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The Devonian—-Carboniferous transition marks afundamental shiftin the surface
environment primarily related to changes in ocean-atmosphere oxidation states'?,
resulting from the continued proliferation of vascular land plants that stimulated the
hydrological cycle and continental weathering®*, glacioeustasy®®, eutrophication and
anoxic expansion in epicontinental seas®*, and mass extinction events>”%, Here we
present acomprehensive spatial and temporal compilation of geochemical data from
90 cores across the entire Bakken Shale (Williston Basin, North America). Our dataset
allows for the detailed documentation of stepwise transgressions of toxic euxinic
waters into the shallow oceans that drove a series of Late Devonian extinction events.
Other Phanerozoic extinctions have also been related to the expansion of shallow-
water euxinia, indicating that hydrogen sulfide toxicity was a key driver of Phanerozoic

biodiversity.

The Devonian/Carboniferous (D/C) transition (about 360 millionyears
ago) marks a fundamental shift in the Earth system primarily related
to changes in the oxidation state of surface environments that pro-
foundly altered the trajectory of life on Earth* The pulsed biotic crises
of this transition (for example, Annulata’, Dasberg® and Hangenberg?)
were plausibly linked to complex physical and biogeochemical feed-
backs drivenin partby the continued evolution and spread of vascular
plantsinterrestrial environments that enhanced weathering rates, soil
formation and the delivery of nutrients to the oceans, while simultane-
ously transferring carbon from the atmosphere to Earth’s surface and
water fromthe surface to the atmosphere through photosynthesis and
evapotranspiration, respectively>*. The continued spread of terrestrial
plants may thus have resulted inlong-term climatic cooling®, the expan-
sion of continental ice sheets® and a shift in the redox balance of the
ocean-land-atmosphere system, including widespread deposition of
anoxicblack shalein epicontinental seas®*. In this study, we present an
integrated sedimentological and geochemical study of black shale from
the Bakken Formation (Williston Basin, USA) that spans three key Late
Devonianbiotic events. High-stratigraphic-resolution mineralogical,
elemental and biogeochemical data from two continuous drill cores,
and redox-sensitive elemental data from an additional 90 drill cores,
provide a spatiotemporal window into sea-level, climate, redox and
extinction events across the D/C transition.

During the mid- to late Palaeozoic transition, the North American
cratonwas flooded by aseries of epicontinental seas with variable con-
nectivity to the open ocean’ (Fig.1). The sediments that accumulatedin
the Williston Basin comprise Famennian evaporites of the Three Forks
Formation and petroliferous Lower Bakken Shale (LBS); carbonaceous
sandstone of the Middle Bakken (MB) Formation that accumulated dur-
ing glacioeustatic fall and subsequent post-glacial rise across the D/C
boundary®; the Tournaisian Upper Bakken Shale (UBS) deposited during

continued transgression; and the Lodgepole Limestone, representing
carbonate platform development (Fig.1)'°". The LBS is divided into four
subunits (LB1, LB2, LB3 and LB4) with boundaries marked by regionally
traceable carbonate concretion layers (Supplementary Fig. 5). Relative
sea-level change hasbeeninferred from gammalogs, calcium contents
and fluctuations in detrital indicators. On the basis of these criteria,
black shale of LB1,LB2 and LB3 represent discrete pulses of marinetrans-
gression, with maximum flooding in LB3 followed by marine regression
in LB4 that transitions to lowstand deposits of the first member of the
MB (MB1). Post-glacial transgression initially occursin the second mem-
ber of the MB (MB2), and the overlying UBS is subdivided into UB1 and
UB2, representing a broad, continued transgression'®",

In this study, we used the Sjol (Extended Data Fig. 1) and Charlie
Sorenson cores to create acomposite that represents the entire suc-
cession (Fig. 2). Previous conodont biostratigraphy has suggested that
LB1, LB2 and LB3 were coincident with three globally recognized Late
Devonianbiotic crises—the Annulata, Dasberg and Hangenbergblack
shale events, respectively™. In the Sjol core, the conodont Bispathodus
aculeatus aculeatus through Bispathodus ultimus zones were identified
from the middle of LB2 to LB3, suggesting correlation of LB3 with the
Hangenbergblack shalein Europe accordingto the conodont zonation
scheme of refs.”>"® (Extended Data Fig. 2). Furthermore, the Hangenberg
black shale—which marks the beginning of the main extinction episode
of the Hangenberg biotic crisis**—is associated with eustatic rise and
the development of anoxic facies across multiple continents®**%, cor-
responding to maximum transgression in LB3 of the Williston Basin.
No biostratigraphy is available for the Charlie Sorenson core, but
ref."studied conodontsin the nearby (about 12 km) Person core, identi-
fying the Palmatolepisgracilisexpansa Zone in LB2, thereby supporting
its equivalence with the Dasberg Event. The same authors identified
the conodont Pseudopolygnathus granulosus, Polygnathus styriacus
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Fig.1| Geological setting of the Famennian-Tournaisian successions of

the Williston Basin, USA and Canada. a, Late Devonian North American
palaeogeography and location of North American formations®. The map was
obtained from “Key Time Slices of North America © 2013 Colorado Plateau
GeosystemsInc.”®. The Williston Basin was located at equatorial southern
latitudesinthe Late Devonian. b, Isopach map of the Williston Basin during
Lower Bakken deposition. Thisalso representsrelative estimated water depths
inthebasinduringthe Late Devonian. ¢, Biostratigraphic andlithostratigraphic
correlation of sections is based on conodont and miospore biozones+#,
Different conodont schemesare represented by CZ1,CZ2 and CZ3, where CZ1is
“standard” zonation***’, CZ2isbased on the presence of the extinction-based
costatus-kockelilnterregnum (ckl)*'**8and CZ3 isbased on the Bispathodus
ultimus and Protognathodus meischneri zones'>", Spore zones are fromref. *°,
The D/Cboundaryis currently defined by the first occurrence of Siphonodella

and Palmatolepis gracilis manca zones in LB1, suggesting correlation
with the Annulata Event (see refs. 27'* for palaeontological review).
Using asuite of wet chemical laboratory extractions and mass spec-
trometric techniques (Methods) onsamples from these two cores, we
determined the relative distribution of iron (Fe) between carbonate,
oxide, silicate and sulfide minerals, and the concentration of trace
metals molybdenum (Mo), vanadium (V), uranium (U), zinc (Zn) and
rhenium (Re), as redox proxies. Iron speciation resultsindicate persis-
tently euxinic (anoxic + sulfidic) conditions during deposition of the
LBS”. Molybdenum concentrationsincrease up-section in three distinct
pulses correspondingto LB1, LB2 and LB3. We suggest that the pulsed
Mo enrichment (with maximum concentrations of about 600 ppmin
LB3) resulted from progressive flushing of the basin with Mo from the
global oceanreservoir, as well asintensification of water-column eux-
inia (and metal sequestrationin sediments) during each transgressive
event'® 2, Vanadium abundances remain near crustal values (upper
continental crust [V] =97 ppm)*in LB1, show minor enrichment during
thesecond transgressive pulsein LB2 and thenbecome highly enriched
in LB3 (>2,000 ppm). These data suggest that the Vinventory of the
basin remained low during deposition of LB1, increasedin LB2,and then
further flushing of the basin with V during maximal transgression and
intensification of water-columneuxinialed to strongVenrichmentsin
LB3.Inthe LBS, Reincreases alongside Mo—which supports the inter-
pretation of a sulfidic water column®—and Zn behaves similarly to V,
with Zn showing hyper-enrichments in LB3 (up to about 2,000 ppm)
that ref. 2 attributed to the activity of phototrophic sulfide-oxidizing

sulcata, whichis the base of the sulcata/kuehniZone (CZ2), or the base of the
sulcataZone (CZ1), respectively (black dashed line). In CZ3, the base of the
enlarged Pr. kockeli Zone marks the D/Cboundary (red dashed line)*>*°. The
blue shaded bar denotes the Hangenberg Crisis interval?. The light blue lines on
thelithostratigraphic columnrepresent flooding surfaces. For global correlations,
the events column shows the major eventsin Rhenish successions, Germany*™,
LB, Lower Bakken; UB, Upper Bakken; MB, Middle Bakken. For conodont taxa:
Pa., Palmatolepis;r., rugosa; Ps., Pseudopolygnathus; Po., Polygnathus; gr.,
gracilis; Bi., Bispathodus; ac., aculeatus; Pr., Protognathodus; Si., Siphonodella.
Thefirstappearancedatumisrepresented by a plus sign, and extinctionis
represented by an asteriskin the events column. Grey zoned boxes represent
the threebiotic crises examined in this study: the Annulata, Dasberg and
Hangenbergextinction events. The age of the D/Cboundaryis defined as

358.9 + 0.4 million years ago by the International Commission on Stratigraphy.

bacteria, thus indicating photic zone euxinia (PZE). This is consist-
ent with biomarker evidence for PZE in LB3 from a Canadian core®.
Together, ironspeciation and trace-metal dataindicate that Late Devo-
nian marine transgressions flushed metals into the basin that were
sequestered in sediments due to the intensification of water-column
euxinia, withmaximum flooding and extent of euxiniaachieved in LB3.

Biogeochemical data are consistent with interpretations drawn
from the sea-level history and redox geochemistry of the LBS. Total
organic carbon (TOC) and total nitrogen (TN) progressively increase
throughLB1, increase again at the base of LB2, and peak with values near
20 wt%and 0.6 wt%, respectively,in LB3, indicating strongly reducing
bottom-water conditions. Analogous to the trace-metal patterns, the
nitrogenisotope (§”N) profile reveals three distinct positive excursions
associated with LB1, LB2 and LB3. This pattern culminates with the
highest 6®N values associated with maximum metal enrichments in
LB3.Inthe modern ocean,ammonia produced from microbial nitrogen
fixation (typically oxidized to nitrate) has anisotopic composition near
0%o. Denitrification subsequently transfers isotopically light *N back to
theatmosphere, leaving the residual oceanic nitrate pool enriched in®N
(ref.?). Denitrification occursin modern oxygen minimumzones and
intensifies in the water column under anoxic conditions; thus, a shift
towards higher 8°Nvaluesinthe ancient recordis ofteninterpreted as
alocal intensification of anoxia?*¥. Alternatively, in highly restricted
basins, pervasively anoxic conditions could hinder the oxidation of
ammonia to nitrate, and hence preclude microbial denitrification.
Under these conditions, available N in the restricted water column
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Fig.2|Lithostratigraphy, biostratigraphy, sea-level history and time-
seriesgeochemistry of the composite section constructed from the Sjol
and Charlie Sorenson cores, North Dakota, USA. White ovalson the
stratigraphic column represent carbonate concretion horizons. For visual
purposes, 12.2 mof the Middle Bakken Formation are not shown. Cut-off values
forironspeciationinterpretations are represented by vertical dashed lines
intheironspeciation columns. The horizontal blue dashed lines delineate
subunitboundariesidentified using carbonate concretion layers. Conodont
biostratigraphy was performed on the Sjol core withidentified zonesin LB2
and LB3 showninblack using the CZ3 conodont zonation scheme. In addition,
the crenulataZone (CZ1and CZ2) wasidentified in the Lodgepole Limestone
in the Sjol core. Conodont biostratigraphy from LB1 comes fromref. ", which
investigated the Person core drilled about12 km from the Charlie Sorenson

would retain atmospheric 8N values near 0%o. In contrast, the pres-
ence of nitrate in the more oxidized open ocean would have resulted
in higher 6®N values; thus, a shift towards higher 6°N values in the
Williston Basin could also indicate the influx of ®"N-enriched waters
from the open ocean during marine transgression. Within this frame-
work, the three §®Nincreasesin LB1, LB2and LB3 canbeinterpreted as:
(1) threeintervals of local intensification of anoxia, (2) three transgres-
sive injections of “N-enriched waters into the Williston Basin, or (3) a
combination of these processes. The positive 6”N excursionin LB3 is
similar in magnitude to a 6“N excursion in the Famennian Cleveland
Shale (Appalachian Basin), with both horizons potentially deposited
across the Hangenberg Event (Supplementary Fig. 22)?%%, Lastly, pyrite
sulfurisotope (8*S,,) values markedly decrease from O to nearly -30%o
through the LBS, with minimum values recorded in LB3 coincident with
the highest 8N values and the strongest trace-metal enrichments. We
interpret this patternintwo ways: (1) progressive flushing of the basin
with marine sulfate upon marine transgression thereby increasing the
magnitude of microbial fractionation between sulfate and sulfide; and
(2) progressive intensification of water-column euxinia, which drove
the formation of syngenetic pyrite in the water column®. Syngenetic
pyrite formationis supported by a positive intercept on the sulfur (S)
axis in a scatter plot of TOC versus total S in the Bakken Shale*’. Both
interpretations are consistent with our integrated model of stepwise
marine transgression and intensification of water-column euxinia as
major drivers of the Annulata, Dasberg and Hangenberg biotic crises.
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core.Conodontzones fromref." are shown in blue and follow the CZ3
classificationin Fig.1. These conodont data provide our best estimate of the
positionof the Annulata, Dasberg and Hangenberg events in our composite
section. High-resolution placement of these events at exact stratigraphic
horizonsis not possibleinthe Bakken Shale because these events are not
characterized by distinct facies changes (in contrast to European sections™)
and due toinsufficient resolution in conodontbiostratigraphic data. §°C,,,
and 8N, refer to the isotopic composition of organic carbon and nitrogen,
respectively. Fe,, highly reactiveiron; Fe,,, pyriteiron;and Fe;, totaliron.In
the 8N profile, the blue arrows highlight the positive excursions and the
circled numbersrepresent the three proposed anoxic expansions. The pink
shadedbar represents the interval of maximum euxinic expansion during the
HangenbergEvent.

Spatiotemporal redox trends across the entire Williston Basin were
mapped using X-ray fluorescence (XRF) trace-metal datafrom 90 cores
representing about 11,000 data points (for locations, see Extended
Data Fig. 3). Basin-scale gridded heat maps (Fig. 3) show spatial vari-
ations in Mo and V concentrations in each of LB1, LB2 and LB3. Grid-
ded cross-sections (Fig. 4) drawn with the Ocean Data View tool show
variations in Mo and V concentrations across an east-west-oriented
dip-line. The heat maps reveal the spatial extent of LB1, LB2 and LB3
deposition (Fig. 3), with LB1 restricted to the central, deepest portion
of the basin (an area of about 6,000 km?) associated with limited marine
flooding. LB2 is spatially expanded (about 27,000 km?) as marine flood-
ing progressed, and LB3 covers the maximum spatial extent (about
160,000 km?in the United States) associated with maximum transgres-
sion. Trace-metal enrichments follow this sea-level history, with strong
Mo and V enrichments in sediments indicative of water-column eux-
inia'®2°. InLB1, Mo abundances across the basin are moderate (median
212 ppm, n = 885) withalocus of Mo enrichmentin the southeast, which
could be due to a shallower basin geometry. Vanadium is not strongly
enriched above crustal values across much of the basin in LB1 (median
218 ppm, n =885), with only a slight increase also seen in the south-
east. As transgression continued and the spatial extent of sedimenta-
tion widened in LB2, Mo and V concentrations show corresponding
increases (median 299 ppm and 399 ppm, respectively, n =2,548).
Notably, the locus of Mo and V enrichment (and thus water-column eux-
inia) occurs concentrically around the edges of the flooded basinin the
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Fig.3|Basin-scale metal distribution heat maps. Individual maps show
spatial variationsin Mo and V concentrationsin each of LB1 (Annulata), LB2
(Dasberg) and LB3 (Hangenberg) subunits and events across the Williston
Basinin the United States. The base map isa palaeo-depthstructure map of the
LBSwith1-2°slope. Theedge of the mapis derived from the maximum areal
extent of the LBS in regional multi-well studies'®*°. The top boundary is the
United States-Canadaborder. The Mo and V concentration map grids were
derived from the POFG dataset (75 wells), inaddition to previous literature data

shallowest-water, nearshore environments. The greatest Mo enrichment
occursonthe easternedge of the basinin shallow water. Thisindicates
that progressive marine flooding was associated not only with expanded
water-column euxinia, but also specifically with onlapping of euxinic,
metal-scavenging seawaters into shallow environments. Maximum
transgression is achieved in LB3, associated with maximum Mo and V
enrichments (median 416 ppm and 948 ppm, respectively, n =3,327),
with the locus of metal enrichment (and euxinia) again occurringinthe
shallowest settings. Hyper-enrichments of V are seen on the western
edge of the basin, which is potentially due to proximity to the Antler
volcanic arcinsofar as these igneous rocks are generally enriched in V
relative to the crustal average®. Hyper-enrichment of Vis also indicative
of hyper-sulfidic conditions in the nearshore water column?,

These patterns can also be visualized in our gridded dip-line cross-
sections (Fig. 4). Low Mo and V concentrations can be traced across
subunit boundaries used to delineate LB1, LB2 and LB3. A clear pat-
tern emerges in this basin-scale spatiotemporal view of progressive
marine flooding characterized by stepwise onlapping of euxinic,
metal-scavenging seawater. The maximum extent and intensity of
euxinia is achieved in LB3 where strong Mo enrichments are seen on
bothedges of the basin, and Vbecomes hyper-enriched onthe western
boundary.

Progressive onlapping of euxinic waters during episodic marine
transgression has major implications for Late Devonian mass extinc-
tion. Maximum transgression and onlapping of euxinic waters in
LB3 is directly analogous to the Hangenberg black shale recognized
globally®?, and the Annulata and Dasberg events (represented by LB1
and LB2, respectively) are also marked by distinct, transgressive black
shale horizons inmultiple basins worldwide”®. Evidence for PZE in the
Williston Basin is found during only the Hangenberg Event**—which
was the most severe of the three extinctions*—although PZE was also

compilation (15wells) (see Extended Data Fig. 3 and Supplementary Table 1c for
locations and references). A total of about 11,000 data points were used to grid
the heat maps. Akriging method was applied for map grids, where an average
value was taken from each location for each subunit. Itis noted that thereis a
stepwiseincrease of sealevel through LB1,LB2 and LB3, correspondingto the
three extinction events. For reference, three well locations (from west to east:
Abe, Sjol and Charlie Sorenson) have been added to represent the flooding of
thebasinduring LB1,LB2 and LB3.

identified during all three events in several European sections based
on biomarker data'®”*?33, The Annulata and Dasberg events were
characterized by regional changes in biotic assemblages, including
reduction in conodont diversity and ammonoid faunal overturn’®. The
Hangenberg Eventis aseminal biological perturbationin Earth history,
representing one of the two largest pulses of Late Devonian mass extinc-
tion. The Hangenberg Event markedly affected shallow-water taxa,
including metazoan reef communities previously devastated by the
Kellwasser Event at the Frasnian/Famennianboundary®, as well as other
invertebrates in both the pelagic and benthic realms. Ammonoids,
rugose corals, trilobites and ostracods experienced major ecological
turnover, stromatoporoids became completely extinct, and foraminif-
era and acritarchs strongly declined in diversity?. Marine vertebrate
communities were similarly affected, with major declines in conodonts?
and lobe-finned fishes*. The paucity of tetrapod fossils identified in
the interval following the Hangenberg Event (Romer’s Gap) indicates
that terrestrial environments were similarly affected®. This may be
related to degassing of hydrogen sulfide from shallow euxinic waters,
orthe effect of uncontrolled wildfires due to high atmospheric oxygen
concentrations®®. In the aftermath of the Late Devonian mass extinc-
tions, the ecological structure of Earth’s biosphere was fundamentally
changed. Crinoids experienced anincrease inbody size¥, cartilaginous
andray-finned fishes diversified rapidly®, and true amphibians, reptiles
and synapsids appeared during the subsequent Carboniferous Period™.
Similar to our interpretation of shallow-water euxinia causally related
toextinctioninthe Late Devonian, other Phanerozoic extinctions have
also been related to expansion of shallow-water euxinia*®*, indicating
that hydrogen sulfide toxicity was afundamental driver of Phanerozoic
biodiversity. Overall, this study uses alarge spatiotemporal geochemi-
cal dataset to provide afour-dimensional visualization of euxinic expan-
sioninto the shallow oceans directly associated with mass extinction.
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Fig.4 |Distribution of Mo and V across an east-west-oriented dip-line
throughthe Williston Basin during deposition of the Lower Bakken Shale.
Seventeen well sections were selected to best represent the spatial and
temporal variationin Mo (top) and V (bottom) concentrations. The base of
the Middle Bakken Formationis used as adatum. A total of 2,430 data points
was used to grid the cross-section using Ocean Data View (see Methods and
Supplementary Information for sample location details; Extended Data Fig.3

Whereas euxinic expansionin shallow, nearshore areas was animpor-
tant kill mechanism in Late Devonian extinctions, it need not mean
that euxinia was awhole-ocean phenomenon (Methods and Extended
Data Fig. 4). Instead, the D/C transition represents a unique interval
in Earth history when there was a locus of euxinia and deposition of
organic-rich sediments in shallow, epicontinental seas. We suggest
that thelocus of euxinic expansionin the shallow habitable zone of the
oceans contributed to the pattern and severity of Late Devonian mass
extinction. Development of widespread epicontinental euxinia was
part of a ‘perfect storm’ of conditions that characterized the mid- to
late Palaeozoic transition—the continued proliferation of vascular land
plants that enhanced both the hydrological cycle and continental weath-
ering; stepwise eustatic rise that flooded craton interiors; enhanced
riverine nutrient delivery, eutrophication of epicontinental waters,
euxinic expansion and mass extinction; organic carbon burial that
(along with enhanced terrestrial photosynthesis) facilitated along-term
transfer of carbon from the atmosphere to geologic reservoirs; and
lastly, long-term global cooling, glaciation and the transition to the
late Palaeozoic ice age®>**?. Extinction and/or development of marine
anoxia could also plausibly be linked to volcanism through increased
atmospheric partial pressure of carbon dioxide and associated increases
incontinental weatheringintensity and nutrient delivery to the oceans®.
Many Hangenberg sections (including the Sjol core) show enrichment
inmercury (Hg), whichis used as a proxy for volcanic input (Supplemen-
tary Figs. 23 and 24)****, These linked processes (excluding volcanism)
are fundamentally different to those recorded during Mesozoic ocean
anoxicevents where black shales are preserved in deep-water settings
(for example, ref. **). The unique palaeoceanographic conditions of
the D/C transition also led to worldwide deposition of volumetrically
significant hydrocarbonreserves. These transformative eventsin Earth
history are encapsulated in the Bakken Formation, and this study syn-
thesizes alarge spatiotemporal dataset that genetically links sealevel,
climate, ocean chemistry and mass extinction.
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and Supplementary Table 1c). Locations 2, 5and 11are the Abe, Sjol and Charlie
Sorensonwelllocations, respectively. The greyed zonerepresents the
presence of the underlying Pronghorn Member and Three Forks Formation
(Fm). The white dashed lines delineate the boundaries between subunits LB1,
LB2and LB3. Thesharpdropinthebathymetrybetweenlocation9and10isdue
tothe Nessan Anticline (see Fig. 1b), which was also present asaregional high
during the deposition of the Bakken Formation.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-05716-2.
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Methods

Sample collection and preparation

The Sjol, Charlie Sorensonand Abe cores discussed in this paper were
drilledin North Dakota at48.197° N,103.568° W, 48.139° N,103.976° W,
and48.240° N, 102.664° W, respectively, by Equinor. The Sjol and Abe
cores were described and sampled at Stratum Reservoir Core Facili-
ties in Houston, Texas. The Charlie Sorenson core was sampled at the
Bureau of Economic Geology core laboratory in Austin, Texas. Sam-
pling consisted of hand-picking fresh half-core pieces directly from
core boxes. The cut and exposed surfaces were ground with Struers
Labopolsilicon carbide pads to remove surface contamination before
being fragmented to small pea-sized chips. For each sample,about15g
of these chips was crushed to a fine powder using an agate ball mill;
residual granules were further powdered with an agate mortar and
pestle. At no time did the samples come into contact with metal sur-
faces that might contaminate the powders during sample preparation.

Iron speciation

Iron speciation analyses were conducted at George Mason University
and the University of Maryland following published methods®. Pyrite
iron (Fe,,) was calculated (assuming a stoichiometry of FeS,) from
the mass of silver sulfide precipitated during a 3-h hot chromous chlo-
ride distillation®2. For these extractions, achromium reduction solution
(CRS) was prepared with 260 g Cr(l11)Cl;-6H,0, 150 g Zn granules and
500 ml of 0.5 N hydrochloric acid (HCI). Reactions were conducted
under a stream of ultra-high-purity (UHP) N, with 20 ml of 5 N HCI
and 20 mI CRS, with evolved hydrogen sulfide passed through Milli-Q
(18 MQ) water, to absorb acids, and a 0.3 M silver nitrate trapping
solution. Other iron species—specifically, iron carbonate (Fe,,), iron
oxy(hydroxides) (Fe,,) and magnetite (Fe,,,,)—were extracted sequen-
tially*!. Approximately 100 mg of sample powder was first reacted with
alM sodium acetate solution buffered with acetic acid to a pH of 4.5.
Theextraction lasted for 48 h. After decanting the solution, the sample
powder was then subjected to a 50 g I sodium dithionite solution
buffered with 0.35 M acetic acid and 0.2 M sodium citrate to a pH of
4.8. The extraction lasted for 2 h. Lastly, after decanting the previous
solution, the sample powder was subjected toa 0.2 M ammonium oxa-
late, 0.17 M oxalic acid solution buffered to a pH of 3.2. The extraction
lasted for 6 h. These three solutions are designed to extract Fe,,, Fe,
andFe,,,, respectively. Theammonium oxalate solution has also been
shown to extractiron-rich clay minerals®. The sequential extracts were
analysed with an Element 2 inductively coupled plasma mass spec-
trometer (ICP-MS) at the University of Maryland using scandiumas an
internal standard to monitor signal suppression. 2 standard deviations
of duplicates that were separately subjected to the entire process of
sequential extraction and ICP-MS analysis was better than 0.063 wt%
forFe,, 0.003 wt% for Fe,,and 0.006 wt% for Fe,,,,.. Asdiscussedin the
followingsection, total iron concentrations (Fe;) were determined by
multi-acid digestion followed by ICP-MS analysis from the commerecial
laboratory Bureau Veritas.

Elemental analysis

In this study, a full suite of major, trace and rare-earth element data
were generated from bulk powders sent to the commercial laboratory
Bureau Veritas. The samples were ashed, digested using a multi-acid
procedure, and analysed via ICP-MS using the Bureau Veritas prepa-
ration code MA-250 IGN. The relative standard deviation of replicate
measurements of the standard reference material OREAS 45e for the
main elements of interest was 2.67% for Mo, 4.68% for Zn, 3.92% for
Fe, 3.96% for U and 2.47% for V. There is <0.002 ppm Re in the OREAS
45e standard, but we used the average of sample replicates to calculate
arelative standard deviation of 3.69% for Re. Mercury was analysed
by Bureau Veritas using the preparation code CV402 (cold vapour
method). Replicate measurements of the standard reference materials

OREAS 620 and OREAS 623 produced relative standard deviations of
4.19% and 6.69%, respectively.

X-ray fluorescence

Premier OilField Group (POFG) provided most of the XRF dataset (see
below for additional compilation sources). Elemental analysis on core
and drill cuttings was performed using a Bruker S2 Ranger Tabletop
ED-XRF instrument. Further details are available at the POFG website
(https://pofg.com/wp-content/uploads/2019/02/XRF-Tech-Note-17.
pdf). The major elements reported (11) are Na, Mg, Al, Si, P, S, K, Ca,
Ti, Mn and Fe. The trace elements reported (18) are V, Cr, Co, Ni, Cu,
Zn,Ga, As, Se,Rb, Sr, Zr,Nb, Mo, Ba, Pb, Thand U. Typical resolution is
145 eV at100,000 cps.

We compared our datafor Mo and V concentrations from the ICP-MS
and XRF methodsto assess the validity of presenting ICP-MS data for the
Sjoland Charlie Sorenson cores and using XRF data for our basin-wide
compilations. Asseenin Supplementary Fig. 8, thereis excellent agree-
ment between the two methods for both Mo and V concentrations
when plotted against stratigraphic depth. A cross-plotis also presented
for both Mo and V data obtained using the ICP-MS and XRF methods
(Supplementary Fig. 8). The correlation between the two methods is
R*=0.74 and R*=0.91 for Mo and V, respectively. Element concentra-
tions were measured using the two methods on different samples,
however, so making this cross-plot requires a depth adjustment, thus
explaining the lower R? values than would be expected if the two meas-
urements were performed on the exact same samples. Overall, the
strong agreement between the two methods justifies our use of both
methods for the interpretations made in this study.

TOC, TN, organic carbon and nitrogen isotopes

For these analyses, carbonate was quantitatively removed from bulk
powders (about 2-3 g) by repeated treatment with3 MHCland washed
with 18-MQ Milli-Q water (3—4 times) to neutralize the solution and
produce insoluble residues primarily containing silicates, pyrite
and total organic matter. The solutions were decanted and the residues
dried overnight at 80 °C. The residues were then weighed to determine
the percentage of carbonate. The abundance and C/N isotopic com-
position of the residues were subsequently determined by combus-
tionto CO,and N, with a Eurovector elemental analyser in-line withan
Elementar continuous flow Isoprime isotope ratio mass spectrometer
(IRMS) inthe Paleoclimate Co-Laboratory at the University of Maryland.
Between 0.5 mg and 2 mg of the homogenized residues were weighed,
transferred and folded into 3 x 5 mm tin cups. Samples were sequen-
tially droppedintoal,040 °C quartzcombustion columnalongwitha
timed pulse of oxygen and a constant flow of helium carrier gas (about
100 ml min™). Combustion products travelled through the reaction
tube packed with silvered cobalt (1I/11I) oxide, chromium oxide and
quartz chips for quantitative oxidation to carbon dioxide (CO,) and
nitrous oxides, which were reduced to N, in a second quartz column
at 650 °C filled with reduced copper wire and quartz chips. Water
produced during the reactions was removed via a 10-cm magnesium
perchlorate column, and the N, gas was separated from CO,ina 0.7-m
stainless steel gas chromatograph column packed with molecular sieve
heated to 60 °C. The retention time for analytes was about 95 s (for N,)
and about 230 s (for CO,). The sample N, peak was preceded by a 30-s
reference N, gas injection beginning at 20 s into each cycle, while the
sample CO, peak was followed by a 30-s reference CO, gas injection,
for a total analysis time of 450 s. The N, and CO, isotopic ratios are
determined by integrating peak areas of m/z 28, 29 and 30 (for N,)
and 44, 45 and 46 (for CO,) for reference and sample pulses, relative
to baseline. Isotopic ratios are expressed in the delta notation as per
mil deviations from the V-AIR (Vienna AIR) and VPDB (Vienna Pee Dee
Belemnite) standards. Measurement uncertainties, typically better
than +0.2%. (1s.d.) for bothisotopes, are determined by interspersed
analyses (n > 8) of the LECO 062 and 309 soil standards during each
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analytical session. The TOCand TN of bulk samples were then calculated
by multiplying the percent C and percent N of the residue aliquots by
the percent residue determined gravimetrically by acidification.

Pyrite sulfurisotopes

The sulfur abundance and isotopic composition of pyrite were meas-
ured by first weighing, placing and folding between 0.3 mgand 0.5 mg
of silver sulfide (produced during the CRS extraction described above)
into3 x 5 mmtin cups (withaddition of about 0.2 mgV,0;as an oxidant).
These were sequentially dropped in the same elemental analyser-IRMS
system with a timed pulse of O, and a constant flow of helium carrier
gas (about100 ml min™) into a quartz column packed with high-purity
reduced copper wire heated to 1,040 °C. The sulfur dioxide (SO,) ana-
lyte was swept through aMg(ClO,), desiccant column to remove water
and separated from other gases with al-m Teflon gas chromatograph
column packed with Porapak-Q heated to 115 °C. A timed pulse of SO,
reference gas (Airgas 99.999% purity, about 6 nA) was introduced at
thebeginning of the runusing aninjector connected to the IRMS with
afixed open ratio split. The isotope ratios of reference and sample
peaks were determined by monitoring ion-beam intensities relative
to background values. Isotopic results are expressed in delta nota-
tion as per mil (%) deviations from the Vienna Canyon Diablo Troilite
(VCDT) standard. Two NBS-127 standards and two NZ-1standards were
measured between each set of 10 samples, and uncertainties for each
analytical session based on these standard analyses were better than
1.0%and 0.3%o, respectively, for abundance and isotopic compositions.
Total sulfur contents of bulk samples were calculated by quantify-
ing IRMS SO, peak areas relative to those from measured amounts of
standard materials and the percent residue.

XRF compilation

XRF data compilations are composed of three datasets: (1) POFG-
analysed 75 drill cores, (2) literature data compilations of 13 drill cores,
and (3) Sjoland Abe coreindependent XRF analysis. Thelocations of the
POFG wells (Supplementary Table 1a) along with literature compilations
used inour XRF data compilation study (Supplementary Table 1b) are
presented in Extended Data Fig. 3. In addition, locations of wells used
for Fig.4 aresummarized in Supplementary Table 1c. For POFG details,
see https://www.pofg.com.

Subunit classification

Inthe absence of biostratigraphy and ultrahigh-resolution conodont
zonation, the classification of LB1, LB2 and LB3 in all wells was deline-
ated by asequence of decision trees. Most of the sections have a clear
carbonate concretion layer that denotes a marker bed between LB2 and
LB3 (see core photosin Supplementary Fig. 5; ref.™). However, we do not
haveaccesstoall90drill cores,and hence we used wt% calcium (Ca) asa
proxy for carbonate presence. Inmost cases, we interpret wt% Ca > 4.5
asindicative of carbonate. To add confidence to the interpretation, we
added wireline logs for better refined boundaries. Carbonate layers,
althoughthin, doappear asintervals of higher density (Supplementary
Fig.1), which provide well-defined boundaries between subunits. In
cases where carbonate is absent or the wireline density logs are low
resolution, low [Al] (detrital proxy) and Al/Si ratio is used to define
subunit boundaries. The presence of a carbonate concretion layer is
relatively less abundant at the LB1/LB2 boundary across the basin. It
isimportant to note that the thickness map of the LBS also aids our
interpretation, along with the core photos and wt% Ca. The centre of
the basin is the thickest and also contains LB1, followed by LB2, and,
ultimately, LB3. A few notable sections, such as Charlie Sorenson, Leo
and Person", are already in the published literature and we used our
decision tree (on the basis of geochemical and petrophysical data) to
make delineations of LB1, LB2 and LB3 in each of the other cores. For
the classification of the UBS (UB1 and UB2), our approach was based
onsedimentological and geochemical characteristics as presentedin

refs.>*>, Weintegrated our LBS workflow for detailed classifications of
UB1and UB2 (and even subunits UB1A, UB1B, UB2A and UB2B).

Mass- balance modelling

A simplistic mass-balance model was applied to better understand
the effects of extreme euxinic conditions on the Mo cycle during the
Hangenberg Event. We build on concepts and models presented by
refs.*** where a first-order model is created based on modern Mo
seawater sources and sinks (equation (1)). Whereas input fluxes for Mo
are primarily riverine input, the output fluxes are strongly dependent
on reducing environments (oxic, suboxic and euxinic), and we there-
fore assume that burial rates (b) in each individual Mo sink (i) scale
with [Mo] inventory (equation (4)). Mo removal fluxes (F) in each sink
are also scaled to their respective seafloor coverage (A)—afirst-order
or direct feedback model** (equation (5)). Keeping to a simplistic
model approach that allows us to make broad-scale interpretations
of our dataset, we have not considered any variability in the burial
factor as proposed by ref. 8. Time-series solutions are represented by
equation (7). Equations, variables and constants used in our model
are described here:

J.O[MO]dV:jin ~Jout (1
‘[:[Mo]d V= Fin_Fout (2)
R [ RY AN ®
Mo

bi=big [WJ @
Fi=A; xb; )

Ao,
ar ATyxIMol (6)
[Mo],=[Mo], + (Mo, — Mo,) x e )

The seafloor area is between 3.50 x 10% and 3.61 x 10® km? and the
ocean volume is between 1.30 x 10 and 1.37 x 10" m®. Vand v both
represent global ocean volume. /,, and /,, represent the mass of Mo
entering and existing the system, respectively. /. is theriver source, F;,
and F, are the source and sink fluxes, respectively, F,, is the suboxic
flux, F, is the oxic flux, F, is the euxinic flux, A = Fy,y;cc and ¥ = Fgnior €
represents any given time, and x = terminal = A/y (Furce/ Feinks)-

Model simulations were runin MATLAB (MathWorks, 2019) and codes
written for this paper are available at https://github.com/swapankr-
sahoo/hangenberg and https://doi.org/10.5281/zenodo.7293587. We
have provided a simple model and the user can change parameters to
test multiple scenarios.

Modelling results

Our model (Extended Data Fig. 4) shows the effects of changes in the
amount of global seafloor euxinic area on the aqueous Mo concen-
tration ([Mo],,) of the global ocean. If we assume a starting [Mo],, of
105 nmol I}, which is the same as the modern ocean value, we see that
expanding euxinic area to 0.5% of the global seafloor (as opposed to
0.05% today) will draw down [Mo],, of the oceans to about 80 nmol I
in 200 kyr and to about 65 nmol I in 500 kyr. The latter time frame
resultsinthe ocean [Mol,,being reduced to 62% of itsinitial value. The
effects on seawater [Mo],, are even more marked as seafloor euxinic
areaincreases. Ataseafloor euxinicareaof1%, [Mo],, of the oceans will
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bereduced to about 65 nmol I and about 40 nmol I over 200 kyr and
500 kyr, respectively. This would leave only 62% and 38% of the initial
Mo inventory of the oceans after 200 kyr and 500 kyr, respectively.
At aseafloor euxinic area of 2%, [Mo],, of the oceans will be reduced
to about 35 nmol I and about 20 nmol I over 200 kyr and 500 kyr,
respectively. Thiswould leave only 33% and 19% of the initial Mo inven-
tory of the oceans after 200 kyr and 500 kyr, respectively. Clearly, only
asmall-scale expansion of global euxiniais needed to completely draw
down the Mo inventory of the global oceans.

Using the Mo/TOC ratio of our samples from the Bakken Shale, we
canestimate [Mo],,in the Williston Basin at various pointsin the basin’s
history. For this exercise, we focused on LB3 because it represents the
maximum expansion of euxinia during the Hangenberg Black Shale
Event. A previous study*® found that sediment Mo/TOC scales with
deep-water [Mo],,in modernrestricted euxinic basins. Datafrom the
SaanichlInlet, Cariaco Basin, Framvaren Fjord and Black Sea produced
an R?value of 0.96 for the regression line between average sediment
Mo/TOC (plotted on alog scale) and average deep-water [Mo],,. We
used this relationship applied to Mo/TOC ratios in LB3 to estimate
deep-water [Mo],qin the Williston Basin at the time of the Hangenberg
Event. The median Mo/TOC ratio of all LB3 samples from all wells in
the XRF compilation is 30.6, with a 25th percentile value of 25.2 and a
75th percentile value of 39.5 (Extended Data Fig. 4). This corresponds
toadeep-water [Mo],, value in the Williston Basin of about 65 nmol 17,
about 75 nmol I and about 85 nmol I, respectively, for the 25th per-
centile, median and 75th percentile Mo/TOC values of LB3 based on
the regression line of ref. . We then assessed which of our modelling
scenarios fit with these estimated aqueous Mo concentrations. At 2%
seafloor euxinicarea, [Mo],, would be drawn down to about 40 nmol I
over 200 kyr, which is estimated to be the maximum duration of the
Hangenberg Event®. This is inconsistent with Mo/TOC ratios in LB3,
which indicate a [Mo],, value of about 65 nmol I even at the 25th
percentile of Mo/TOC. This suggests that even if there was unlimited
exchange of Mo between open seawater and the Williston Basin dur-
ing deposition of LB3, the global seafloor euxinic areamust have been
less than 2%. We take our estimate of [Mo],, in the Williston Basinas a
minimum for global seawater because limited exchange would lead
to lower [Mo],, in the Williston Basin compared with the open ocean.
If the open ocean had higher [Mo],, than the Williston Basin waters, it
only emphasizes our point that 2% seafloor euxinic area is too high to
be consistent with our model.

Instead, our model results fit best with seafloor euxinic area val-
ues between 0.5% and 1% during the Hangenberg Event. These results
emphasize that although euxinic expansioninshallow, nearshore areas
was probably animportantkill mechanisminthe Late Devonian extinc-
tions, it does not imply that euxinia was awhole-ocean phenomenon.
A previous study® estimated that >5% of the global seafloor became
anoxic during the Hangenberg Event based on U isotopes in marine
carbonates. Recent data suggest that U isotopes may be specifically
sensitive to euxiniaas opposed to general anoxia®*®*, however, such that
the U isotope modelling of ref. ® may imply a seafloor euxinic area of
>5% during the Hangenberg Event. By contrast, our Mo concentration
and Mo/TOC data from LB3 suggest that 5% seafloor euxinic areais a
significant overestimate. Under this scenario, the strong Mo enrich-
ments seen in LB3 would not be possible because the Mo inventory of
the global oceans would be substantially drawn down. Alternatively, it
is possible that the >5% estimate of general anoxic seafloor® is correct
and only asmallfraction of that anoxic seafloor was euxinic. That would
make our model results compatible with the model results of ref. ¢,
Future work should focus on reconciling models based on multiple
independent proxies derived from different lithologies for the same
intervalsin Earth history. Ultimately, we suggest that the D/C transition
represents auniqueintervalin Earth history when there wasalocus of
euxiniainshallow epicontinental seas, and that the nearshore location
of these euxinic loci was more important than the total euxinic area

of the global oceans. This locus of euxinic expansion in the shallow
habitable zone of the oceans probably contributed to the patternand
severity of Late Devonian mass extinction.

Upper Bakken Shale results and interpretations

Inthe Lower Carboniferous UBS, subunit UB1comprises atransgressive
systems tract and UB2 represents a highstand systems tract deposited
during maximum flooding near the base of the Si. quadruplicata Zone
(Fig.1). Regression during the D/C boundary glaciation®is represented
by MBI, and broadly, the UBS represents continued transgression after
initial sea-level rise in MB2. Iron speciation indicates persistently
euxinic environments throughout deposition of the UBS with the
up-section decline in Fe,/Fe; (where Fe,; indicates highly reactive
iron), probably reflecting increased sedimentation rates as environ-
ments prograded seawards*. Unlike the LBS, Mo concentrations are
progressively drawn down through the UBS and behave antithetically
to those of V (Fig. 2), which rise through the interval and culminate in
strong enrichments (>2,000 ppm) in UB2. The metal inventory of a
basin is controlled by the complex interplay between anoxic/euxinic
drawdown and deep-water renewal*’, and the result need not be the
same for Mo and V given the same boundary conditions. The generally
higher V enrichments in the UBS compared with the LBS could also
reflectahigher oceanic Vinventory, which resulted fromenhanced Mn
cycling and release of V to the water column (see refs. **%) during D/C
boundary glaciation. TOC and TN concentrations are constant around
10 wt%and 0.4 wt%, respectively, in both UB1and UB2, which are lower
than maximal valuesinthe LBS and may also be related to dilution. §°N
values hover around 0%.in UB1, butincrease to nearly +2%o at the base of
UB2, indicatingalocalintensification of anoxia or influx of isotopically
heavy N from the open ocean, most likely associated with maximum
transgression. §*S,,, values also progressively decrease through the
UBS, except for the lowermost few samples that are potentially related
to a continental weathering flux associated with the D/C boundary
lowstands. Analogous to the LBS, the 6>*S,, trend can be interpreted
asbothaflushing of the basin with marine sulfate and an expansion of
water-column euxinia. Despite minor differences, the broad geochemi-
cal patterns recorded in both the LBS and UBS indicate that stepwise
marine transgressionis associated with progressive intensification of
water-column euxinia. In the case of the Tournaisian episode, euxinia
may have hindered ecosystem recovery after the Hangenberg Event,
evidenced by the lack of metazoan reef constructions®*.

Similar to the maps presented in Fig. 3 and discussed in the main
text, we also produced gridded heat maps for Mo and V concentrations
for the UBS. As indicated by our heat maps (Extended DataFig. 5), Mo
reached its highest levels in shallow-water environments during deposi-
tion of UB1, followed by a decline in Mo concentrations in UB2. This is
consistent with a flushing of metals into the Williston Basin from the
open ocean upon transgression, which, combined with locally eux-
inicbottom waters, led to strong Mo enrichment in sediments of UBI.
Indeed, the highest UBS Mo concentrationsin the Sjol core occur at the
base of UBI (Fig. 2). Molybdenum concentrations decline up-section
through the UBS, however, which we attribute to: (1) drawdown of aque-
ous Mo concentrations because euxinia was still widespread across the
basin, and (2) dilution because of increasing sedimentation rate and
siltinput®*. Several other geochemical parameters such as wt% pyrite
S and Fe,z/Fe; also show evidence for dilution up-sectionin the UBS.

Vanadium concentrations are also high in UB1, but contrary to
the behaviour of Mo, V abundances get even higher in UB2, reaching
the level of ‘hyper-enrichment’ seen in LB3 during the Hangenberg
Event (Supplementary Fig. 21). This occurs despite potential dilu-
tion by increasing siliciclastic input. When looking at a cross-plot of
Mo versus U enrichment factors (Supplementary Figs. 12-15), we see
that most parts of the Bakken Shale do not fall in the field indicating a
Mn-Fe-oxyhydroxide shuttle. The only subunit that does show a sub-
stantial cloud of data points in the particulate shuttle field, however,



is UB2 (Supplementary Fig. 16). Strong V enrichment in UB2 could
therefore berelated to particulate shuttling. This would be expected to
affect Mo delivery as well, but only if sufficient Mo was available inthe
water column. This hypothesisis admittedly speculative and requires
further testing, which could be achieved using isotope systems such as
Mo and thalliumthat are sensitive to oxide shuttling. Another important
pointis that the oceans were clearly replete with V during deposition
of the UBS. As mentioned previously, the generally higher V enrich-
ments in the UBS compared with the LBS could also reflect a higher
Vinventory in the post-glacial ocean, which resulted from enhanced
Mn cycling and release of V to the water column during glaciation®*,
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Extended DataFig.1|Core photographs for the Sjol core. Photos were taken labelled onthe photographs, with dashed white lines indicating unit
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by Stratum Reservoir at the Houston facility. Each box holds approximately boundaries. The blue star denotes the presence of acarbonate-rich horizon,
1m (3ft.)and the numbers at the top ofeachrow represent the core depthin whichis traceable basin-wide asamarker betweenLB2 and LB3, here shown as
feet. We have not exhibited the fullMB as itis not the focus of this study theblue dashedline.

(the10809-10845 ft.intervalis not presented here). Individual formations are
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Extended DataFig.4|Mass-balance model results for seawater [Mo],,
changes over timein response to expansion of seafloor euxinic area (Ex).
[Mo],,inthe Williston Basin during the Hangenberg Event is estimated from
Mo/TOCratiosin LB3 sediments. Thisis based on empirical datafrom modern
euxinicbasins where the relationship between deep-water [Mo],;and
sediment Mo/TOC is expressed with the equation Mo/TOC = 4.7389°25457%,

LB3— Hangenberg Mo/TOC distribution

where x=[Mo],, (ref.*). To test differences in model results across the spread
of Mo/TOC ratios recorded in LB3, we explored the 25" percentile, median and
75th percentile Mo/TOC values (seeninbox and whisker plot on the right and
covered by the orange horizontal shading on the left). Maximum duration of
the Hangenberg Event was estimated at -200 kyr by ref. ®°. This time frame is
highlighted by the blue vertical shading.
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Extended DataFig.5|Gridded heat maps for Mo and V concentrations
acrossUBland UB2.Moisontheleftand Vison theright. UBlisonthe bottom
and UB2isonthetop. These graphics are analogous to the gridded heat maps
for the LBS presented in Fig. 3. Trinity (T3) software was used to produce these
maps and 3D visualization. Note that there are map artifacts of carbonate

concretion-richzones where metals are of low concentration. Although any
wt.% Ca>4.5% wasremoved from our calculations, some artifacts remain and
shouldbeinterpreted carefully. Three white dotsineach map represent three
welllocations (from west to east: Abe, Sjol and Charlie Sorenson).
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