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Abstract Oceanic anoxic event 1d (OAE 1d) has been well studied at northern low latitudes (i.e., in Tethys
and the North Atlantic); however, the paleoenvironmental response to this event at high latitudes has not been
documented and the triggering mechanism remains unknown. Here, we address both of these shortcomings by
presenting the first detailed sedimentary and multi-proxy geochemical record of the OAE 1d at southern high
latitudes (60–62°S), obtained from sediments using Site U1513, IODP Expedition 369. Biostratigraphic and
chemostratigraphic data support correlation of the interval studied with OAE 1d, and the sedimentary mercury
proxy reveals that at least at Site U1513, OAE 1d is associated with the Central Kerguelen large igneous
province volcanism. Furthermore, the significant increase in continental runoff and consequent terrigenous
input from southwestern Australia in the southeastern proto-India Ocean might have resulted in regionally
weakened bottom-water oxygenation and strengthened organic matter burial during OAE 1d.
Plain Language Summary Geological marine records hold valuable information that could inform
predictions for the future of our warming world. Marine sediments are an important reservoir of the global
organic carbon and changes at the seafloor can modulate release of CO2 into the atmosphere. Cretaceous
oceanic anoxic event 1d (∼latest Albian) was a significant disturbance to the global carbon cycle in the
mid-Cretaceous although it is poorly documented in the southern hemisphere especially at high latitudes. Our
integrative sedimentary-geochemical study demonstrates that oceanic anoxic event 1d at southern high latitudes
might have been directly triggered by Central Kerguelen large igneous province volcanism. Volcanic emissions
are proposed to have shifted the climate such that runoff and input of terrigenous sediment from southwestern
Australia increased. These changes would have weakened bottom-water oxygenation and increased organic
matter burial in the southeastern proto-Indian Ocean.
1. Introduction
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The mid-Cretaceous (90–110 Ma) was a hot greenhouse period characterized by high rates of submarine volcanism including ocean crust production at mid-ocean ridges. This volcanism was accompanied by high concentrations of atmospheric CO2, significant sea level rise, and an accelerated hydrological cycle (Foster et al., 2017;
Haq, 2014; Jenkyns, 2010; Tierney et al., 2020). CO2 concentrations reached levels approximately 700–2,000
ppmv (2.5–7 times higher than preindustrial values; Foster et al., 2017 and references therein), and, consistent
with high pCO2 levels, sea surface temperatures have been estimated to have reached ∼30–32°C at 60°S latitude
(Bice et al., 2003; Huber et al., 2018), much higher than modern-era temperatures of ∼0–1°C at these latitudes
(data from Ocean Data View). Contemporary latitudinal temperature gradients were reduced to <14°C, much
smaller than the present difference between tropical polar latitudes of ∼20°C (O'Brien et al., 2017 and references
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therein). This interval also includes a series of oceanic anoxic events (OAEs), critical paleoenvironmental events
characterized by regionally to globally distributed black shale deposition, significant carbon isotope excursion,
and intense disruption of marine ecosystems occurred during this interval (Jenkyns, 2010; Lowery et al., 2020;
Schlanger & Jenkyns, 1976).
OAEs are defined as short-lived periods of large increases in organic carbon deposition in extensive deep-sea
and hemipelagic settings (Breheret, 1988; Jenkyns, 2010; Schlanger & Jenkyns, 1976). The main Cretaceous
OAEs occurred during the early Aptian (OAE 1a, ∼120 Ma), the early Albian (OAE 1b, ∼111 Ma), the mid-Albian (OAE 1c, ∼105 Ma), the latest Albian (OAE 1d, ∼101 Ma), the Cenomanian-Turonian boundary (OAE 2,
∼94 Ma), and the Coniancian-Santonian boundary (OAE 3, ∼86 Ma; Jenkyns, 2010). To date, fewer studies have
addressed minor OAEs such as OAEs 1b, 1c, 1d and 3 than main OAEs 1a and 2. This bias in the literature is
likely due to emphasis on the largest events and the greater difficulty of studying the minor events than the major
ones because the organic-rich shales of the former are less widely distributed than those of the latter and the
associated isotopic excursions are less dramatic or harder to resolve (Li et al., 2016; Navarro-Ramirez et al., 2015;
Rodríguez-Cuicas et al., 2019).
Previous studies have shown that OAE 1d is characterized by a positive carbon isotope excursion (∼0.5–1.5‰) in
carbonate and organic carbon, elevated contents of total organic carbon content (TOC, ∼1%–2%), and increased
turnover rates in planktic foraminifera and radiolaria (Erbacher & Thurow, 1997; Richey et al., 2018; Wilson &
Norris, 2001; Yao et al., 2018). This event was also accompanied by an accelerated hydrological cycle, intensified
continental chemical weathering and terrigenous supply, increased nutrient discharge to the ocean, and enhanced
upwelling and primary productivity in the sea (Charbonnier et al., 2018; Jenkyns, 2010; Rodríguez-Cuicas
et al., 2020). Regarding the forcing mechanisms of OAE 1d, the eruption of the Central Kerguelen large igneous
province may have driven the onset of this anoxic event (Yao et al., 2021). In addition, the formation of organic-rich shales during OAE 1d may have resulted from stimulated primary productivity (Wilson & Norris, 2001
and references therein) and/or increased organic matter (OM) preservation in a stagnant water column with low
bottom-water oxygenation (Wilson & Norris, 2001). To better understand if and how volcanism resulting in large
igneous provinces could drive major events like OAE 1d, environmental consequences associated with pulse of
volcanism need to be further constrained (Koppers and Coggon, 2020). Unfortunately, there is no consensus on
specific events and/or processes that forced OAE 1d.
Spatially, OAE 1d has been well documented in the Tethys (Bornemann et al., 2005; Erbacher & Thurow, 1997;
Pavlishina, 2017; Yao et al., 2018), in the Boreal realm (Bornemann et al., 2017) and in the Atlantic Ocean
(Giorgioni et al., 2015; Rodríguez-Cuicas et al., 2020; Wilson & Norris, 2001). It has also been identified in
North America (Gröcke et al., 2006; Richey et al., 2018; Scott et al., 2013) and the subequatorial Pacific (Navarro-Ramirez et al., 2015). However, a continuous sedimentary record across OAE 1d at high southern latitudes
(>60°) has not been reported previously.
In this study, we present the first continuous detailed sedimentary and geochemical records for OAE 1d at southern high latitudes (60–62°S) in the Mentelle Basin off the SW coast of Australia (Figure 1a) (Huber et al., 2019).
The data collected are used to (a) identify changes in the source of siliciclastic sediments and OM in the Mentelle
Basin; (b) reconstruct the terrigenous input, marine primary productivity, bottom-water redox conditions, and
OM burial rates in the basin; and (c) investigate the possible forcing mechanisms for OAE 1d.

2. Materials and Methods
The Mentelle Basin, a large (36,000 km 2), deep-water (500–4,000 m) basin, forms a key component of the extensional rift system on the southwestern margin of Australia that developed during Mesozoic breakup of eastern
Gondwana (Figure S1a in Supporting Information S1; Borissova et al., 2010). During the mid-Cretaceous and
before the onset of Australia-Antarctica breakup, the basin was located at southern high paleolatitudes (60–62°S)
and surrounded by the Australia-Antarctica and Indian Plates (Borissova et al., 2010; Huber et al., 2019). Thus,
this basin was well located to preserve a record of the paleoceanographic and paleoenvironmental evolution of
the region.

FAN ET AL.

2 of 11

Geophysical Research Letters

10.1029/2021GL097641

Figure 1. (a) Paleogeographic map at the Albian-Cenomanian boundary (∼100 Ma; modified from Scotese (2016), https://www.earthbyte.org/category/resources/
data-models/paleogeography/) showing the location of Site U1513. CKLIP = Central Kerguelen large igneous province. (b) Discrimination plot of Al2O3 versus TiO2
for the studied sediments at Site U1513. Values of rock samples from potential sources, including the Leeuwin Complex (Wilde & Nelson, 2001), Yilgarn Craton (Chen
et al., 2003; Qiu et al., 1999), Albany-Fraser Orogen (Kirkland et al., 2015), Central Kerguelen Plateau (Neal et al., 2002), and Naturaliste Plateau (Pyle et al., 1995;
Storey, 1992), are also shown for comparison.

Site U1513 (latitude: 33°47.6084′S, longitude: 112°29.1338′E) was drilled with a high recovery rate (80.8%) on
the northwestern margin of the Mentelle Basin by International Ocean Discovery Program (IODP) Expedition
369 in 2017 (Figure S1a in Supporting Information S1; Huber et al., 2019). Current water depth is ∼2,800 m, and
the core penetrates to a total of 774 m below the seafloor. This study addresses the interval from 277 to 333 m
below the seafloor in Hole U1513D, and we focus on analyses of 60 typical samples selected from the interval.
Overall, the sediments of the studied interval are dominated by black claystone and nannofossil-rich claystone
that frequently include some shell fragments and pyrite grains (Huber et al., 2019).
The siliciclastic sediment fractions of the selected 60 bulk sediments were extracted according to the sequential
leaching method reported by Xu et al. (2018). Major and trace element (including rare earth element) compositions of the resulted materials were measured using an inductively coupled plasma optical emission spectrometer
(Varian 720ES) and an inductively coupled plasma mass spectrometer (Varian 820) at the Qingdao Sparta Analysis & Test Company Limited (Zhang et al., 2021), with relative deviations of <5% for major and trace elements.
In addition, grain-size analysis was conducted on the siliciclastic sediment fractions of the same 60 samples using
a Cilas 940L laser particle size analyzer in the Key Laboratory of Marine Geology and Environment, Institute
of Oceanology, Chinese Academy of Sciences. This apparatus could measure grain sizes ranging from 0.3 to
2,000 μm with an analytical precision of <2% (Wan et al., 2017).
A subset of 35 bulk sediments were measured for the contents of total carbon (TC), total nitrogen (TN), total
sulfur (TS), total Hg, biogenic silica (BSi), and calcium carbonate (CaCO3) at the South Sea Research Institute, Korea Institute of Ocean Science & Technology, with the same analytical methods and accuracy as those
reported by Lim et al. (2017). The contents of TC, TN, and TS were measured using a Carlo Erba Elemental
Analyzer 1108, and the concentration of the total inorganic carbon (TIC) was determined using a CO2 Coulometer (CM5014), with a relative analytical error of <5%. The CaCO3 and Cabiologic contents were calculated from
the TIC concentration by using a multiplication factor of 8.333 and 3.333, respectively (Lim et al., 2017; Xu
et al., 2018). The TOC content was calculated as the difference between the TC and TIC concentrations. The
Hg concentration was measured using a Hydra II C direct Hg analyzer, with analytical accuracy and precision
of <5% and <10%, respectively. The BSi content was analyzed using a wet alkaline extraction method modified
from Mortlock and Froelich (1989) and Müller and Schneider (1993), and the relative analytical error was <10%.
In addition, the SiO2 contents of 53 bulk samples and the concentrations of U in six bulk samples were analyzed
using a wavelength-dispersive X-ray fluorescence (Panalytical PW 2400) and an inductively coupled plasma
mass spectrometer (Finnigan MAT Element II), respectively, at the Institute for Chemistry and Biology of the
Marine Environment, University of Oldenburg. Analytical precision is better than 5% for SiO2 and 7.6% for U
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Figure 2. Comparisons among (a) carbonate δ 13C; (b) carbonate δ 18O; (c) Hg/TOC ratio and Hg concentration; (d) MARsiliciclastic and Ti/Cabiologic ratio; (e) TOC/TN
13
ratio and median grain size; (f) MARTOC and MAR𝐴𝐴
TN; (g) MARCaCO3 and MARBSi; and (h) EFU and MARTS at Site U1513, (i) carbonate δ C from the Monte Petrano
section, Tethys (Gambacorta et al., 2015), and (j) carbonate δ 13C from the Le Brecce section, Tethys (Gambacorta et al., 2015). MARsiliciclastic = siliciclastic mass
accumulation
𝐴𝐴 rate. MAR(TOC; TN; CaCO3 ; BSi; TS) = mass accumulation rate of (TOC; TN; CaCO3; BSi; TS). EFU = enrichment factor of U. The red dotted line and the blue
dotted line are the mean values of Hg content and Hg/TOC ratio, respectively, of reported sedimentary rocks (Grasby et al., 2019).

(März et al., 2013; Turgeon & Brumsack, 2006). Accuracy was monitored by the parallel analysis of international
and in-house reference materials.
The siliciclastic mass accumulation rate (MARsiliciclastic) was calculated via the following equation: MARsiliciclastic = siliciclastic sediment fraction percentage (%) × dry bulk density (g/cm3) × linear sedimentation rate (cm/kyr; Rea &
Janecek, 1981). In addition, the mass accumulation rates of TOC (MARTOC), TN (MARTN), TS (MARTS), CaCO3
(MARCaCO3), and BSi (MARBSi) were calculated by the same principle. The dry bulk density with a range of 1.084 g/
cm3 to 1.149 g/cm3 and chronological data are cited from the shipboard report (Huber et al., 2019).

3. Results
The microfossil biostratigraphy for Site U1513 is built using calcareous nannofossil bioevents (Table S1 in
Supporting Information S1) and demonstrates that the studied sediment section spans the upper Albian-lower
Cenomanian, including the OAE 1d event (Huber et al., 2019). The carbonate δ 13C values exhibit a positive excursion (average: 1.6‰, range: 2.65–4.21‰) in the sediment interval of 300–320 m in the core (Edgar et al., 2022).
In addition, this sediment interval, corresponding to OAE 1d, is characterized by a negative δ 18O excursion of
∼0.9‰ (Figure 2) and a remarkably high TOC contents (maximum ∼1.8% in the depth interval of ∼300–320 m)
relative to intervals above and below the δ 13C excursion (Edgar et al., 2022).
MARsiliciclastic, Ti/Cabiologic ratio, and median grain size display significant increasing trends from ∼300 to 320 m
(Figure 2). Significant sedimentary organic proxies—MARTOC, MARTN, MARTS, and TOC/TN ratio—show high
values and similar trends of higher values over the ∼300–320 m interval (Figure 2). MARCaCO3 and MARBSi
display high values between ∼317 and 331 m and decreasing values from ∼300 to 320 m (Figure 2). In addition,
the redox proxy of authigenic U, defined as (U/Al)sample/(U/Al)upper continental crust (UCC); Taylor & Mclennan, 1985),
is in agreement with MARTS characterized by a higher time resolution (Figure 2) and Hg concentrations largely
increase in these sediments (Figure 2).

4. Discussion
4.1. Recognition of OAE 1d
The OAE 1d interval in Hole U1513D is proposed to span from the initial excursion in carbonate δ 13C values
at ∼320 m CSF-A to ∼300 m CSF-A where carbonate δ 13C values start a definitive downward trend (Figure 2).
The carbonate δ 13C excursion and elevated TOC levels observed at Site U1513 are comparable to typical OAE
FAN ET AL.
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1d records from the Atlantic/Tethyan basins and surrounding continents (Bornemann et al., 2005, 2017; Gale
et al., 2011; Wilson & Norris, 2001; Yao et al., 2021), with the records from the Tethyan Monte Petrano and Le
Brecce sections (Gambacorta et al., 2015, 2020) shown for reference (Figure 2). Further, biostratigraphic control
including the presence in Hole U1513D, core 26 of Thalmanninella appenninica, a foraminiferal species used
for identifying OAE 1d (Table S1 in Supporting Information S1, Huber et al., 2019), demonstrates chronostratigraphic correlation between the record at Site U1513 and OAE 1d documented elsewhere.
Documenting OAE 1d in these samples makes Site U1513 the first detailed, seemingly complete sediment
sequence of OAE 1d to be identified in the austral realm. Thus, an important contribution of this study is confirmation that OAE 1d was a global event (Jenkyns, 2010; Yao et al., 2021).
Placing the upper limit of the OAE 1d δ 13C excursion is complicated by an interval of quite low δ 13C values
above the 295 m CSF-A (Edgar et al., 2022) that correlates with quite low carbonate content and an absence of
foraminifera. In low carbonate intervals, bulk carbonate isotopic values are susceptible to diagenetic overprints
with low δ 13C values due to the incorporation of remineralized organic carbon. The transition into the proposed
OAE 1d interval, though, does not correspond to a change in carbonate content, diagenetic alteration would be
unlikely to result in a positive excursion, and foraminifera present under microscope shows no change in preservation between the interval below and within the proposed OAE 1d δ 13C. However, until ongoing foraminiferal
isotopic and scanning electronic microscope studies are complete, consider the bulk carbonate δ 13C only has a
chemostratigraphic indicator confirmed by biostratigraphy. We use elemental data to provide evidence of the
paleoceanographic and paleoenvironmental expression of OAE 1d at southern high latitudes.
4.2. Siliciclastic Sediment Provenance
The final stages of breakup between Greater India and Australia-Antarctica occurred during the Hauterivian
through early Aptian, and the southwest Australia rifted margin including the Mentelle Basin experienced syn-rift
subsidence interval and two-phase postrift subsidence process (Lee et al., 2020). Sedimentation in the Mentelle
Basin during the early Albian through middle Cenomanian was characterized by deposition of black claystones
and nannofossil-rich claystones (Huber et al., 2019). That is, fine grained terrigenous material dominates sediment input. However, sediment provenance within the Mentelle Basin deposits covering the mid-Cretaceous has
not been clearly defined.
Previous mineralogical, geochemical, and geochronological studies on sediments retrieved from the nearby Perth
Basin revealed that the regionally extensive Yilgarn Craton, Leeuwin Complex, and Albany-Fraser Orogen are the
main sources for a sequence of rift basins along the southwestern margin of Australia (Cawood & Nemchin, 2000;
Descourvieres et al., 2011; Dillinger et al., 2018; Olierook et al., 2019). The Yilgarn Craton is mainly composed
of Archaean granites, together with volcanic greenstone belts, in the central part of Western Australia (Cassidy
et al., 2006). The Leeuwin Complex, separated from the Perth Basin by the Dunsborough Fault to the east,
consists predominantly of Proterozoic felsic gneisses (Wilde & Nelson, 2001). Moreover, the Albany-Fraser
Orogen, a component of the West Australia Craton, is predominated by Mesoproterozoic orthogneisses and
granitic rocks (Smithies et al., 2015). Considering the synchronous formation of both the Central Kerguelen
Plateau (∼Albian-Cenomanian Boundary) and our studied sediment sequence, together with the potentially large
radius of influence for the mantle plume (∼500–1,000 km) related to the former, this plateau may also have been
one of the sources for the studied samples (Coffin et al., 2002; Lee et al., 2020). The Naturaliste Plateau, which is
thought to represent a rifted fragment of the Kerguelen large igneous province, may also have been a contributor
to the Mentelle Basin detritus between the late Albian and early Cenomanian (Lee et al., 2020).
Discrimination plots of Al2O3 versus TiO2 and rare earth elements are widely and effectively used to identify
marine sediment provenance, especially in the context of terrigenous detritus input (Munksgaard et al., 2003;
Wehausen et al., 2003). In addition to parent rock sources, various factors, such as chemical weathering on
land, dilution by biogenic, organic, and authigenic components, and hydraulic sorting, can influence the major
and rare earth element compositions of marine sediments (Clift, 2016). In this study, biogenic, organic, and
authigenic components were effectively removed from the siliciclastic sediment fractions by sequential leaching
procedures (Xu et al., 2018). Moreover, the lack of correlation between (La/Sm)UCC ratio (R = 0.13, n = 60,
α = 0.05) or (Gd/Yb)UCC ratio (R = 0.06, n = 60, α = 0.05) and the chemical index of alteration (CIA, where
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CIA=Al2O3/ (Al2O3 + CaO* + Na2O + K2O) × 100, and CaO* represents the CaO concentration with siliciclastic origination (Nesbitt & Young, 1982)), and the lack of correlation between (La/Sm)UCC ratio (R = 0.32,
n = 60, α = 0.05) or (Gd/Yb)UCC ratio (R = −0.49, n = 60, α = 0.05) and median grain size in the studied sediment samples (Figure S2 in Supporting Information S1) also indicate the minor influences of chemical weathering and hydraulic sorting on the elemental composition. Sediment provenance may be the most essential factor
controlling the sediment compositions of major and rare earth elements.
Southwestern Australia was the primary source region of siliciclastic sediments in the Mentelle Basin during
the studied interval, as indicated by the overlap in elemental composition between most sediments from Site
U1513 and rock samples of the Yilgarn Craton, Leeuwin Complex, and Albany-Fraser Orogen (Figure 1b). In
contrast, the much higher TiO2 concentrations in source rocks from the Central Kerguelen Plateau and Naturaliste
Plateau than in the studied sediment samples preclude a significant sediment contribution from either of these
two plateaus during this period. These conclusions are supported by the discrimination plot of (La/Sm)UCC ratio
versus (Gd/Yb)UCC ratio (Figure S1b in Supporting Information S1), revealing clear decoupling of the studied
samples from sources on the Central Kerguelen Plateau and Naturaliste Plateau in rare earth element compositions. Accordingly, elemental proxies reveal that southwestern Australia (i.e., the Yilgarn Craton, Leeuwin
Complex, and Albany-Fraser Orogen) was the predominant sediment contributor to Mentelle Basin detritus
during the late Albian-early Cenomanian interval and the contribution from volcanic materials on the Central
Kerguelen Plateau and Naturaliste Plateau seems to be limited. This single sediment source during the OAE 1d
deposition in the study area simplifies inferring the paleoenvironmental influences on the sediments and their
geochemical composition.
4.3. Volcanism Before and During the Earliest Stage of OAE 1d
Hg enrichments in sedimentary successions are a reliable indicator of volcanic activity and have been successfully
used to trace the association of volcanism with OAE 1d and other OAEs (Grasby et al., 2019; Scaife et al., 2017;
Yao et al., 2021). The poor correlations between the TS contents (R = 0.12, n = 35, α = 0.05), CIA (R = −0.18,
n = 35, α = 0.05), and MARsiliciclastic (R = 0.18, n = 35, α = 0.05) with the Hg contents exclude changes in the
redox state, in weathering intensity, or of terrigenous detritus inputs as the dominant reasons for the high Hg
enrichments (Figure S2 in Supporting Information S1; Scaife et al., 2017; Yao et al., 2021).
As shown in Figure 2, Hg contents show a ∼2.5-fold increase (31–78 ng/g) from ∼332 to ∼331 m, followed by a
gradual increasing trend upward across the studied interval. These values generally exceed the average Hg contents
of sedimentary rocks (∼62 ng/g; Grasby et al., 2019). Interestingly, Hg/TOC ratios remain a pronounced anomaly
across an interval starting before and extending into during the earliest stage of OAE 1d (∼317–331 m); but most
OAE 1d sediments have Hg/TOC ratios similar to the background value (∼71.9 × 10 −7, Grasby et al., 2019) of
sedimentary rocks (>0.2% in TOC contents). Similar variations in volcanism-derived Hg concentrations, Hg/
TOC ratios, and mass-independent Hg isotope (∆ 199Hg) signals before and during the earliest stage of OAE 1d
are found in the Youxia section, Southern Tibet (Yao et al., 2021). These results suggest that highly elevated Hg
contents in the studied sediment samples at southern high latitudes prior to the onset of OAE 1d and during the
earliest stage of OAE 1d are associated with enhanced volcanic activity.
Many studies proposed that elevated volcanic activity led to increasing atmospheric CO2 concentrations at the
onset of OAE 1d and resulted in global warming during OAE 1d (Bottini & Erba, 2018; Richey et al., 2018).
For example, a substantial increase (∼357 ± 150 ppmv) of atmospheric CO2 concentration prior to the onset
of OAE 1d has been inferred at Rose Creek Pit, USA, using multi-proxy pCO2 reconstruction methods (Richey
et al., 2018), for an interval that correlates with apparent increases in sea surface and thermocline temperatures
in the western tropical Atlantic Ocean at this period (Petrizzo et al., 2008). Bulk carbonate δ 18O values do shift
to lower values during OAE 1d (Figure 2), but caveats regarding interpretation of bulk carbonate isotopic δ 13C
values discussed above also apply to δ 18O values. Regardless, higher atmospheric CO2 concentrations suggested
to begin prior to the onset of OAE 1d (Richey et al., 2018; Yao et al., 2021) combined with the significant
increases of Hg contents and Hg/TOC ratios in this study (Figure 2), suggest that the trigger of OAE 1d at southern high latitudes may have been large igneous province volcanism.
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4.4. Enhancement of Continental Runoff and Terrigenous Supply During OAE 1d
MARsiliciclastic and Ti/Cabiologic ratios have been successfully used as indicators for continental runoff and terrigenous supply to the ocean (Stuut et al., 2014; Xu et al., 2020). The stable provenance for the studied sediments
precludes a potential influence of provenance on correctly deciphering continental runoff and terrigenous input
proxies. This inference is also supported by the weak correlations of MARsiliciclastic (R = −0.19, n = 60, α = 0.05)
and Ti/Cabiologic ratio (R = −0.43, n = 35, α = 0.05) with the sediment provenance proxy (i.e., (La/Yb)UCC ratio;
Figure S2 in Supporting Information S1). Therefore, it is reasonable to conclude that the temporal variations in
MARsiliciclastic and Ti/Cabiologic ratio reflect changes in continental runoff and terrigenous supply in southwestern
Australia between the late Albian and early Cenomanian (Figure 2).
During OAE 1d and other Cretaceous OAEs, greenhouse climate initiated by volcanic eruptions might have
accelerated the hydrological cycle on land and resulted in higher terrigenous supply to the ocean (Jenkyns, 2010;
Richey et al., 2018; Rodríguez-Cuicas et al., 2020). This model explains well the stratigraphic trends in terrigenous detritus input proxies (i.e., MARsiliciclastic, Ti/Cabiologic ratio, and median grain size) at Site U1513 during
OAE 1d (Figure 2), indicating a considerable enhancement in continental runoff and terrigenous supply from a
southwestern Australia provenance. A warm and humid climate with an enhanced hydrological cycle during OAE
1d would result in high runoff from southwestern Australia accompanied by the input of large amounts detritus
and OM into the Mentelle Basin (Figure 2). Similar paleoenvironmental changes during OAE 1d are reported at
northern low- (e.g., the Capacho Formation, southwestern Venezuela) and mid-latitudes (e.g., the Mesilla Valley
Formation, New Mexico, USA; Jenkyns, 2010; Rodríguez-Cuicas et al., 2019; Scott et al., 2013).
4.5. Marine Productivity, Redox Conditions, and OM Burial During OAE 1d
Enhanced runoff from southwestern Australia and the associated increase in terrigenous material discharged
into the Mentelle Basin might have resulted in significant changes in marine primary productivity, bottom-water
redox conditions, and OM burial in marine sediments. Here, the records of various geochemical proxies (i.e.,
MAR
𝐴𝐴 BSi, MARCaCO3, MARTOC, MARTN, MARTS, EFU, and TOC/TN ratio) at Site U1513 of Mentelle Basin are
clearly indicative of these changes during OAE 1d. Sedimentary OM in the oceanic domain originates from
marine (autochthonous) and/or terrigenous (allochthonous) sources, corresponding to distinctive TOC/TN ratios
of ∼6 and >10, respectively (Lim et al., 2017; Xu et al., 2020). The very high TOC/TN ratios (>20) during
OAE 1d, with an increasing trend through the interval (Figure 2), indicate that OM in the studied sediments is of
terrigenous origin. As shown in Figure 2, significant increases in MARTOC and MARTN, together with the strong
correlation (R = 0.97, n = 27, α = 0.05) between them, indicate a large increase in terrestrial OM burial flux at
southern high latitudes during OAE 1d.
As would be expected, other indicators for input of terrigenous detritus including MARsiliclclastic, Ti/Cabiologic ratio,
and median grain size also increase during OAE 1d (Figure 2). In particular, the good correlations between
Ti/Cabiologic and MARTOC (R = 0.64, n = 35, α = 0.05) over the whole studied sediment interval indicate correlated
increases in the supply of terrigenous detritus and OM (Figure S2 in Supporting Information S1). This phenomenon is most pronounced in the OAE 1d interval which is characterized by close correlations of Ti/Cabiologic ratio
(R = 0.65, n = 27, α = 0.05), and TOC/TN ratio (R = 0.85, n = 27, α = 0.05) with MARTOC (Figure S2 in Supporting Information S1). Consequently, the burial flux of OM in the study area during OAE 1d may be controlled
mostly by terrigenous detritus and OM inputs.
The good correlation between MARBSi values and bulk SiO2xs [SiO2xs = SiO2sample − Alsample ×
(SiO2/Al)post-Archean Australian shale] contents which are less affected by diagenesis argues against a diagenetic control
on MARBSi values in this study (Figure S3 in Supporting Information S1; März et al., 2013; Taylor & Mclennan, 1985). Interestingly, unlike terrigenous-associated proxies which increase through OAE 1d, marine productivity inferred from MARBSi
𝐴𝐴 and MARCaCO3 proxy tends to remain relatively high before and during the earliest
stage of OAE 1d, but decrease during OAE 1d (Figure 2). This suggests a decrease in marine productivity during
OAE 1d. High riverine input would increase the water column stratification. This change might reduce mixing of
nutrient-rich deep waters from below to the surface decreasing marine primary productivity but restricting ventilation of deeper waters leading to better preservation of OM (Figure 2; Bornemann et al., 2005; van Helmond
et al., 2015).

FAN ET AL.

7 of 11

Geophysical Research Letters

10.1029/2021GL097641

Moreover, high contents of siliciclastic fractions (60%–90%) and OM of terrigenous origin, and low contents of
BSi (7%–17%), and CaCO3 (1%–15%) in the sediments suggest that the Mentelle Basin was be strongly affected
by terrigenous materials (detritus particles and OM) and freshwater (Xu et al., 2020). Furthermore, the negative
correlations
𝐴𝐴 of MARCaCO3 (R = −0.61, n = 27, α = 0.05) and MARBSi (R = −0.69, n = 27, α = 0.05) with MARTOC
during OAE 1d support a limited contribution of marine primary productivity to the increased OM burial in the
study area (Figure S2 in Supporting Information S1).
In this study, relatively high values of MARTS and EFU during OAE 1d in the study area testify to a decrease in
dissolved oxygen level in the bottom water of the Mentelle Basin (Figure 2; Danzelle et al., 2018; Lim et al., 2017;
Suan et al., 2018). In addition, the strong correlations of MARTOC (R = 0.84, n = 27, α = 0.05) and TOC/TN ratio
(R = 0.70, n = 27, α = 0.05) with MARTS suggest that the redox condition in the bottom water was likely associated with increased supplies of terrigenous OM during this period (Figure S2 in Supporting Information S1).
In this stage, gradually increasing terrestrial OM input, coupled to a potential oxidation of this OM in the water
column may have rapidly consumed dissolved oxygen, resulting in a decrease in oxygen level. Accordingly, the
increasing concentrations of U and TS in marine sediments, potentially associated with sulfate reduction during
the sedimentary process (Danzelle et al., 2018; Morse & Berner, 1995), appear upward during OAE 1d (Figure 2).
In summary, our multiple proxy records illustrate that OAE 1d observed in Mentelle Basin features weakened
marine primary productivity, decreased bottom-water oxygen level, and strengthened OM burial (Figure 2).
4.6. Forcing Mechanisms of OAE 1d at Southern High Latitudes
Volcanism of the Central Kerguelen large igneous province, together with huge amounts of CO2 emissions and
subsequent global warming, may have resulted in environmental perturbations on Earth that drove the onset of
OAE 1d at southern high latitudes. We propose this change was the forcing mechanisms behind the regional
expression of OAE 1d due to an accelerated hydrological cycle in southwestern Australia. The change in climate
led to increased freshwater runoff, increased terrigenous siliciclastic sediment input, and increased input of terrestrial OM into the Mentelle Basin. The high oxygenation demand induced by the decomposition of this terrigenous
OM consumed much of the dissolved oxygen in the water column. Moreover, increased input of freshwater into
the Mentelle Basin caused increased stratification of the water column which in turn change would have resulted
in reduced marine primary productivity but decreased ventilation due to the stronger water column stratification
exacerbated oxygen depletion at the seafloor and led to enhanced OM burial in marine sediments.

5. Conclusions
Here, the first detailed sedimentary and geochemical records for OAE 1d at southern high latitudes are presented
from IODP Site U1513 (Mentelle Basin, southwestern Australia). We reconstructed the temporal records of
various paleoenvironmental proxies, including continental runoff, input and burial flux of terrigenous detritus
and OM, marine primary productivity, and bottom-water redox conditions between the late Albian and early
Cenomanian.
Element compositional features revealed that siliciclastic sediments deposited during OAE 1d were mainly
sourced from southwestern Australia (i.e., the Yilgarn Craton, Albany-Fraser Orogen, and Leeuwin Complex).
The Hg anomaly before and during the earliest stage of OAE 1d and the coeval activity of the Central Kerguelen large igneous province, demonstrated that OAE 1d might have been forced by volcanism and the associated global environmental perturbations. During OAE 1d, large amounts of terrigenous freshwater, detritus, and
OM may be transported from southwestern Australia to the Mentelle Basin, which led to the decreased oxygen
concentration in the bottom water, and increased OM burial in marine sediments. However, the marine primary
productivity during OAE 1d at southern high latitudes was relatively limited. In particular, the relatively good
consistency of the records of OAE 1d between high (i.e., this study) and low-latitudes (e.g., the Atlantic/Tethyan
basins) indicates a global distribution characteristic of this event.
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Data Availability Statement
The original data presented in the study are included in the Supporting Information. Supplementary data are
archived to an open-source online data repository hosted at the Zenodo database (https://doi.org/10.5281/
zenodo.6358038).
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