Using the Mo/TOC value
of 1.7 would estimate a burial of ~1.67 x 102 g OC (~167,000 Gt OC or ~167 e.g.,) during the N-CIE. Relative
Table 1
Molybdenum and Organic Carbon Burial Estimates for the Pliensbachian-Toarcian Interval
Time Mo ocean Mo input Duration  Total Mo burial ~ Average Organic carbon  Organic carbon
bin (moles) (moles/yr) (Myr) (moles) Mo/TOC burial (Gt) burial (Gt/yr)
1 1.47E+14 3.00E+08 1.390 5.64E+14 25.0 21,600 0.016
2 1.47E+14 3.00E+08 1.0 4.47E+14 6.0 71,400 0.071
3 1.47E+14 3.00E+08 0.500 2.97E+14 1.7 167,400 0.335
4 1.47E+14 3.00E+08 2312 8.40E+14 7.3 110,000 0.048
Note. Time bin 1-4 are from Figures 3—6. There is no change in weathering or global marine Mo reservoir size.
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Table 2
Molybdenum and Organic Carbon Burial Estimates for the Pliensbachian-Toarcian Interval Accounting for a Drawdown
of the Molybdenum Reservoir

Time Mo ocean Mo input Duration  Total Mo burial ~ Average Organic carbon  Organic carbon
bin (moles) (moles/yr) (Myr) (moles) Mo/TOC burial (Gt) burial (Gt/yr)

1 1.47E+14 3.00E+08 1.390 5.64E+14 25.0 21,600 0.016
2 1.47E+14 3.00E+08 1.0 4.25E+14° 6.0 67,900 0.068
3 2.20E+13 6.00E+08 0.500 4.32E+14° 1.7 244,000 0.488
4 1.47E+13 4.50E+08 2312 1.06E+15 7.3 138,700 0.060

Note. Time bin 1-4 are from Figures 3-6.
2An 85% drawdown of marine Mo reservoir relative to the previous time slice. "A 90% drawdown of marine Mo reservoir
relative to Age 1.

to the late Pliensbachian, an excess of ~160,000 Gt OC was buried, or ~0.32 Gt OC per year, equating to OC
burial rates that were ~19.5X higher.

Observed data, however, suggest there is a reduction of the global Mo reservoir at the Pl/To boundary and N-CIE
by 85% and then to 90%, respectively. A Mo reservoir 85%—-90% lower than the modern, assuming that the starting
reservoir was similar to today (107 nM), approaches the N-fixation threshold of 10 nM (Glass et al., 2010, 2012);
significantly, a smaller starting reservoir only decreases the final reservoir size. An increase in weathering rates
(2%) during the N-CIE (Percival et al., 2016; Them, Gill, Selby, et al., 2017) would increase the Mo and TOC
burial estimates during the interval. Using these observations, ~4.3 X 10'* mol of Mo (~41 Gt Mo) would have
been buried during the T-OAE N-CIE interval, which requires that ~2.44 x 102 g OC (~244,000 Gt OC or
~244 Eg [e.g.,]) were buried during the T-OAE N-CIE interval (Figures 6 and 7, Table 2; see Mo and Mo/TOC
compilation in Data Set S1)—burying an excess of ~236 Eg of OC, or ~0.47 Gt OC per year, relative to the late
Pliensbachian. Importantly, this equates to OC burial rates that were ~31X higher.

These estimates, which are sensitive to the exact duration of the time bin, could be less if the duration of the
T-OAE N-CIE was reduced; the 500-ka duration, however, is in the lower end of current estimates. If the N-CIE
interval was 1 Ma in duration, then ~413 Eg of OC would have been buried, but the rate of carbon burial
(~0.40 Gt OC per year) would have been less due to the nonlinear relationship. While these calculations yield a
large range of burial estimates, they do provide independent constraints on the OC burial during the T-OAE that
can be used to compare to classic modeling of the C cycle based on the carbon isotope record (see Section 4.5).

Next, we perform this same process using carbonate-corrected Mo concentrations to remove the effects that any
carbonate dilution may have on the records, as Mo is not associated with a carbonate host phase mineral (see
Figures 2—4). The Mo/TOC values do not change, but the estimated global Mo reservoir drawdown across the P/
To boundary and N-CIE intervals changes to ~90% and ~95%, respectively. Assuming that weathering doubled,
then ~42 Gt Mo and ~248 Eg of OC were buried. This equates to an excess of ~0.48 Gt OC per year relative to

Table 3
Molybdenum and Organic Carbon Burial Estimates for the Pliensbachian-Toarcian Interval From Canada and
Dotternhausen Using Carbonate-Corrected Mo Concentrations

Time Mo ocean Mo input Duration  Total Mo burial Average Organic carbon  Organic carbon
bin (moles) (moles/yr) (Myr) (moles) Mo/TOC burial (Gt) burial (Gt/yr)

1 1.47E+14 3.00E+08 1.390 5.64E+14 25.0 21,600 0.016
2 1.47E+14 3.00E+08 1.0 4.32E+14* 6.0 69,100 0.069
3 1.47E+13 6.00E+08 0.500 4.39E+14° 1.7 247,900 0.496
4 7.33E+12 4.50E+08 2312 1.05SE+15 7.3 137,700 0.060

Note. Time bin 1-4 are from Figures 3—6.
A 90% drawdown of marine Mo reservoir relative to the previous time slice. "A 95% drawdown of marine Mo reservoir
relative to Age 1.

THEM ET AL.

12 of 20

85U80 7 SUOLUWIOD 3A111D 8|l idde 8y Aq peuenob ae ssjoe YO ‘SN JO'Se|nl oy Akeiqi8UlJUO A8]IA UO (SUORIPUOD-PUR-SWLBY/LIO A8 | 1M ARe.q 1 Bu1UO//StY) SUORIPUOD pue SWe 1 8L 88S *[2202/TT/zz] uo Akiqiauliuo A8|im ‘AiseAlun am.is eplold Aq T29000AV2202/620T OT/I0pwod A8 |1mAlq1 et juo'sgndnBe//:sdny wiouy pepeojumod ‘9 ‘220z ‘X099.52



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances 10.1029/2022AV000671

Table 4
Molybdenum and Organic Carbon Burial Estimate for the Pliensbachian-Toarcian Interval From the Global Compilation

Time Mo ocean Mo input Duration  Total Mo burial ~ Average Organic carbon  Organic carbon
bin (moles) (moles/yr) (Myr) (moles) Mo/TOC burial (Gt) burial (Gt/yr)

1 1.47E+14 3.00E+08 1.390 5.64E+14 12.2 44,300 0.032
2 1.47E+14 3.00E+08 1.0 4.10E+14* 3.1 126,900 0.127
3 3.66E+13 6.00E+08 0.500 4.25B+14° 1.7 239,600 0.479
4 2.20E+13 4.50E+08 2312 1.06E+15 8.2 124,300 0.054

Note. Time bin 14 are from Figures 3—6.
3A 75% drawdown of marine Mo reservoir relative to the previous time slice. YAn 85% drawdown of marine Mo reservoir
relative to Age 1.

the late Pliensbachian. It is clear that the difference between the Mo and OC burial estimations derived from the
bulk Mo concentrations and carbonate-corrected Mo concentrations is minimal.

This was also performed using the global compilation of PI-To Mo data (see Data Set S1), which includes
restricted basins and many locations deposited under variable local redox conditions over the study interval with
varying lithologies. As previously discussed, these locations are less reliable for constraining global redox condi-
tions. Nevertheless, these calculations resulted in OC burial rates that are ~15X higher during the N-CIE interval
relative to the late Pliesnbachian. For this exercise, average Mo/TOC values of 12.2, 3.1, 1.7, and 8.2 ppm/TOC%
from were used for the late Pliensbachian, Pl/To boundary to N-CIE, N-CIE, and post-N-CIE intervals, respec-
tively. Based on the Mo concentrations, global decreases in the Mo reservoir were calculated to be 75% and 85%
during the Pl/To boundary and N-CIE interval, respectively.

It has also recently been suggested that increased thermal maturity may lead to artificial increases in Mo/TOC
values due to the preferential loss of OC (e.g., Ardakani et al., 2016; Dickson et al., 2020, 2022). If these results
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Figure 7. Organic carbon (OC) release and burial estimations across the Toarcian Oceanic Anoxic Event (T-OAE) negative
carbon isotope excursion (N-CIE). The range of OC burial estimates is the result of using the average OC burial rates from
Canada under constant and 2X increase in Mo weathering during the classic T-OAE interval. *Note that the large range
from Ullmann et al. (2020) is the result of modeling how much C release would reproduce the T-OAE N-CIE using different
starting magnitudes for the marine C reservoir. **This estimation represents a minimum value.
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universally apply, then the Mo and OC burial estimations (presented in this study) potentially represent maxima.
For example, if the Mo/TOC value is doubled due to heating and the loss of 50% of the initial OC (e.g., Dickson
et al., 2020), then ~122 Eg of OC would have been buried during the N-CIE interval, which is 50% of the original
estimate. Even if all the estimates are reduced by 50% due to post-depositional processes affecting the primary
Mo/TOC relationship, OC burial rates during the Toarcian was still significantly higher than in the Pliensbachian,
but the relative increase in burial rates do not change because Mo/TOC values increase by a factor of two for all
time bins. It is clear, however, that the duration of each time bin and the Mo/TOC values are the most important
factors controlling both Mo and OC burial estimates. We stress again that this technique requires unique study
sites and depositional conditions for these estimations to be utilized. Using the global Mo database to estimate
Mo and OC burial, which includes restricted basins and locations with variable local redox conditions, leads to
an underestimation of ~50%.

4.3. Estimating % Seafloor Euxinia

It is possible to estimate the amount of seafloor that experienced euxinic conditions for each of the Pliens-
bachian and Toarcian time bins using calculations derived from modern Mo burial fluxes and extent of euxinic
regions in the oceans (Reinhard et al., 2013). Using a modern flux of Mo into organic matter and sulfides
(1.9 x 107 mol/yr) and the modern area of the ocean covered by euxinic conditions (0.11%), the estimates for the
four time bins are as follows: (a) late Pliensbachian = 0.61%; (b) P1-To boundary to N-CIE = 0.72% (range of
0.63%—0.76% using 75%—90% Mo reservoir drawdown estimations, respectively); (¢) N-CIE = 3.26% (range of
3.18%-3.35% using 85%—-95% Mo reservoir drawdown estimations with double weathering, respectively); and
(d) post-N-CIE = 0.91% (range of 0.88%—0.92% using 85%—95% Mo reservoir drawdown estimations during
N-CIE and new steady-state weathering, respectively). It is important to note that these calculations are highly
influenced by the modern Black Sea budget (Reinhard et al., 2013) and also presume a constant Mo burial effi-
ciency under euxinic conditions for each time interval. Regardless, these estimates suggest that, relative to the
late Pliensbachian, the seafloor area that was covered by euxinic waters during the intervals from PI-To boundary
to N-CIE, N-CIE, and post-N-CIE was ~1.2X, ~5.3%, and ~1.5% higher, respectively. These estimations support
other proxy data suggesting that non-sulfidic anoxia during the Toarcian pre-N-CIE interval prevailed before
sulfidic and euxinic conditions developed during the N-CIE interval and persisted after the OAE (Gill, Lyons,
& Jenkyns, 2011; Newton et al., 2011; Them et al., 2018). These estimates most likely represent minima as the
assumption is that redox conditions remained constant in any singular area, but they likely varied through space
and time.

4.4. Re-Evaluation of the “OAE”

The concept of the OAE was based upon the stratigraphic manifestation of organic matter-rich sediments from
epeiric, epicontinental, and open-ocean locations (see Schlanger & Jenkyns, 1976). These new estimates paired
with global redox data suggest that OC burial and reducing conditions in the global ocean likely persisted well
before and after the classically defined OAE. Based on our calculations, this prolonged interval of expanded
reducing marine conditions may have caused a reduction in the global ocean Mo reservoir by ~90% (Figure 6).
Further, the suppressed marine Mo inventory after the T-OAE N-CIE suggests persistent reducing, anoxic, and
euxinic environments in some portions of the ocean. Other lines of geochemical evidence of global marine redox
changes across the Toarcian also suggest that bottom-water deoxygenation persisted long after the classically
defined T-OAE interval based on Tl and S isotopes (Gill, Lyons, & Jenkyns, 2011; Them et al., 2018), concomi-
tant with elevated Mo and OC burial rates (Figure 6). Large regions of the seafloor with high OM contents could
have fueled bottom-water anoxia for much longer than the classic T-OAE interval due to high rates of local OC
remineralization in sediments (Them et al., 2018).

It is also possible that phosphorus regeneration under anoxic conditions (e.g., Froelich et al., 1979; Ingall &
Jahnke, 1994) sustained high primary productivity in the photic zone. This may have resulted in a feedback
loop (e.g., increased anoxia—phosphorus regeneration—primary productivity) that maintained increased
bottom-water anoxia and pyrite burial for an extended interval after the T-OAE (Gill, Lyons, & Jenkyns, 2011;
Them et al., 2018) due to the continued delivery of labile organic matter to bottom water environments and
subsequent remineralization. Enhanced weathering and delivery of terrestrial materials also characterized the
post-T-OAE N-CIE interval (Kemp et al., 2020; Percival et al., 2016; Them, Gill, Selby, et al., 2017), which may
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have helped maintain high levels of primary productivity via addition of bioessential (and limiting) nutrients such
as nitrate. For this scenario to be realistic, however, the Karoo-Ferrar LIP would have had to continue to inject
significant amounts of C into the atmosphere after the N-CIE interval to fuel elevated rates of chemical weath-
ering. Recent age constraints on the Karoo-Ferrar LIP suggest a main eruptive phase of igneous activity from
~184 to 180 Ma (see Greber et al., 2020 and references within), which supports our interpretations of the marine
geochemical record. Elevated seawater temperatures in Europe and increased global weathering rates relative
to the pre-N-CIE interval have been suggested during the post-N-CIE interval in the Toarcian (e.g., Them, Gill,
Selby, et al., 2017; Ullmann et al., 2020).

These new OC burial estimates for the P1-To interval can be compared to another Mesozoic OAE. It has recently
been suggested that ~70 Eg of OC was buried during Cretaceous OAE-2 over 500 ka (~0.14 Eg/kyr; e.g., Owens
et al., 2018). This value is roughly twice that for the interval from PI-To boundary to N-CIE (~68 Eg OC over
1 Ma or ~0.06 Eg/kyr; Figure 6). This suggests that before the T-OAE N-CIE interval, elevated OC burial may
have primed the oceans for a significant OC burial spike (~8X) during later environmental upheavals. The N-CIE
interval OC burial rates are ~4x higher than during OAE-2 (e.g., Owens et al., 2018), pointing to a much larger
injection of C to the ocean/atmosphere system and/or response of the carbon cycle to LIP volcanism during the
Toarcian. This stepped and larger perturbation to the carbon cycle during the Toarcian likely contributed in the
multi-phased Pliesnbachian-Toarcian mass extinction (e.g., Caruthers et al., 2013; Dera et al., 2010; Harries &
Little, 1999), compared to the smaller biotic response during the Cretaceous OAE-2 (e.g., Leckie et al., 2002).

Recent advances in proxy development and their application to Phanerozoic “OAEs” have painted a more
nuanced picture of environmental change across these intervals. It appears that increased geographic extents of
anoxia or reducing conditions are not only limited to the intervals that contain large-magnitude CIEs, which are
generally used to define the bounds of the OAEs. The OAE intervals as currently defined by C isotopes, however,
most likely represent the intervals of minimum oceanic oxygen and maximum anoxia and euxinia. Therefore, we
suggest that a more valid term that reflects the CIE interval in the oceans, regardless of direction (i.e., positive
or negative), is an oceanic euxinic event (OEE). This comports with the redox evolution in the oceans across
OAEs (e.g., Gill, Lyons, & Jenkyns, 2011; Ostrander et al., 2017; Owens et al., 2013, 2016; Them et al., 2018).
Although the term OAE is widely used, its current definition should be reevaluated in light of these new findings.
A more accurate naming system will also need to include environmental change that occurred on land. The term
carbon cycle perturbations (CCPs) is useful in that it is more inclusive and also encompasses environmental
change that occurs in terrestrial environments and does not require changes in local redox (e.g., Jin et al., 2020;
Liuetal., 2020; Xu et al., 2017). Environmental change across these global carbon cycle pertubations may also be
applicable to similar intervals across the entire Phanerozoic as evidence for widespread organic matter-rich shales
is not required since the deep sea records of these events are generally not well preserved.

4.5. Implications for Ancient Carbon Release Estimations

This exercise for estimating OC burial using the Mo record highlights some potential limitations of estimating
C release scenarios based solely on the C isotope record. Importantly, the C isotope record tracks the inte-
grated input and output fluxes of C and any respective isotopic fractionation associated with each process (e.g.,
Freeman, 2001; Kump & Arthur, 1999). Previous estimations of C release necessary to generate the N-CIE and
the increase in pCO, (500-1,600 p.p.m.v.; e.g., McElwain et al., 2005; Ruebsam et al., 2020) have ranged from
~1,500 to 87,000 GtC, with the highest value necessitating a much larger initial reservoir size of C in the oceans
than is usually assumed (Figure 7). These estimations may have, in general, underestimated the total amount
of C released (Figure 7) as they do not account for any synchronous increases in organic matter burial—basics
observed with lithology, which would move the C isotope composition of the oceans and atmosphere in the oppo-
site direction. A recent analysis suggests that ~9,000 GtC were buried in shallow seas during the classic T-OAE
interval (e.g., Kemp, Suan, et al., 2022). It is unlikely that these high amounts of C would have been available
in the exogenic C cycle to bury as OC unless there were significantly higher C input fluxes to the oceans and
atmosphere. Therefore, it is likely that the C release (and burial) during the early Toarcian was much greater than
currently appreciated, and was most likely associated with protracted Karoo-Ferrar LIP outgassing and poten-
tially other biogeochemical feedbacks.

The outgassing of mantle-derived CO, during LIP volcanism is not thought to have solely caused negative CIEs,
as the 8'3C value of this CO, (~—5%0) would necessitate unreasonable inputs of CO, to the atmosphere (e.g.,
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Beerling & Brentnall, 2007; Gales et al., 2020 and references therein). It is possible, however, to release a very
large amount of mantle C (8'*C = —5%o) and smaller amounts of >C-enriched C from other sources to cause
geologically transient N-CIEs (e.g., Beerling & Brentnall, 2007; Them, Gill, Caruthers, et al., 2017). Previous
pCO, reconstructions using the stomatal index and the difference in the magnitude of the CIE in marine and
terrestrial environments argue for an increase in atmospheric pCO, by 500-800 p.p.m.v. during the T-OAE (e.g.,
McElwain et al., 2005; Ruebsam et al., 2020), much smaller than expected with the C burial calculated in this
study (Figure 7). If current estimations grossly underestimate C release during the early Toarcian, then why do
pCO, reconstructions not suggest higher values? This is reconcilable as the response to elevated greenhouse gas
concentrations led to a globally rapid silicate weathering response and increased OC burial leading to marine
anoxia, which consumed atmospheric CO, (e.g., Jenkyns, 1988; Them, Gill, Caruthers, et al., 2017; Them, Gill,
Selby, et al., 2017; Them et al., 2018; Kemp et al., 2020). This assumes no net changes in carbonate weathering or
precipitation, which impacts pCO, levels on short timescales. Therefore, atmospheric greenhouse concentrations
did not increase more during the T-OAE because the output fluxes sequestered (or buffered) much of this outgas-
sed CO, into sediments on similar timescales. Given the inherent assumptions built into classic carbon cycle
models based on C isotope record, sedimentary Mo compilations and/or GIS mapping of known sedimentary
deposits and their OC contents represent complementary methods to better characterize the global C cycle during
mass extinctions and other intervals of environmental destabilization (e.g., Kemp, Suan, et al., 2022; Owens
et al., 2018; this study). The larger estimates for the amount of organic C burial during the T-OAE calculated here
also suggest that the outsized role suggested for individual basins in enhanced OC burial (and therefore “climate
amelioration”) may be overstated (e.g., Kemp, Suan, et al., 2022; Suan et al., 2018; see; Xu et al., 2017). Specifi-
cally, because these studies used much smaller C release estimates, the contribution of OC burial in those basins
to the total global amount of OC burial is overestimated. This reasoning is also supported by paired geochemical
and modeling efforts suggesting that individual European basins (and entire European realm) played a minor role
in sulfide (and by corollary, OC) sequestration during the classic T-OAE interval (Gill, Lyons, & Jenkyns, 2011).
A new estimation for OC burial in marine environments also supports a limited role of carbon sequestration from
European basins and paleo-lakes during the T-OAE (e.g., Kemp, Suan, et al., 2022).

5. Conclusions

Increased deoxygenation, pyrite burial and possibly euxinia, and organic matter burial during the early Toar-
cian led to a significant drawdown of the marine Mo inventory, most likely initiated by volcanic outgassing of
greenhouse gases during the emplacement of the Karoo-Ferrar LIP and subsequent biogeochemical feedbacks.
The Toarcian Mo drawdown may have affected microbial ecosystems, which has ramifications for predicting the
potential ecological response in future oceans to rising greenhouse gas concentrations and physical and bioge-
ochemical feedbacks that may perturb the marine Mo (and other RSTMs) inventory. Using new data from the
Fernie Formation from Canada and a global Toarcian Mo/TOC compilation, we suggest that ~41 Gt Mo and
~244.,000 Gt OC were buried in marine environments during the N-CIE, which is one to two orders of magni-
tude larger than current estimations of C release from the Karoo-Ferrar LIP and subsequent burial in marine
environments. These new Mo burial estimates suggest that at least 3% of seafloor experienced euxinic conditions
during the N-CIE interval. Our OC burial estimates also support recent global redox reconstructions suggesting
that widespread reducing conditions (e.g., non-sulfidic anoxia) and OC burial began in the earliest Toarcian at
the P1-To boundary (before the classic T-OAE interval and development of widespread euxinic conditions) and
remained elevated well after the “OAE” ended. The term OEE better reflects the interval historically called the
oceanic anoxic event. A more inclusive naming system for these CCPs is also directly applicable to OC burial in
terrestrial environments as well as similar events throughout the Phanerozoic as the response to major perturba-
tions to the Earth system were similar.
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