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The end-Triassic mass extinction was one of Earth’s largest biotic crises, and marine deoxygenation
has been proposed as a primary driver. However, the timing, geographic extent, and severity of oxygen
loss in the oceans remain uncertain. Here we present a multi-geochemical proxy record study from the
equatorial Panthalassan Ocean that uses sedimentary iron speciation and nitrogen isotopes to
reconstruct water column redox changes before, during, and after the mass extinction. Iron speciation
data indicate anoxic bottom waters dominated this region through the Late Triassic-Early Jurassic,
consistent with deposition beneath an oxygen minimum zone. Elevated nitrogen isotope values ~ 8
million years before the mass extinction record, enhanced denitrification linked to shoaling and
expansion of this oxygen minimum zone. These results suggest that deoxygenation in the equatorial
Panthalassa began well before the main extinction and coincided with biodiversity declines and
carbon-cycle perturbations, likely stressing marine ecosystems before the end-Triassic mass

extinction.

The latest Triassic contains one of the most severe mass extinctions in the
history of the planet, the End-Triassic Mass Extinction (ETME), that
occurred just before the Triassic-Jurassic Boundary (~201 Ma). This event
resulted in an ~ 60% loss of marine invertebrates on the generic level' and
coincided with many paleoenvironmental disturbances’. Large-scale vol-
canism from the Central Atlantic Magmatic Province (CAMP) has been
hypothesized to have driven the environmental changes that led to the
ETME. These include climatic warming, ocean acidification’, and
deoxygenation”, among others. It has also been suggested more recently
that environmental deterioration and extinction rates started to increase
well before the ETME, near the Norian-Rhaetian Stage Boundary (NRB)".
Although the emplacement of CAMP'""” is widely considered to be the
primary driver'™"* of environmental change during the ETME, there is no
consensus on the mechanisms behind the events near the NRB.

Marine deoxygenation has been invoked as one of the primary drivers
of the ETME"”, however the spatiotemporal record of deoxygenation
during this interval is not well constrained. Uranium isotope excursions in

marine carbonates deposited just after the ETME, near the beginning of the
Early Jurassic Hettangian Stage, suggest a 40-100-fold increase in the global
extent of anoxic seafloor deposition". Similarly, a sulfate sulfur isotope
excursion identified from the latest Rhaetian has been interpreted to indicate
a 5-fold increase pyrite burial in anoxic marine sediments’. These records
are restricted to strata deposited immediately before, during, and shortly
after the ETME, meaning the longer-term global history of marine oxygen
variability (well) before and (well) after the ETME is largely unknown.
Additionally, these proxies i) are only sensitive to anoxic conditions and do
not reflect lesser levels of deoxygenation'*™"*, and ii) they do not resolve local
to regional variations in oxygenation that would strongly influence biotic
responses in these marine environments.

Local redox proxies complement these global datasets, but they are
largely confined to sedimentary successions from the western Tethys
Ocean"***'**, The hydrography of these restricted seaways—characterized
by relatively shallow depths, continental proximity, and limited circulation
—makes it difficult to extrapolate local occurrences of anoxia to conditions
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in the open oceans. Furthermore, these records share many of the same
limitations as the global uranium- and sulfate sulfur isotope datasets, being
confined temporally to the interval immediately surrounding the ETME
and primarily reflect conditions of full anoxia rather than lesser degrees of
oxygen loss™.

All these factors concerning the marine redox records of the ETME
limit our understanding of the history of deoxygenation associated with this
event and subsequently its local biotic implications. To address this, we
explore a long-term (upper Norian to Hettangian) record of deoxygenation
in the understudied equatorial Panthalassic or Panthalassan Ocean using a
combination of nitrogen isotope (8"°N) and iron speciation data from
Grotto Creek, a sedimentary succession located within the Wrangell
Mountains of modern south-central Alaska.

This dual proxy approach is particularly powerful as it permits
reconstruction of redox conditions in different portions of the water
column®* in this region of Panthalassa. The isotopic composition of
bioavailable nitrogen reflects biological and redox processes operating
throughout the water column, particularly denitrification within oxygen
minimum zones, and is recorded through assimilation into organic matter
in the euphotic zone™*". Therefore, §'°N of sedimentary organic matter
provides an avenue to reconstruct changes in the local nitrogen cycling and
redox. Iron speciation can be used to distinguish oxic and anoxic conditions
within bottom waters using the ratio of highly reactive iron (Fegr) to the
total iron (Fer) within sedimentary samples. Likewise, the ratio of pyrite iron
to highly reactive iron (Fepy/Feyg) can be used to further elucidate whether
anoxic bottom waters were ferruginous or euxinic (anoxic and sulfidic water
column)®.

The geochemical records from Grotto Creek reflect the history of
nitrogen cycling and water column redox during the Late Triassic and Early
Jurassic in east-central Panthalassa. Nitrogen isotopes indicate a shift from
nitrate-replete surface waters to progressively more deoxygenated condi-
tions, with increasing denitrification associated with local OMZ expansion
beginning in the late Norian and intensifying into the Rhaetian. Notably,

these changes in upper water column deoxygenation began well before the
ETME. Persistent deoxygenation and denitrification during and after the
ETME led to nitrate drawdown and culminated in nitrogen limitation with
dominantly anoxic bottom waters. These bottom water conditions were
increasingly euxinic during and immediately after the ETME. These con-
ditions continued into Hettangian but were interrupted by a transient
oxygenation event marking the first local evidence of environmental
recovery after the ETME.

Geologic and paleoenvironmental setting of the Grotto Creek
succession

The section at Grotto Creek exposes the McCarthy Formation that consists
of Upper Triassic (Norian) to Lower Jurassic (Pliensbachian) strata that
were deposited on the Wrangellia Terrane along eastern Panthalassa in a
deep-water setting’*". Chronostratigraphic control for the Grotto Creek
succession is provided by previously reported biostratigraphy (ammonite,
conodont, bivalve, and hydrozoan) and U-Pb zircon dates from inter-
bedded volcanic ash beds (Figs. 1 and 2)**”". Biostratigraphic data from a
number of fossil groups from the section base to 4.15m indicate a late
Norian Cordilleranus Zone age. The NRB is placed at 4.15 m in the section
defined by the lowest in situ occurrence of Agerchlamys boellingi and the
Rhaetian ammonoid Vandaites cf. suttonensis”. Two key ash horizons from
0 and 11.07m in the section yielded dates of 209.86+0.16 Ma and
208.25 £ 0.25 Ma respectively, temporally constraining the NRB to ~209
Ma”. The Triassic-Jurassic Boundary is constrained to the interval of
29.42-33.95 m bounded by the first appearance of the ammonites ?Psilo-
ceras sp. and Psiloceras tilmanni”’. The rest of the section studied here (up to
70 m) is Hettangian in age based on the occurrence of ammonites and
bivalves (see ref. 27 for further details).

The McCarthy Formation at Grotto Creek is primarily composed of
fine-grained limestones and shales (Fig. 2). These strata reflect distal sedi-
mentation of a carbonate ramp deposited off the Wrangellia terrane. The
sediment deposited at the Grotto Creek site was sourced from adjacent
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Fig. 1| Paleogeography of the Late Triassic and stratigraphic setting of the Grotto
Creek Section. A Late Triassic global paleogeographic reconstruction displaying the
depositional location of the McCarthy Formation” (gold star) on the Wrangellia
terranes and other known nitrogen isotope records during the ETME (green and
orange circles). B Aerial photo taken of the Grotto Creek Section with the boundary
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between the upper and lower McCarthy Formations denoted with the dashed line
and the studied sections denoted with the solid blue line. The white dots on the green
meadow above the cliff on the middle right of the photo are tents that are 1 meter tall
for scale. C General stratigraphy of the Grotto Creek Section showing relevant study
interval in blue™™".
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Fig. 2 | Geochemical data spanning the Norian-Rhaetian and End-Triassic Mass
Extinction at Grotto Creek, Alaska, USA. Stratigraphic plots of nitrogen isotope
and iron speciation proxy data from Grotto Creek displayed with the previously
established biostratigraphic, geochronologic, and lithologic framework™ along with
the generic ammonoid biodiversity curve from eastern Panthalassa sites™. Nitrogen
isotopes are depicted in blue, Feyr/Fer in red, Fepy/Feyg in yellow, and organic
carbon isotopes” in green. Thresholds for Fe speciation™ are displayed as vertical
dashed lines in both the Feyr/Fer (oxic <0.38 <anoxic) and Fepy/Feyy (ferruginous

<0.6, 0.8 <euxinic) plots. Ash bed dates” are shown next to the corresponding
stratigraphic height of the sampled bentonite. The stratigraphic interval that con-
tains the Triassic-Jurassic boundary interval is the gray shaded bar whereas the
interval that contains the ETME is displayed as the green shaded bar (the base of
which is placed at the small negative carbon isotope excursion that occurs below the
TJB (referred to as the initial isotope excursion in some references) and the top of
which is beneath the first appearance of Psiloceras tilmanni).

shallower-water carbonate and siliceous environments and local pelagic
sedimentation™. The section records a shift to more siliceous sedimentation
in the Hettangian****, and this change in the wake of the ETME is noted in
many Panthalassan successions that likely reflects the decline of carbonate-
producing biota and the proliferation of silica-secreting biota after the
extinction™*>*,

Results and discussion

Nitrogen isotope and iron speciation results

Two positive 8"°N excursions are observed in the Triassic-Jurassic succes-
sion at Grotto Creek, and we interpret these stratigraphic changes in the
nitrogen isotopes as reflecting changes in the marine nitrogen cycle (see
Supplementary Fig. 1 and Supplementary Discussion for consideration of
potential alteration of the nitrogen isotopes). The first is a stratigraphically
broad ~+3%o excursion that extends from the middle of the Norian interval
of the Grotto Creek section into the Rhaetian interval. The pre-excursion
8"N values in this upper Norian part of the section (—30 to —20 m) range
from ~+0.5 to +2%o. Above this, between —20 to 0 m, §*°N values increase
to 4+1.5-3%o and then continue to rise, reaching their highest values
(43-3.7%o) at ~15 m in the Rhaetian shortly after the NRB. These elevated
8N values persist from 0 to 30 m before declining to +1-2%o across the
stratigraphic interval that contains end-Triassic mass extinction and into the
Hettangian. The second positive §'°N excursion of ~3.5%o occurs between
60-65 m in the Hettangian.

Iron speciation data from throughout the section, save for a brief
stratigraphic interval in the Hettangian, have Feyg/Fer values consistently
above the 0.38 threshold (average ~0.83) that indicates anoxic bottom water
conditions™. The Fepy,Feyr values vary throughout the section but are
generally below 0.6, indicating ferruginous conditions in the water column.

Some samples that exceed 0.6 and occasionally 0.8 occur, suggesting euxinia.
There is a higher concentration of these euxinic samples between ~25 and
40 m, including the interval that contains the ETME. In the upper part of the
section (60 to 65 m), coincident with the second positive §"°N excursion,
Feyr/Fer values decline, with one sample falling below the 0.38 anoxic
threshold. At the same time, Fepy/Feyy values also drop to near 0. Analyzing
a section deposited under persistently reducing bottom-water conditions, as
indicated by the iron speciation data, simplifies interpretation of the
nitrogen isotope record. In such an environment, stable anoxic conditions
would minimize post-depositional alteration of organic nitrogen caused by
variable oxygen exposure, microbial oxidation, or differential nitrogen loss
and suggest 8"°N values more directly reflect changes in the water-column
nitrogen cycle”.

Regional deoxygenation in equatorial Panthalassa

The geochemical records from Grotto Creek provide insight into the
temporal evolution of redox in the upper and lower water column across
the Norian-Hettangian interval, including the ETME. Based on the
stratigraphic trends in 8'°N that are reflective of redox conditions and
nitrogen cycling in the upper water column, we divide the record into four
intervals: Interval 1 (—30 to —20 m), contains the upper Norian; Interval 2
(—20to 13 m), contains the trend to higher §*°N in the uppermost Norian
and into Rhaetian; Interval 3 (13-60 m), captures the variable return to
lower §"°N values through the rest of the Rhaetian into the Hettangian;
and Interval 4 (60-65 m), a brief positive §'°N excursion in the Hettan-
gian. Together, these data indicate dominantly anoxic bottom waters and
progressively more reducing upper water-column conditions, and a
potential transient shift to less reducing conditions in Interval 4, discussed
further below.
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Fig. 3 | Global compilation of nitrogen isotope data from across the latest
Triassic-earliest Jurassic. Compilation of nitrogen isotope records across the End-
Triassic plotted on a global paleogeographic reconstruction (green circles).
Important transitions like the Triassic - Jurassic boundary (highlighted in gray), the
Norian - Rhaetian boundary (gray dashed line), and the ETME interval (green

shaded zone) are denoted where applicable. Panthalassic study sites include Grotto
Creek, Alaska (this study denoted by the star); Kennecott Point, Canada*'; Black Bear
Ridge, Canada™; Katsuyama, Japan®. Tethys study sites include Doniford Bay,

England®; Mariental, Germany’; Mingolsheim, Germany".

In Interval 1 (late Norian), §*°N values are relatively low (~+0.5-2%o)
and co-occur with high (>0.38) Feyg/Fer and variable Fepy/Feyr. The
nitrogen isotope values are consistent with a scenario in which nitrate was
the abundant form of dissolved nitrogen in a well-oxygenated upper water
column®. Denitrification—if active—was not locally or regionally extensive
enough to meaningfully alter the isotopic composition of the nitrate pool™*””.
Iron speciation data indicate predominantly anoxic, ferruginous, and
occasionally euxinic bottom-water conditions. The episodic occurrence of
benthic bivalves in this stratigraphic interval”’ may suggest brief intervals of
habitable conditions on the seafloor, but the Fe speciation data indicate such
intervals were transient. Overall, we interpret this interval to reflect oxy-
genated surface waters overlying anoxic bottom water conditions, which
could represent an OMZ-like scenario.

Interval 2 (latest Norian-middle Rhaetian), containing the NRB, is
marked by an increase in §"°N that peaks at values of +3-3.7%o that occur
with Feyr/Fer>0.38 and variable Fepy/Feyg Iron speciation data display
persistently reducing bottom-water conditions, characterized by anoxia that
was dominantly ferruginous and intermittently euxinic. The shift to more
positive §"°N suggests increased water-column denitrification that led to
enrichment of the residual nitrate pool in °N and likely reflects the regional
expansion of the suboxic zone of the OMZ higher in the water column and
closer to the photic zone. This rise in §'°N initiates in the Norian, indicating
that water column deoxygenation increased well before the ETME and
persisted into the Rhaetian. These changes in the upper water column
coincided with bottom waters that continued to be locally anoxic and
variably ferruginous and euxinic (Fig. 2).

Coeval records from elsewhere on Wrangellia and eastern Panthalassa
show evidence for a generally similar time-progressive expansion of the
regional OMZ. At Kennecott Point (Canada), a positive increase in 8N of
3%o also occurs after the NRB, peaking in the Rhaetian™ (Fig. 3). Positive
8"N values similarly occur near the NRB in the succession at Black Bear
Ridge (Canada), which was deposited on the western margin of Pangea in

eastern Panthalassa™ (Fig. 3). Although similar in magnitude, these positive
8”N excursions are slightly diachronous within current dating
uncertainties”*”. We interpret this pattern as reflecting the variable geo-
graphic expansion of the regional OMZs before the ETME interval (during
the latest Norian and into the Rhaetian).

Interval 3 (middle Rhaetian-to earliest Hettangian including the
ETME) is characterized by a variable decline in §°N from values more than
+3%o to between +1%o and +2%o. This was likely caused by prolonged
denitrification, which depleted the local marine nitrate reservoir, inducing
nitrogen-limited conditions in the surface ocean””. Under such circum-
stances, biological nitrogen fixation and/or ammonium recycling likely
became dominant sources of bioavailable nitrogen. Both processes would
contribute "*N-depleted nitrogen to the organic matter pool, driving the
observed decline in §"*N**’. Increased deoxygenation in this interval is
supported by the iron speciation data, which indicates continued bottom
water anoxia. Notably, the iron speciation data also indicate a higher pre-
valence of euxinic conditions in and immediately after the interval that
contains the ETME.

Other regional Panthalassan records also point to continued deox-
ygenation and expansion of the OMZ in equatorial Panthalassa during the
mid-Rhaetian-to earliest Hettangian. Declines in §°N values are observed at
Kennecott Point™ and Black Bear Ridge™ through the Rhaetian and into the
Hettangian, indicating similar changes in the regional nitrogen cycle to
those observed at Grotto Creek. Organic biomarker data and redox-
sensitive trace metal abundances from Kennecott Point and elsewhere in
eastern Panthalassa also indicate the development of bottom-water anoxia
and photic zone euxinia during and immediately after the ETME'****'-*",

Interval 4 (early Hettangian) records a second, stratigraphically shorter
8N excursion to ~+4%o in the lowermost Hettangian. This second
excursion, although equivalent in magnitude to the excursion preceding the
ETME interval, is accompanied by a decrease in both Feyjr/Fer and Fe,,/
Feyr. These data, taken together, suggest that this §'°N excursion may
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Fig. 4 | Reconstructed history of the equatorial Panthalassan oxygen minimum
zone (OMZ) from the Late Triassic to Earliest Jurassic. Nitrogen cycle process
indicated are the thought to control the isotope composition of organic nitrogen
during each time interval. Pink star indicates the location of Grotto Creek. I). Late
Norian: Deep oxygen minimum zone (OMZ). Core of OMZ was mostly ferruginous
and occasional euxinic. Nitrate is abundant. I1.) Latest Norian-middle Rhaetian:
Expansion of the OMZ. Denitrification starts to deplete the local nitrate pool. Core of

OMZ continues to be ferruginous and euxinic. II1.) Middle Rhaetian-to earliest
Hettangian including the ETME: Continued expansion of the OMZ including the
into the photic zone. Depletion of the local nitrate pool. Core of OMZ becomes more
frequently euxinic. IV.) Early Hettangian: OMZ temporarily contracts. Increased
nitrate availability. Core of the OMZ returns to being mostly ferruginous and
occasional euxinic.

reflect a brief oxygenation event (i.e. less reducing) that generated local
suboxic conditions that allowed for the accumulation of nitrate in the sur-
face ocean. This allowed restarting of the partial denitrification of this nitrate
pool and the partial ventilation of the lower water column. The transient
nature of the §"°N peak and accompanying changes in the Fe speciation data
are consistent with a short-lived event.

Combined, this suggests that the geochemical records from Grotto
Creek and other regionally coeval locations reveal a multi-phase evolution of
the nitrogen cycle and water column redox during the Late Triassic and
Early Jurassic in eastern Panthalassa (Fig. 4). Nitrogen isotopes indicate
nitrate-replete surface waters that later experienced deoxygenation and
elevated levels of denitrification due to the expansion of the OMZ. Notably,
upper-water-column deoxygenation began during the late Norian and
intensified into the Rhaetian, well before the ETME. Continued deox-
ygenation and denitrification led to nitrate drawdown and culminated in
nitrogen limitation under bottom-water anoxia and increased occurrence of
euxinia during and immediately after the ETME. This continued into the
Hettangian but was briefly interrupted by a transient episode of less redu-
cing conditions, which represents the first evidence of localized environ-
mental recovery after the ETME.

The global picture of deoxygenation across the Late Triassic
Multiple lines of evidence indicate that widespread marine deoxygenation
occurred across the Late Triassic-Early Jurassic transition. As mentioned
above, the uranium isotope redox proxy supports a global expansion of
seafloor anoxia during the ETME and its immediate aftermath'>. While local
redox proxy records also broadly support increasing deoxygenation around
the ETME and into the Hettangian, these are largely confined to a portion of
the western Tethys Ocean. The record from Grotto Creek and other records
from northeastern Panthalassa indicate, however, that deoxygenation
occurred in this ocean basin well before the ETME (Fig. 4).

Potential evidence for the development of more reducing benthic water
column conditions prior to ETME also occurs at other sites farther afield in
Panthalassa. Mercury and sulfur enrichments and changes in pyrite fram-
boid morphology in a Japanese deep-sea chert succession deposited in
western Panthalassa suggest increases in reducing sedimentary conditions
and potentially water column stratification in the Rhaetian some ~1 Myr
before the ETME****. In the Rhaetian portion of a sedimentary succession in
western Nevada, the occurrence of goethite replacing pyrite correlated with
low macrofaunal abundances has been interpreted reflect sulfidic conditions

developing in the local sedimentary pore fluids in east central Panthalassa™.
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Evidence for marine deoxygenation occurring earlier in the Norian and
across the NRB outside of Panthalassa remains limited due to a lack of proxy
data from this time interval. Recently, a study® using redox-sensitive metal
abundance data from four globally distributed sites suggested that locally
reducing conditions developed in sediments at these locations near the NRB.

More broadly, there is growing evidence for biotic and environmental
change in the late Norian and across the NRB. Oxygen isotope evidence
points to oceanic warming or changes in evaporation-precipitation
dynamics decreasing regional §'°Oy,, values in the latest Norian”** that
may be related to the expansion of the Panthalassa OMZ. Carbon isotope
records from the late Norian and NRB also suggest perturbations to the
global carbon cycle®. The carbon isotope records at Kennecott Point con-
tain a chaotic carbon interval, consisting of two positive carbon isotope
excursions that precede the NRB***’. Further, a global compilation of §°C
records across the NRB has revealed a negative isotope excursion'**. The
8"C record from Grotto Creek also displays a negative excursion just below
the NRB”, with the nadir of this excursion occurring near the peak of the
8"N excursion (Fig. 2). Given the apparent global distribution of the NRB
8"C excursions, identifying environmental drivers behind them and other
coeval geochemical signals should be a priority.

A major decline in ammonoid diversity in eastern Panthalassa
occurred in the later Norian’"** contemporaneous with the positive §"°N
excursion at Grotto Creek, indicative of enhanced denitrification and
deoxygenation within the shallow water column. More broadly, analyses of
benthic genera (e.g. bivalves, brachiopods, sponges, corals) globally indicate
that 41% of genera crossing the NRB went extinct within the Rhaetian, while
at the same time origination rates decreased™. These data indicate an overall
decrease in marine biodiversity that initiated in the latest Norian, reached a
low at the NRB, and remained low during the ETME interval®**’. The
expansion of the OMZs in the eastern Panthalassa likely played a role in
these marine ecosystem crises.

Presently, there is no consensus for triggers of biological crises and
geochemical anomalies predating the ETME and CAMP emplacement. The
oldest CAMP deposits are ~201.63 Ma'*, which is younger than the NRB at
Grotto Creek (~209.8 Ma). Volcanism associated with the Angayucham
terrane of southern Alaska, dated at ~214 Ma™, has previously been con-
sidered as a potential trigger for the environmental and biological changes
documented at the NRB. However, the large uncertainty associated with this
age (+ 7 Myr) makes it difficult to determine whether volcanism associated
with this terrane was active during the interval of NRB redox change. More
precise radiometric constraints are therefore required to better evaluate its
potential role. Recently, evidence has been presented for marine large
igneous province (LIP) eruptive activity in Tethys Ocean during the late
Norian, with age estimates that more closely align with the timing of the
NRB*. Consistent with this timing, a strontium isotope excursion identified
in the latest Norian of eastern Panthalassa may reflect enhanced hydro-
thermal or volcanic inputs during this interval™. Regardless of the driver, the
changes in marine biogeochemical processes reflected in the §*C, §'°N, and
iron-speciation records across the NRB appear to have influenced marine
ecosystems well before the ETME.

Conclusions

These geochemical datasets from Grotto Creek provide additional insights
into marine deoxygenation in equatorial Panthalassa during the Late
Triassic to Early Jurassic. The dual nitrogen isotope and iron speciation data
presented here allow for the assessment of redox changes in both the shallow
and deep portions of the water column. The §°N and iron speciation data
suggest: (i) progressive deoxygenation in eastern Panthalassa initiated in the
late Norian, before the ETME, with the expansion of the local OMZ into
shallow waters; (ii) this deoxygenation event coincides not only with known
regional and global biodiversity declines in ammonoids and benthic genera
(respectively), but also recently discovered perturbations to the global car-
bon cycle; (iii) these environmental and biologic crises predated CAMP
emplacement and the events of the ETME by ~8 Ma. These data, when

placed in the context of existing datasets, suggest a progressive and pro-
tracted expansion of the OMZ in eastern equatorial Panthalassa. While the
underlying drivers of these earlier changes to the Earth system (preceding
CAMP and the ETME) are unclear, their effects likely set the stage for the
ETME, and a better understanding of them is key to unraveling the full story
of this chapter in Earth history.

Methods

Nitrogen isotopes

Samples were powdered and reacted with 5-7 mL of 2M HCI at room
temperature to remove all carbonate (~24-48 h). Sample residues were
separated from reacted HC], rinsed (deionized water was added to the 15 mL
sample tubes which were then vortexed to suspend sediments, centrifuged to
settle sediments to the bottom of the tubes, and then pH was measured)
multiple times until attaining a pH of 5 or higher. Samples were then dried in
a 55°C oven and once dry, re-homogenized into a fine powder using a
mortar and pestle. Samples and standards, including USGS 25
(—30.41 + 0.16 %o0) and USGS 26 ( + 53.75 + 0.15 %o) and a commercial low
organic soil standard (EA Consumables), were weighed into tin capsules.
Isotopic analyses were performed using an Isoprime 100 isotope ratio mass
spectrometer (IRMS) with an Elementar vario Isotope Cube elemental
analyzer (EA). Nitrogen isotope data were corrected for linearity and drift
over the course of the run and then normalized to the AIR scale to determine
8"N values. Reproducibility of nitrogen isotope analyses can be estimated
using replicates of the USGS25 and USGS26 standards run with the samples
that yielded standard deviations of 0.21 and 0.26, respectively. The organic
total nitrogen content of each sample was determined using the area of the
N, peak measured by the elemental analyzer calibrated to a size series of low
organic soil elemental standards. Nitrogen contents calculated using this
method averaged less than 5% error from the known composition of the
standards.

Organic carbon isotopes (61300,9) and total organic carbon
content (TOC)

Total organic carbon content (TOC) and isotopic composition (6”Corg)
were measured on the same samples residues as the nitrogen isotopes.
Decarbonated sample powders (4 to 40 mg) were weighed into tin capsules
and combusted at 950 °C in an Elementar Vario Cube elemental analyzer
connected to an Isoprime 100 isotope ratio mass spectrometer (IRMS) the
stable isotope lab in the Department of Geosciences at Virginia Tech. The
isotope compositions of the samples were normalized to the VPDB scale
with international and commercial isotopic standards (CH-6 = 10.449%o;
CH-7 = 32.151%o; Elemental Microanalysis wheat flour = 27.21%o) run with
the samples. The average standard deviation (10) of the isotopic standards
was <£0.1%o. The TOC contents of the samples were determined using the
integrated area of the CO, peak measured by thermal conductivity detector
in the elemental analyzer that was calibrated to a size series of elemental
standards (Elemental Microanalysis acetanilide and wheat flour) elemental
standards in each run. The carbon content of the acetanilide and wheat flour
standards not included in the calibration series was within 5% of their
known compositions. TOC contents of the original samples were deter-
mined using the carbon contents of the decarbonated residue adjusted using
the ratio of the mass of the decarbonated sample to the original treated bulk
powder to account for the mass lost during decarbonation. Carbon and
nitrogen isotope data as well as wt% and C:N ratios are provided in Sup-
plementary Table 1 and Supplementary Data.

Iron speciation proxy

The sequential iron extractions used for this study followed the standard
method™. Briefly, 0.1-0.2 g of sample powder was reacted sequentially with
three different reagents used to target specific iron-bearing mineral phases in
the rock: (1) 1 M sodium acetate solution buffered to pH 4.5 for 48 h at 50 °C
to target iron in carbonate minerals (Fe_,.1,) such as siderite and ankerite; (2)
sodium dithionite (50 g/L) solution buffered to pH 4.8 for 2 h to target iron
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in oxides and hydroxides (Fe,y) such as goethite and hematite; and (3) 0.2 M
ammonium oxalate and 0.17 M oxalic acid buffered to pH of 3.2 for 6 h to
target iron in magnetite (Fey,qg). After each extraction, iron concentrations
in the solutions were quantified by spectrophotometry using the modified
version of the ferrozine method”** Replicate sample extractions from each
extraction yielded reproducibility better than 7%.

Pyrite iron was extracted using the chromium-reducible sulfur (CRS)
extraction”. In this method, ~0.1 to 0.3 g of sample powder was reacted with
a1 M chromous chloride solution while being heated for 2 h on a distillation
line. The sulfur in pyrite liberated as H,S gas was sequentially flushed using
nitrogen gas into a vessel filled with a zinc acetate solution, precipitating
solid ZnS. This ZnS was then converted to Ag,S by adding AgNOj; solution
to the zinc acetate solution with the captured ZnS. The precipitate was dried
and weighed to determine the pyrite iron contents (Fe,,) by assuming a
2:1 stoichiometric relationship between sulfur and iron from the original
pyrite (FeS,). Recovery of sulfur from pure pyrite, run at the same time as the
samples, was within 95% of the expected value. Replicate analyses of the
samples via this method were within 5%.

Total iron (Fer) contents were determined following a modified ver-
sion of the method described by Aller et al.”’. Here, 0.3 g of sample powder
was placed in crucibles and heated in a muffle furnace to 900 °C for 6 h. The
ashed powders were weighed, homogenized, and placed in sealed Savillex
vials with concentrated 12 M HCI, sealed, and heated to 145 °C for 48 h.
After this, an aliquot of solution was analyzed to determine its iron content
using the ferrozine spectrophotometry method described above, and
replicate analyses of the samples were within 5%.

Iron speciation can be used to distinguish oxic and anoxic water col-
umn conditions using the ratio of highly reactive iron (Feyy) to the total iron
(Fer) within sedimentary samples with Feyr/Fer < 0.22 indicative of bot-
tom water deposition under oxic water columns; > 0.38 deposition under
anoxic water column; and between 0.22 and 0.38 indicates ambiguous redox
during deposition**’. Sediments deposited under an anoxic water column
can be further classified based on the proportion of the Feyg pool found in
pyrite (Fepy): Fepy/Fepg < 0.6 indicates an anoxic and iron-rich (ferrugi-
nous) water column; and >0.8 is representative of anoxic and sulfidic
(euxinic) water column. Fe,,/Feyr values between 0.6 and 0.8 are con-
sidered equivocal and could represent deposition under either ferruginous
or euxinic water columns®*"*. Tron speciation data are provided in Sup-
plementary Table 2 and Supplementary Data.

Data availability

The geochemical dataset generated for and analysed within this study is
available in the Figshare repository, https://doi.org/10.6084/m9.figshare.
31286599.
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