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ARTICLE INFO ABSTRACT

Organic-rich strata coeval with bioevents of varying magnitudes characterize global Devonian sedimentary
successions. The Upper Kellwasser (UKw) black shale depositional event is coincident with the largest pulse of
diversity loss within the marine Late Devonian mass extinction and has been shown to be an ecologically critical
turnover for shallow-water species. Marine anoxia/euxinia is widely thought to be an important and ubiquitous
driver of this biotic crisis, though the duration, intensity, and global extent of these environmental conditions
during the UKw event are not well-constrained.

We characterized redox conditions during deposition of the UKw in the northern Appalachian Basin to
constrain local variability and relative magnitude of dissolved oxygen fluctuations. We used a combination of
proxies relating to the bottom waters, water column, and photic zone to compile an integrated picture of basinal
oxygen dynamics. Our multi-faceted approach combines trace fossil evidence for faunal activity at the sediment-
water interface with inorganic and organic geochemical proxies for redox conditions within the water column.
Minor biological disruptions to laminated sedimentary fabric indicate at least intermittent oxygenation of the
bottom waters during deposition of the UKw, albeit in a low dissolved oxygen seafloor setting. Trace metal
proxies (Mo, Mn, U and V) and Fe mineral speciation provide compelling evidence for a water column ex-
periencing intermittent rather than persistent anoxic/euxinic conditions. Lipid biomarkers reinforce the inter-
pretation of variable dissolved oxygen conditions with very low concentrations of Chlorobi carotenoid bio-
markers pointing to seasonal/rare episodes of photic zone euxinia. This integrated dataset provides evidence for
local redox variability in UKw deposition and supports the likelihood that marine anoxia and euxinia were not
globally persistent at the Frasnian-Famennian boundary.
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1. Introduction

There are numerous organic-rich deposits in global Devonian strata
associated with biotic turnover events of varying magnitude (House,
2002). The diversity crisis at the Frasnian-Famennian (F/F) stage
boundary (376 Ma), correlative with the Upper Kellwasser (UKw) de-
positional event, has long been characterized as one of the “Big 5”
Phanerozoic Mass Extinctions (Raup and Sepkoski, 1982; Jablonski,
1991; McGhee, 1996). Paleontological studies of diversity trends for
marine invertebrates have recognized a protracted and unexplained
drop in diversity from the Givetian (middle-Devonian) through the
Famennian (end-Devonian) linked to suppressed origination rates and
peaks in extinction, most appropriately termed biodiversity crises, at
the end-Givetian, end-Frasnian, and end-Famennian stage boundaries
(Bambach et al., 2004; Bambach, 2006; Alroy, 2008a, 2008b; Stigall,
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2011). Though the significance of the Late Devonian bioevents as mass
extinctions has been deemphasized based on traditional criteria for
magnitude and duration (Foote, 1994; Bambach et al., 2004; Alroy,
2008b), marine invertebrate community restructuring resulting from
these periods of enhanced extinction rates must have been ecologically
critical (Droser et al., 2000; McGhee et al., 2004) and constituted a
turning point at the end-Devonian in the evolutionary history of reef
communities, vertebrates, and primary producers (Fagerstrom, 1994;
Sallan and Coates, 2010; Schwark and Empt, 2006).

Despite their evolutionary importance, the mechanisms and asso-
ciated environmental conditions that drove Late Devonian biocrises
remain enigmatic. Marine anoxia and/or euxinia are widely thought to
be important contributing factors to these turnover events, in part be-
cause of the pervasiveness of black shale preservation coeval with de-
clining diversity (Joachimski and Buggisch, 1993; Becker and House,
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1994; Joachimski et al., 2001; Levman and Von Bitter, 2002; Bond
et al., 2004; Brown and Kenig, 2004; Tribovillard et al., 2004; Bond and
Wignall, 2008; Carmichael et al., 2014). However, the persistence and
geographical extent of marine anoxia during each black shale/bitumi-
nous limestone depositional event are often not well constrained, and it
remains unresolved whether anoxia, or more specifically euxinia (toxic
hydrogen sulfide accumulating in the water column), can be reasonably
evoked as a geographically widespread primary kill mechanism.

We present a dataset of broadly applied but rarely combined proxies
to characterize the oxygen dynamics of the water column during the
UKw depositional event at the F/F boundary to better understand the
event's potential impact on marine life and extinction. While the black
shales of the Devonian Appalachian Basin have long been cited as
classic examples of Black Sea-type stagnant, persistently euxinic basin
deposits (Byers, 1977; Ettensohn, 1992), it is increasingly recognized
that the organic-rich facies capture a range of bottom water redox
conditions and do not represent homogenous depositional regimes.
Importantly, previous studies of Appalachian Basin deposits have
strongly suggested that not all the Devonian black shales were de-
posited in a pervasively euxinic basin (Murphy et al., 2000a, 2000b;
Werne et al., 2002; Sageman et al., 2003; Boyer and Droser, 2011;
Boyer et al., 2011).

Frequently cited systemic mechanisms for widespread anoxia (i.e.,
eustatic transgression, eutrophication, warming events, oceanic turn-
over, and/or stagnation) imply additional effects, including habitat
loss, temperature and nutrient stress, and ecosystem collapse, which
may serve as drivers of extinction (Berry and Wilde, 1978; Wilde and
Berry, 1984, 1986; Johnson et al., 1985; Hallam, 1989; Becker, 1993;
Joachimski and Buggisch, 1993; Algeo et al., 1995; Murphy et al.,
2000Db). Determining the significance of anoxia in the Late Devonian in
binary terms of ‘presence or absence’ fails to capture complex Earth-life
systems dynamics. While anoxia as a primary mechanism of global
extinction must be shown to be both globally synchronous and wide-
spread, the severity of anoxia, as determined by both spatial extent
(vertically through the water column and laterally across the basin) and
duration, must also be investigated on a global scale. Here we con-
tribute a piece to the more complicated puzzle: an integrated ichnolo-
gical and geochemical dataset from an UKw-equivalent black shale in
the Appalachian Basin of New York, USA, in an attempt to shed light on
the extent, stability, and duration of anoxia at the F/F boundary in this
Laurentian basin. Our assertion is that global mechanisms will only
become clear when viewed through the lens of numerous, compre-
hensive local studies. Our contribution to this goal employs a novel
microstratigraphic sampling strategy that has the potential to capture
small-scale variations in both biological and geochemical parameters.

2. Materials and methods

We examined continuous sedimentary sequences through the UKw
black shale bed at four localities across a 60 km transect in western New
York State (USA). These are, from most distal to most shoreward,
Walnut Creek (WC), Eighteenmile Creek (EMC), Irish Gulf (IG), and
Beaver Meadow Creek (BMC) (Fig. 1). The UKw Event is expressed in
the Appalachian Basin as the Point Gratiot Bed (PGB), a black shale unit
in the Hanover Formation of the Java Group (Over et al., 2013); this
black shale bed ranges from 19 cm thick at Walnut Creek to almost
70 cm thick at Beaver Meadow Creek (Fig. 2). The F/F boundary has
been well-constrained at these localities via conodont biostratigraphy
(Over, 1997, 2002). The Hanover Formation consists of light gray or
green, silty shale interbedded with dark gray or black, organic-rich silty
shale and is underlain by the black Pipe Creek Shale Member (inter-
preted to preserve the Lower Kellwasser event; Over, 1997) and over-
lain by the petroliferous Dunkirk Shale.

Samples were collected from freshly exposed stream cuts and ex-
cavated outcrop in duplicate for biomarker, ichnofabric, and inorganic
geochemical analysis; unweathered inner rock portions were used for
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Fig. 1. Locality map of western New York, USA. Stars indicate sampling locations that
trend most distal to most shoreward from west to east.

all geochemical analyses. Hand samples were cut perpendicular to the
bedding plane to reveal ichnofabric and sedimentary structures (Fig. 2).
Ichnofabric index values, as a method to quantify the amount of bio-
turbation, were determined on a cm-scale through each of our mea-
sured sections (Figs. 3-6). An ichnofabric index (i.i.) value of 1 in-
dicates fully laminated sediments with all original sedimentary
structures preserved. An i.i. of 5 represents a nearly homogenized fabric
with completely disturbed bedding while retaining discrete burrows
(Droser and Bottjer, 1986). Each value is interpreted to reflect different
relative bottom water oxygen levels from anoxic (i.i. 1) to oxygen-re-
plete (i.i. 5), but this characterization is complicated under conditions
of temporally varying redox.

As a complement to the trace fossil data, samples were powdered for
whole rock trace metal analysis at cm intervals (Figs. 3-6). Approxi-
mately 400 mg of powdered sample were ashed at 850 °C for 12 h and
then dissolved using standard procedures through a three acid (HNOs;,
HF, HCI) total digestion. Samples were analyzed using a quadrupole
ICP-MS (Varian 820MS) at the Interdisciplinary Elemental Measure-
ment Facility at SUNY Oswego. Quantitative data for Ti, V, Cr, Mn, Fe,
Ni, Cu, Zn, Mo, Ba, Re, Pb, and U were acquired, and mean reprodu-
cibility of sample solution analyses (repeat measurement of the same
solution) over the full range of concentration encountered was + 11%.

Highly reactive iron (Feyr) was calculated as the sum of Fe as
pyrite, carbonate, and oxides—Fepy, Feca, and Feoy, respectively.
Pyrite sulfur concentrations from standard chromium reduction
methods (Canfield et al., 1986) were used to calculate Fe,, assuming a
stoichiometry of FeS,. Fe.,, and Fe,x were extracted sequentially as
described by Poulton and Canfield (2005). Specifically, approximately
100 mg from 19 samples (4 from WC, 3 from EMC, 6 from IG, and 6
from BMC) were extracted sequentially: 1 M sodium acetate extraction
adjusted to pH = 4.5 for 48 h with constant shaking (Fe.,,) followed
by extraction of the sample residue for its iron oxide content (Fe,y)
using 50 g/L sodium dithionite buffered to pH = 4.8 for 2h while
shaking. All extracts were diluted 100-fold in 2% HNOj3; and analyzed
for Fe concentrations using ICP-MS at UC Riverside.

For organic geochemical analysis, the exterior of each whole rock
was removed to reduce potential contamination from any environ-
mental hydrocarbon exposure and to remove any weathered material.
These samples were cut into cm-thick fragments, which were then
cleaned by sonication in a sequence of deionized water, methanol, and
dichloromethane (DCM). Cleaned fragments were powdered in a shat-
terbox, and 5 g of crushed rock for each sample was extracted in a CEM
Microwave Accelerated Reaction System (MARS) to produce bitumen
extract. Full procedural blanks with combusted sand were run in par-
allel. The saturates, aromatics, and polar fractions of the bitumen were
obtained by silica gel column chromatography, and biomarkers were
quantitatively analyzed in both full scan and via single ion monitoring
methods using gas chromatography-mass spectrometry (GC-MS) at UC
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Fig. 3. Composite chemostratigraphic records of the UKw-equivalent (PGB) black shale for Walnut Creek section; from left to right: cm-scale, sedimentary column, ichnofabric index
values, total organic carbon, molybdenum concentrations, uranium (closed circles) and vanadium (open circles) concentrations, V/(V + Ni) values (open circles) and V/Cr ratios (closed
circles), manganese concentrations, aryl isoprenoid abundances (closed circles) and summed paleorenieratane and isorenieratane abundances (open circles). Vertical dotted lines indicate
average shale values of each trace element: Mo = 2 ppm, U = 3.7 ppm, V = 130 ppm, Mn (not shown) = 850 ppm (Wedepohl, 1971, 1991). Shaded background on the Mo plot indicates
ranges of Mo concentrations in modern sulfidic environments (from Scott and Lyons, 2012; 0-30 ppm = dysoxic, non-euxinic settings where sulfide is restricted to pore waters
throughout the year; 30-100 ppm = intermittently/seasonally euxinic settings and the Mo-depleted Black Sea; > 100 pm = permanently euxinic, Mo-replete settings).
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Fig. 4. Composite chemostratigraphic records of the UKw-equivalent (PGB) black shale for Eighteenmile Creek section; from left to right: cm-scale, sedimentary column, ichnofabric
index values, total organic carbon, molybdenum concentrations, uranium (closed circles) and vanadium (open circles) concentrations, V/(V + Ni) values (open circles) and V/Cr ratios
(closed circles), manganese concentrations, and aryl isoprenoid abundances. Vertical dotted lines indicate average shale values of each trace element: Mo = 2 ppm, U = 3.7 ppm,
V = 130 ppm, Mn = 850 ppm (Wedepohl, 1971, 1991). Shaded background on the Mo plot indicates ranges of Mo concentrations in modern sulfidic environments (from Scott and Lyons,
2012; 0-30 ppm = dysoxic, non-euxinic settings where sulfide is restricted to pore waters throughout the year; 30-100 ppm = intermittently/seasonally euxinic settings and the Mo-

depleted Black Sea; > 100 pm = permanently euxinic, Mo-replete settings).

Riverside. Thermal maturity was independently constrained from Rock-
Eval pyrolysis, and the resulting parameters (Hydrogen Index, Ta.x)
showed that these rocks were in the peak oil window and thus suitable
for detailed biomarker analyses. For complete organic geochemical
methods and screening criteria, see Haddad et al. (2016).

Total organic carbon (Figs. 3-6) was calculated as the difference
between total carbon (TC) and total inorganic carbon (TIC), as mea-
sured using an ELTRA CS 500 carbon-sulfur analyzer equipped with
acidification and furnace modules at UC Riverside. Standards AR4012
(limestone, 11.97% carbon) and AR4018 (soil, 1.26% carbon) were
used for calibration, and average error was + 2% for TC and + 4% for
TIC.

Investigation of ichnofabric allows for recognition of subtle varia-
tions in reduced but non-zero oxygen levels, parsing oxic conditions
(generally > 2 mL/L dissolved O,) that are supportive of fully aerobic
function from dysoxic conditions (traditionally > 0 mL/L but < 2 mL/
L O,) that are supportive of soft-bodied or poorly calcified benthic or

infaunal dysaerobic organisms (Rhoads and Morse, 1971; Byers, 1977;
Thompson et al., 1985; Allison et al., 1995). We recognize that the term
‘dysoxic’ does not carry specific relevance in the geochemical commu-
nity, which tends to favor ‘suboxic’ (but see Canfield and Thamdrup,
2009), and we feel that the historical oxygen limits assigned to dysoxia
should be reconsidered in light of recent ecological studies of oxygen
minimum zones (Levin, 2003; Woulds et al., 2007; Sperling et al., 2013;
Sperling et al., 2016), but we use dysoxic in this paper in reference to
our geochemical proxies to connote very low but unspecified values of
dissolved O, in the bottom waters with pore waters that are often, but
not always, rich in dissolved sulfide. Lipid biomarkers and trace metals,
while less sensitive than the trace fossils to fluctuations under dysoxic
conditions because of their more complex association with dissolved
oxygen and greater influence from post-depositional processes, can
nonetheless provide unambiguous evidence for anoxic and/or euxinic
conditions during deposition of UKw-equivalent PGB. The different
proxies used in tandem help distinguish among the competing water
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Fig. 5. Composite chemostratigraphic records of the UKw-equivalent (PGB) black shale for the Irish Gulf section; from left to right: cm-scale, sedimentary column, ichnofabric index
values, total organic carbon, molybdenum concentrations, uranium (closed circles) and vanadium (open circles) concentrations, V/(V + Ni) values (open circles) and V/Cr ratios (closed
circles), manganese concentrations, aryl isoprenoid abundances (closed circles) and summed paleorenieratane and isorenieratane abundances (open circles). Vertical dotted lines indicate
average shale values of each trace element: Mo = 2 ppm, U = 3.7 ppm, V = 130 ppm, Mn = 850 ppm (Wedepohl, 1971, 1991). Shaded background on the Mo plot indicates ranges of
Mo concentrations in modern sulfidic environments (from Scott and Lyons, 2012; 0-30 ppm = dysoxic, non-euxinic settings where sulfide is restricted to pore waters throughout the year;
30-100 ppm = intermittently/seasonally euxinic settings and the Mo-depleted Black Sea; > 100 pm = permanently euxinic, Mo-replete settings).
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Fig. 6. Composite chemostratigraphic records of the UKw-equivalent (PGB) black shale for the Beaver Meadow Creek section; from left to right: cm-scale, sedimentary column, ich-
nofabric index values, total organic carbon, molybdenum concentrations, uranium (closed circles) and vanadium (open circles) concentrations, V/(V + Ni) values (open circles) and V/Cr
ratios (closed circles), manganese concentrations, aryl isoprenoid abundances (closed circles) and summed paleorenieratane and isorenieratane abundances (open circles). Vertical dotted
lines indicate average shale values of each trace element: Mo = 2 ppm, U = 3.7 ppm, V = 130 ppm, Mn = 850 ppm (Wedepohl, 1971, 1991). Shaded background on the Mo plot
indicates ranges of Mo concentrations in modern sulfidic environments (from Scott and Lyons, 2012; 0-30 ppm = dysoxic, non-euxinic settings where sulfide is restricted to pore waters
throughout the year; 30-100 ppm = intermittently/seasonally euxinic settings and the Mo-depleted Black Sea; > 100 pm = permanently euxinic, Mo-replete settings).

column redox models for Devonian epeiric seas, which range from a
high TOC oxic end member with intermittently dysoxic-anoxic bottom
waters (Arthur and Sageman, 1994; Gallego-Torres et al., 2007; Pattan
and Pearce, 2009), to an expanded oxygen minimum zone (Liining
et al., 2003; Murphy et al., 2000a; Marynowski et al., 2011; Algeo et al.,
2011), to a deep water anoxic/euxinic end member (after Brown and
Kenig, 2004, and Melendez et al., 2012).

3. Results and discussion
3.1. Biological signals of episodic bottom water oxygenation

Devonian trace fossils in shales representing deposition in low
oxygen settings are typically horizontal to sub-horizontal, small or di-
minutive, not distinct, and often recognizable only because they disturb
the original sedimentary fabric. It has been demonstrated, however,
that trace fossil size, relative amount of bioturbation, and ichnofabric
index can be used to infer relative bottom water oxygen on a micro-
stratigraphic scale (Boyer and Droser, 2009, 2011) because the amount
of biotic disruption to the original sedimentary fabric can be correlated
to a relative oxygen level (Savrda and Bottjer, 1986, 1989; Savrda,
1992). Ichnofabrics are critical for demonstrating the presence of me-
tazoans and corresponding implications for oxygen chemistry in the
water column, even in the absence of body fossils, and they provide an
independent paleoenvironmental context as a complement to the geo-
chemical redox proxy records.

Due to the expanded nature of the PGB at BMC (measuring nearly
70 cm in thickness), we did not collect continuously on the cm-scale
above and below the UKw event bed, but the stratigraphy, lithology,
and biological traces tracked well across the three more distal localities
(WC, EMC, and IG) before, during, and after the deposition of the UKw
shale. Preceding the PGB at each of these localities are fully bioturbated
silty green-gray shales containing a diverse assemblage of ichnogenera,
commonly preserved as pyritized burrows, including Skolithos,
Thalassinoides, and Chondrites, but predominantly Planolites. These
ichnogenera, in association with an ichnofabric index of 5, indicate
fully oxygenated bottom water conditions. Immediately preceding the
PGB is a 2-3 cm thick precursor black shale bed (PBSB), which has been
interpreted to record a rapid shift from fully oxygenated to anoxic
bottom water conditions because of the abrupt termination of the
pyritized burrows without evidence for an erosional contact with
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laminated black shale. Following this PBSB, and leading into the PGB, is
10 cm of fully mottled ichnofabric only sparsely populated by discrete
larger burrows. This facies is interpreted to represent an oxygen-
stressed dysoxic interval that led into the more anoxic UKw event
(Boyer et al., 2014); remarkably similar variations in ichnofabric are
also recorded through the UKw horizon in the Holy Cross Mountains of
Central Poland (Stachacz et al., 2017).

The PGB black shale units do not preserve consistent i.i. values of 1,
however, as would be expected for deposition under a persistently an-
oxic water column. Instead, the i.i. values fluctuate between 1 and 3 at
IG, EMC, and WC. At the most proximal section (BMC), i.i. values reach
4, indicating biological disturbance of up to 60% of the original sedi-
mentary fabric (Figs. 3-6). These occurrences of i.i. 4 are interpreted to
represent the highest relative oxygen levels in the PGB. Few discrete
trace fossils are captured in the PGB. Where recognized, they are
identified as likely Planolites, measuring no more than a few mm wide
and deep; no Skolithos or Chondrites are recognized in the UKw-
equivalent interval. At the top of the PGB at each locality are
large, > 1 cm wide Thalassinoides burrows that penetrate as much as
5cm from the overlying green-gray shale, which fills the burrows.
These burrows mark a return to fully oxygenated conditions and are
interpreted to represent a rapid re-oxygenation event based on ero-
sional surfaces and the large burrows piping into laminated intervals.

Heterolithic bedding, facilitated by variable clay and silt content,
characterizes the PGB at each locality; within the first 10 cm of UKw-
equivalent deposition are nearly cm-thick bioturbated green-gray shale
laminae displaying i.i. values of 3. Several sedimentary structures are
common to each locality, including lenticular bedding, where increased
silt input produced abundant silt laminae, and starved ripples at EMC,
IG, and BMC, capped by a cm-thick cross-bedding at BMC (Fig. 7).
Lenticular bedding, starved ripples, and cross-stratification are most
likely to have been formed by clear-water bottom currents rather than
by turbidity currents (Shanmugam et al., 1993). These structures,
products of traction and suspension deposition, are therefore inter-
preted to reflect episodic enhancement of bottom current energy and
possible concomitant increases in benthic dissolved oxygen levels,
especially in light of the ichnofabric evidence for intermittent coloni-
zation of the seafloor during the deposition of the UKw.

The level of biological sedimentary disruption associated with an i.i.
of 2 does not suggest fully oxygenated conditions or colonization by
larger macrofauna— an interpretation consistent with the paucity of
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Fig. 7. Range of sedimentary structures displayed in polished hand samples of the Point Gratiot Bed; A) Walnut Creek, 87-90 cm: silt laminations disrupted by biological activity, i.i. 1-3;
B) Irish Gulf, 120-123 cm: cm-thick starved ripple, i.i. 1; C) Eighteenmile Creek, 15.5-17 cm: deformed silt laminations displaying evidence of biological disruption, i.i. 2-3; D) Beaver
Meadow Creek, 62-64 cm: cm-thick silt crossbedding, i.i. 2-4; E) Eighteenmile Creek, 14-16.5 cm: lenticular bedding and disturbed silt laminae, i.i. 2. Solid black bars = 1 cm.

large, discrete burrows. Bioturbation associated with i.i. 3 or 4, how-
ever, especially in conjunction with interbedded gray-green shale, was
most likely caused by autochthonous macrofauna given the lack of
evidence for turbidity currents that might have otherwise brought in
allochthonous benthic fauna from shallower waters (Ozalas et al.,
1994); this interpretation is consistent with evidence for opportunistic
colonization by benthic fauna during deposition of the end-Famennian
Hangenberg black shale (Marynowski et al., 2012). Because the alter-
nating sequences of black and green-gray shale, on the scale of meters
to tens of meters, are attributable to transgressive-regressive cycles
(Johnson et al., 1985; Johnson and Klapper, 1992; Day, 1998; Over,
2002), it is probable that the oxygenation events within the UKw were a
result of shorter-term changes in basin circulation patterns. Occur-
rences of i.i. 2 may indicate seasonal or event-induced (i.e., storms or
turbidites) fluctuations of bottom water oxygen, when scattered, di-
minutive fauna disrupted sediments for a limited time. The periods of
greater oxygenation, as indicated by i.i. values of 3 or 4 and with im-
plications for short-term recolonization, were presumably facilitated by
oxygenation events on time scales longer than subannual (Wetzel and
Uchmann, 1998).

3.2. Iron speciation framework for variable redox

Major and minor element concentrations are key to understanding
the redox state of the depositional environment of the PGB, and Fe
species are the most effective proxies for euxinia (free sulfide in the
water column) on a local scale (Lyons et al., 2009; Reinhard et al.,
2012). We examined the Fe mineral speciation pattern in a subset of
samples across the Appalachian Basin at each of our localities as a
framework for understanding the more detailed and finely sampled
trace metal patterns (Section 3.3). Iron enrichment patterns are well
understood in modern sediments and have proven applicability in De-
vonian black shales for recognizing persistent and rapidly varying re-
lative bottom water oxygen levels (Murphy et al., 2000a, 2000b; Werne
et al., 2002; Sageman et al., 2003; Boyer et al., 2011). The method can
reveal conditions ranging from euxinic to anoxic to dysoxic (reduced
but non-zero oxygen); sediments with elevated ratios of reactive Fe
(Fenr) to total Fe (Fer) compared with modern and ancient oxic marine
sediments record anoxic and euxinic conditions (Raiswell and Canfield,
1998; Poulton and Canfield, 2011). Feyr includes iron mineral phases
that have the potential to react with dissolved hydrogen sulfide during
deposition in the water column or early diagenesis (carbonates and
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oxides) (Raiswell and Canfield, 1998) summed with iron already pre-
sent as pyrite. Modern oxic sediments preserve a range of Feygr from
0.06 to 0.38, and Feyr/Fey ratios exceeding ~0.38 are interpreted to
reflect deposition in an anoxic setting (Poulton and Canfield, 2011;
Reinhard et al., 2012).

For anoxic samples with Feyr/Fer ratios exceeding ~0.38, the de-
gree to which the highly reactive Fe pool has been pyritized, expressed
as Fe,y/Fepg, can be used to distinguish between systems buffered by Fe
(ID) versus H,S (e.g., whether anoxic water column was ferruginous or
euxinic). Near-complete pyritization of the highly reactive iron pool
indicates an excess of dissolved H,S in the anoxic system and scaven-
ging of reactive Fe as pyrite (Poulton and Canfield, 2011). More spe-
cifically, values of Fe,,/Feyr > 0.8 (80% pyritization) provide com-
pelling evidence for euxinia when coupled with Feyg/Fer evidence of
an anoxic water column (reviewed in Lyons and Severmann, 2006;
Poulton and Canfield, 2011). Fig. 9 places the 19 samples that were
processed for Fe species on a Feyr/Fer versus Fepy/Feur crossplot, on
which Feyr/Fer values < 0.38 suggest oxic deposition. Feyr/Fer va-
lues for the PGB samples (mean = 0.43, modestly in excess of the
threshold value of 0.38 for anoxic bottom waters) range from 0.17 at
Eighteenmile Creek to 0.78 at Beaver Meadow Creek, with samples
from each of the four sections falling within the range displayed by
modern oxic and anoxic sediments (Fig. 8; see also Table 1). Uniformly
high Fe,,/Feyg values (min = 0.88, max = 0.97, mean = 0.93) of the
sample set suggest the presence of appreciable dissolved H,S in either
shallow sedimentary pore fluids, under oxic-dysoxic conditions (as in-
dicated by lower Feyr/Fer and Fer/Al values), or in the water column
associated with anoxic deposition.

Elevated Fer/Al ratios, when compared with average continental
crust values, can further distinguish anoxic and euxinic settings from
oxic and low oxygen sites by accounting for Fe enrichment relative to
average detrital input (generally Fer/Al of 0.5 * 0.1; Lyons et al.,
2003; Lyons and Severmann, 2006). Fer concentrations in the PGB
range from 3.39 to 6.40 wt%. Fer normalized to continentally derived
Al concentrations, however, produces values (mean = 0.61) ranging
from 0.44 at Eighteenmile Creek, within the range of values attributed
to oxic, typically bioturbated sediments (Lyons et al., 2003), to 1.17 at
Beaver Meadow Creek, an extremely elevated value consistent with
deposition within an anoxic water column (Table 1).

Duan et al. (2010) compared Fe content of samples of the Middle
Devonian Oatka Creek and Upper Devonian Geneseo formations, which
have been studied extensively for lithology, paleontology, and
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Fig. 8. Iron mineral speciation data displayed

1
I [ ] on a Feugr/Fer vs. Fe,y/Feug crossplot. Fepgr/
i< X % X X Fer values < 0.38 indicate oxic deposition;
0.9 1 m X values > 0.38 indicate dysoxic/anoxic de-
Euxinic position (Raiswell et al., 2001; Reinhard et al.,
0.81 2012). Feyy/Feyg values > 0.8 indicate eu-
i xinic conditions with excess H,S to scavenge
for pyrite formation, while values < 0.8 in-
0.7 1 dicate ferruginous conditions with a large re-
active Fe reservoir but limited or nonexistent
0.6 1 free H,S (Lyons and Severmann, 2006).
o
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0.3 1
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Fe, ./Fe,
Table 1 their Fe chemistry, TOC content, sedimentary fabric, and redox sensi-
Fe speciation for select samples, arranged stratigraphically by locality. tive trace metal enrichments.
) ! - ! - Specifically, Duan et al. (2010) asserted that the Oatka Creek For-
Sample Strat. Ht." (cm)  FeT” wt%  Fer/Al°  Feur'/Fer  Fe,,"/Feur . . ..
mation accumulated under a dominantly euxinic water column,
Beaver Meadow Creek whereas the Geneseo Formation was deposited at a time that the Ap-
BMC 67 67 4.85 0.74 0.36 0.93 palachian Basin was less reducing and only intermittently euxinic
BMC 64 64 3.39 0.54 0.52 0.88 (consistent with the conclusions of Murphy et al., 2000a; Werne et al.,
BMC 52 52 6.40 1.17 0.78 0.95 2002: ds t al., 2003). Furth logical d sedi
BMC 475 475 535 0.82 0.60 0.93 5 an. ageman et al., . Furthermore, e.:co oglca a}n se 1
BMC 16 16 3.52 0.54 0.48 0.91 mentological evidence from the Geneseo Formation, including sedi-
BMCO05 05 3.92 0.48 0.30 0.95 mentary structures indicative of diverse modes of sediment transport
Trish Gulf and deposition, bioturbation up to i.i. 3, and an array of dysaerobic
IG 107 27 4,59 0.62 0.46 0.93 fauna and ichnogenera (Boyer and Droser, 2007, 2009; Wilson and
1G 113 21 5.05 0.61 0.46 0.93 Schieber, 2015), points to deposition under conditions more energetic
16 117 17 379 0.45 0.20 0.91 than would be expected of a stagnant, pervasively anoxic basin. We
1IG 123 11 3.51 0.69 0.50 0.93 h . imilar i £ evid F P d :
1G 127 4.05 0.56 0.52 0.97 argue .ere. using sm.u ar lines of evi ence—. (? spe.c1at1on ata in con-
1G 133 1 3.90 0.49 0.34 0.95 cert with ichnofabrics, trace metals, and lipid biomarkers—that the
. . PGB was deposited in a variable redox regime that was less reducing
Eighteenmile Creek N X o .
EMC 21 21 4.88 0.65 0.47 0.97 and only intermittently euxinic and therefore more similar to the de-
EMC 15 15 3.76 0.44 0.29 0.94 positional setting of the Geneseo Formation than the dominantly eu-
EMC1 1 4.13 0.49 0.17 0.88 xinic Oatka Creek Formation.
Walnut Creek
WC 74 19.5 5.44 0.79 0.66 0.94 1 sienals of i . L.
wce 78 15.5 3.90 0.52 0.41 0.94 3.3. Trace metal signals of intermittent euxinia
WC 84 9.5 3.86 0.51 0.34 0.92
WC 88 5.5 4.03 0.54 0.38 0.96 Trace metals (e.g., Mo, V, U, Zn, Ni, Pb, Cu, Co, and Cr) have de-

@ Strat. Ht. = stratigraphic height in cm above the base of the Upper Kellwasser black
shale.

 Fe; = total Fe content.

¢ Fer/Al = total Fe content standardized to detrital Al input.

9 Feyr = highly reactive iron calculated from Fe,y + Feca + Feox (pyrite, ferrous
carbonates, ferrous oxides, respectively).

¢ Fe,y = iron species present as pyrite.

geochemistry (see Murphy et al., 2000a for the Geneseo; Werne et al.,
2002 for Oatka Creek; and Sageman et al., 2003 for both). The authors
documented a difference of Fer/Al content between the two formations,
both of which pre-date the PGB, with the Geneseo displaying Fer/Al
values between 0.41 and 0.62 and the Oatka Creek's Fer/Al values
ranging from 0.35 to 1.23. Further, they characterized differences in
depositional redox conditions for these two black shale units based on
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monstrated utility as marine redox proxies, and their concentrations are
commonly used to infer variations in bottom water oxygen content and,
more specifically, variations in the concentration of water column
sulfide (Arthur and Sageman, 1994; Wignall, 1994; Rimmer, 2004;
Algeo and Maynard, 2004; Tribovillard et al., 2006). Molybdenum has
specifically been employed to document variations in bottom water
oxygen levels in Devonian black shales from New York State, and high-
resolution fluctuations in sedimentary Mo concentrations have been
shown to be useful for extrapolating relative paleo-oxygen levels on a
cm vertical scale (Boyer et al., 2011).

Molybdenum levels are enriched above crustal values (ca. 1-2 ppm)
under persistently oxygen deficient settings (Morford and Emerson,
1999; Scott et al., 2008) and typically highly enriched beneath euxinic
waters (Calvert and Pederson, 1993; Lyons et al., 2003). However, se-
dimentary Mo contents between ~2 and 30 ppm are recognized
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beneath dysoxic waters (McManus et al., 2006; Scott and Lyons, 2012),
where sulfide is limited to pore waters. Intermittent/seasonal euxinia
can result in values on the high end of this range or higher depending
on water column Mo availability and the persistence of euxinia
(Murphy et al., 2000a; Lyons et al., 2009; Scott and Lyons, 2012).
Greatly enriched Mo values (in excess of 100 ppm) are interpreted to
represent permanent euxinia in Mo-replete settings (Werne et al., 2002;
Sageman et al., 2003; Algeo and Lyons, 2006; Gordon et al., 2009; Scott
and Lyons, 2012).

Molybdenum enrichments in the PGB at these four localities average
20 ppm (min = 1 ppm; max = 164 ppm; mean crustal value = 2 ppm;
Figs. 3-6). Irish Gulf, Eighteenmile Creek, and Walnut Creek, the three
most distal localities, share a distinctive stratigraphic pattern, with Mo
values enriched (up to 44 ppm at WC, 164 ppm at EMC, and 55 ppm at
IG) in the bottom half of the UKw depositional sequence and more
depleted values between 2 and 49 ppm in the top half. It is important to
note that one outlier sample that defines a Mo enrichment excursion at
EMC (164 ppm at cm 7) is more than twice the concentration of the
next highest enrichment value, a value of 72 ppm observed at BMC, and
unequivocally points to permanent euxinia in a Mo-replete setting
(Fig. 4). The exceptionally high Mo enrichment of sample EMC 7 clearly
indicates ample Mo availability at the onset of PGB deposition, un-
derscores the importance of our cm-scale sampling scheme, and sug-
gests dramatic redox fluctuations on a fine scale that would be over-
looked by coarser sampling.

A different stratigraphic pattern is displayed in the expanded section
at Beaver Meadow Creek, where Mo concentrations remain low
(mean = 9 ppm; max = 29 ppm) for the first 45 cm of UKw deposition
and then spike to maxima of 72 ppm and 62 ppm in two excursions in
the top 20 cm of deposition (Fig. 5). This stratigraphic progression
suggests that the PGB at BMC was deposited under a Mo-replete water
column and likely reflects fluctuating local redox conditions because
the Mo excursions roughly track with high TOC, increases in V, higher
concentrations of green sulfur bacteria markers, and euxinic Fe ratios.

Enrichment patterns for Mo captured in sediments can be strongly
dependent on the reservoir concentration of Mo in the water column,
which may be limited in a restricted basinal setting (Algeo and Lyons,
2006). However, the BMC data appear not to be reflective of the basin
reservoir effect and a lack of available Mo, and very high (> 200 ppm)
Mo values found in correlative strata in the Madre de Dios Basin, Bo-
livia, imply that the global dissolved Mo inventory remained high
throughout the UKw deposition (Tuite, M., pers. comm.). It is less clear
how Mo availability affected the muted enrichments documented from
WC, EMC, and IG, where increased TOC contents toward the top of the
PGB correspond inversely with diminished Mo concentrations, espe-
cially in the few samples where anoxic Feyr/Fer values contrast with
dysoxic-oxic values of Mo (Table 1). While we cannot rule out that
episodic depletions in local marine inventories could have influenced
the magnitude of Mo enrichments in these samples (Algeo, 2004) as a
secondary factor, the other paleontological and geochemical proxies
employed to test the PGB depositional model point away from trace
metal inventory as the dominant constraint of our data. Instead, the
overall trace metal systematics argue for variable marine redox condi-
tions as the major control on the sedimentary Mo concentrations in the
Appalachian Basin Upper Kellwasser, since muted but not full enrich-
ments for both anoxic (Mo, V, U) and oxic (Mn) depositional settings
were found consistently through the strata and are complemented by
oxic-dysoxic Fe species and ichnofabrics.

Importantly, these observed patterns indicate that Mo concentra-
tions do not remain consistently enriched throughout deposition of
UKw-equivalent black shale in the Appalachian Basin, but rather can
fluctuate dramatically on a cm-scale. This relationship demonstrates the
utility of a high-resolution approach because we are able to capture
variability that coarser sampling would miss. Furthermore, Mo en-
richment levels are lower than those documented from pervasively
euxinic settings, which are consistently in excess of 60 ppm and
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occasionally > 100s of ppm (Scott and Lyons, 2012). Many of the
measured Mo values fall within the range for deposition under a dys-
oxic/suboxic water column (i.e., dissolved sulfide is restricted to the
sediments; Scott and Lyons, 2012), and excursions in Mo enrichment
suggest only intermittently euxinic conditions during deposition of the
UKw. Additionally, the uniformly low to moderate TOC values mea-
sured in our sections (0.24-5.53 wt%; mean = 2.62 wt%; Figs. 3-6),
which are comparatively organic-lean for Devonian black shales and do
not correlate significantly with measured sedimentary Mo concentra-
tions, are also consistent with fluctuating redox conditions (Sageman
et al., 2003; Algeo and Lyons, 2006; Algeo et al., 2007).

Enrichment factors were also calculated for Mo to address the
possibility that the observed stratigraphic trend might reflect patterns
of dilution by CaCOs, for example, rather than temporally varying
controls on Mo uptake. The related trend (Supplementary Fig. 1)
strongly resembles that of Mo (ppm) (Figs. 3-6), suggesting that dilu-
tion has not impacted our interpretations, and this assertion should
extend to the other elements of interest, specifically U (Supplementary
Fig. 2). The conclusions are the same when Mo and U concentrations
are normalized to TOC content (not shown here).

Comparisons of enrichment patterns of various trace metals, speci-
fically U, V, and Mo, may shed further light on coeval bottom water
redox conditions, because U and V can accumulate under broadly an-
oxic conditions, while significant Mo sequestration requires free H,S.
Enrichment in only U and V to the exclusion of Mo suggests deposition
under dysoxic to anoxic conditions, whereas enrichment of U, V, and
Mo necessarily reflects sulfidic conditions in the sediments or overlying
water column (Algeo and Maynard, 2004). At all four localities, V is
enriched to slightly higher than average shale values, comparable to
Black Sea sediment enrichments (PGB average = 179 ppm; Figs. 3-6;
Table 2). However, U is barely enriched above average shale and crustal
values (PGB average = 4 ppm; Figs. 3-6; Table 2), while Mo, as dis-
cussed above, is moderately enriched in the PGB across western New
York. Post-depositional loss of trace element enrichment is possible
under conditions of vacillating redox, mobilizing authigenic elements
and decreasing original enrichments, especially in environments where
conditions vary relatively rapidly (e.g., via turbidite deposition or storm
events; Tribovillard et al., 2006). Uranium is particularly sensitive to
reoxidation and remobilization (Morford et al., 2001; McManus et al.,
2005). Even if U accumulated under reducing conditions initially, the
absence of U enrichment in the UKw-equivalent shales of the Appa-
lachian Basin could imply post-depositional oxygen replenishment to
the bottom waters on a rapid temporal scale (as evidenced from the
Upper Devonian Rhinestreet Shale of western New York; Lash, 2016).

V/Cr and V/(V + Ni) have also been used as redox indicators for

Table 2
Minor elements in pg/g (parts per million).

Element Average shale” wcP EMC® 1G* BMC®
Mean Mean Mean Mean

Ba 580 614 617 616 301

Cr 20 88 252 88 83

Cu 45 84 113 107 63

Mn 850 362 591 463 519

Mo 1 18 9 21 16

Ni 68 106 114 101 55

Pb 22 43 38 58 34

Re 0.01 0.004 0.003 0.006 0.002

0) 3.7 4.5 4.2 3.6 3.8

v 130 195 216 171 163

Zn 95 64 224 95 113

@ Average shale data from Wedepohl (1971, 1991).

P WC = Walnut Creek; data from this study.

¢ EMC = Eighteenmile Creek; data from this study.

4 IG = Irish Gulf; data from this study.

¢ BMC = Beaver Meadow Creek; data from this study.
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black shale formation. Each relates V, a redox-sensitive element, to an
element that is more strongly associated with the detrital fraction
(Jones and Manning, 1994; Tribovillard et al., 2006). While Cr may be
enriched under anoxic conditions, normalizing Cr content for the PGB
samples to Ti yields an average value of 1.76 x 10% (ppm/ppm) across
the four localities, which is comfortably within the range of Phaner-
ozoic average upper crust composition (Reinhard et al., 2013). There-
fore, patterns of V/Cr variability likely reflect the redox sensitivity of V.
Threshold values of these ratios have been described and are inter-
preted to correlate with oxic, dysoxic, and anoxic conditions (Hatch and
Leventhal, 1992; Jones and Manning, 1994; Wignall, 1994; Rimmer,
2004). V/Cr values for our Appalachian Basin localities range from 0.18
(well within what would be interpreted as oxic levels) at Eighteenmile
Creek to 2.96 (consistent with dysoxic conditions) at Walnut Creek
(Figs. 3-6). V/(V + Ni) values display a similar range, from oxic values
(min = 0.48, below the dysoxic/anoxic transition value proposed by
Hatch and Leventhal, 1992) to values close to the euxinic threshold
(max = 0.83; Figs. 3-6). Joachimski et al. (2001) measured V/Cr and
V/(V + Ni) ratios across the F/F boundary in the Polish Kowala section.
They reported V/Cr ratios consistently above 4.25 (the anoxic
threshold; Jones and Manning, 1994) and as high as 18, and V/(V
+ Ni) ratios of approximately 0.8 (near the 0.84 euxinic threshold
proposed by Hatch and Leventhal, 1992) through the UKw, consistent
with the existence of anoxic conditions during UKw deposition at Ko-
wala. A subsequent study at Kowala (Racki et al., 2002), however,
yielded much lower V/Cr ratios (max. of approximately 2.1) supported
by unreported low V/(V + Ni) ratios, indicating fluctuating bottom-
water conditions leading to dysoxia in the early Famennian. Our data
for western New York are comparably low and variable and suggest a
similar interpretation to the Racki et al. (2002) study.

Manganese can be enriched even in weakly oxic (oxygen-limited)
areas of marine deposition as oxide minerals and displays values well in
excess of the crustal average (600 ppm) under oxygenated bottom
waters (Calvert and Pederson, 1993). Enrichment of Mn has been linked
to the position of the chemocline in the Black Sea (Lyons et al., 1993)
and other low oxygen settings. Alternatively, pore water reduction and
related remobilization of Mn can result in precipitation of Mn at the
sediment-water interface beneath oxygenated bottom waters. While Mn
values at WC, the most distal locality and condensed section, remain
unenriched throughout the UKw sequence, Mn concentrations increase
to values much greater than average shale values (850 ppm; Wedepohl,
1971, 1991) in the upper half of the PGB at EMC (max = 1018 ppm), IG
(max = 1072 ppm), and BMC (max = 2161 ppm) (Figs. 3-6). Quinby-
Hunt and Wilde (1994) defined four groups of black shales based on Fe-
Mn-V contents, providing a range of average Mn values for anoxic black
shales (Groups 2 and 3) of 170-310 ppm, very similar in value to Mn
concentration minima in the PGB (from 191 ppm at WC to 374 ppm at
EMC). Average Mn concentrations in the PGB range from 362 ppm (at
WCQ) to 591 (at EMC), whereas maximum Mn concentrations from EMC,
IG, and BMC fall within the range of average Group 1 oxic low-calcic
shales (1300 ppm). Considered together, these data place the PGB black
shales between fully anoxic and fully oxic Mn values. Muted enrich-
ments of Mn relative to anoxic black shales are most likely attributable
to enhanced Mn uptake associated with episodes of oxic deposition. It is
noteworthy that maximum Mn enrichment at BMC, the most shoreward
locality, is found between two Mo excursions and only 2 cm below the
final Mo maximum near the end of deposition of the UKw-equivalent
black shales (Fig. 5). These relations suggest a vertically migrating
chemocline, including local episodic seafloor ventilation, and reinforce
the dramatic redox variability we interpret from our proxies.

3.4. Biomarker record of photic zone euxinia
While the inorganic proxies capture redox variability at the sedi-

ment-water interface and in bottom water, lipid biomarkers can help
fingerprint the spatial and temporal extension of the sulfidic water mass
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into the uppermost water column. Specifically, the C4o aromatic car-
otenoid pigment produced by Chlorobi, isorenieratene, is well-pre-
served in sediments as the molecular fossil isorenieratane and is used as
a biomarker for photic zone euxinia in marine and lake surface waters
(Summons and Powell, 1986; French et al., 2015). Isorenieratane and
its diagenetic products, aryl isoprenoids, indicate that free hydrogen
sulfide was present at least episodically in the photic zone during ac-
cumulation of these deposits. Chlorobi are strictly anaerobic, obligate
phototrophs using mainly H,S as a preferred electron donor for pho-
tosynthesis. While global-scale photic zone euxinia has been implied by
previous biomarker studies of F/F boundary sediments in Europe,
western Canada, Australia, and North America (Brown and Kenig,
2004), this interpretation has not been adequately constrained due to
the localized nature of these studies and the tendency to concentrate
analyses on organic-rich strata in productive continental margin set-
tings and epeiric basins. Furthermore, Chlorobi carotenoid markers are
commonly found in petroleum of all geological ages and are generally
associated with euxinic conditions for organic-rich source rocks.

Chlorobi-derived biomarkers (the sum of C4o isorenieratane and
paleorenieratane plus their C;3-Co, aryl isoprenoidal fragments) were
identified at each locality at cm-scale, quantified to a suitable standard,
and normalized to TOC. Isorenieratane and Paleozoic-specific marker
paleorenieratane (Maslen et al., 2009; Melendez et al., 2013) were
detected at levels slightly in excess of detection limits (0-0.73 ppm
TOGC; Figs. 2, 4-5) at three localities (WC, IG, and BMC), and a suite of
aryl isoprenoids (C;3—Cop; Figs. 3-6) was measured in each PGB sample.
The presence of aryl isoprenoids and trace levels of parent C, car-
otenoids (isorenieratane and paleorenieratane) provide evidence for at
least intermittent photic zone euxinia during the deposition of the Point
Gratiot Bed, yet the low absolute abundance of Chlorobi markers and
their relative contribution to preserved sedimentary organic matter
must also be considered. Aryl isoprenoid abundances at the studied
localities range from 0.08 to 16.3 ppm TOC and are generally low in
magnitude (mean = 6.44 ppm TOC, n = 79). The highest abundances
are documented from the most distal locality, WC (mean = 11 ppm
TOC, max = 15.8 ppm TOC), and the most shoreward locality, BMC
(mean = 9.04 ppm TOC, max = 16.3 ppm TOC). The greatest range of
abundances is documented from BMC (1.44-16.3 ppm TOC, with a
standard deviation of 3.53 ppm TOC).

Samples from above and below the PGB at WC and IG display a
range of aryl isoprenoid concentrations similar to that recognized from
the PGB (WC: 10.7-19.3ppm TOC from five samples; IG:
0.76-6.83 ppm TOC from four samples). It is worth noting that the
greatest concentrations of aryl isoprenoids of the four localities was
measured in a sample collected from a thin black shale bed 17 cm
below the Dunkirk Formation and 58 cm above the PGB at WC. The
measured 19.3 ppm TOC aryl isoprenoid abundance of this layer cor-
relates well with a measured high (101 ppm) Mo concentration for the
same sample. This Mo concentration is over twice the concentration of
the most-enriched WC PGB sample.

While all aryl isoprenoid abundances are roughly within the same
order of magnitude through deposition of the PGB at the four localities,
there is clear variability on the cm-scale through the PGB. At BMC, pre-
PGB aryl isoprenoid abundances exceed 10 ppm TOC, diminishing
to < 2ppm TOC in the first 5cm of PGB deposition (Fig. 5). The
marked reduction of Chlorobi markers is not due to lower TOC values
before the PGB, as TOC is roughly unchanging prior to and during
deposition of the PGB. At IG, uniformly low and unchanging con-
centrations of aryl isoprenoids and C4, parent carotenoids (paleor-
enieratane + isorenieratane) are interrupted by a single sample that
contains three times the concentration of Chlorobi markers compared to
the samples above and below. In contrast, EMC aryl isoprenoid con-
centrations appear to have been enriched during accumulation of the
lower half of PGB deposition but diminished to nearly undetectable
levels as the upper half accumulated, tracking the overall Mo strati-
graphic pattern.
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Fig. 9. Paleoenvironmental redox models for Late Devonian epeiric seas; A) oxic end member: an oxic setting with sub-oxic bottom waters and sulfide production confined to sedimentary
pore waters; B) expanding OMZ (oxygen minimum zone) model: an expanding and contracting OMZ, dynamically maintained by respiration of organic matter in a productive continental
margin, resulting in a stratified marine redox column with only intermittent or seasonal photic zone euxinia (after Murphy et al., 2000a; Algeo et al., 2011; Marynowski et al., 2011); C)
anoxic end member: a permanently oxygen stressed setting that includes a persistently euxinic water column extending into the photic zone (after Brown and Kenig, 2004, and Melendez

et al., 2012).

The stratigraphic variability of Chlorobi carotenoid markers in the
PGB contrasts with the stable biomarker stratigraphic profiles of satu-
rated hydrocarbons at these localities as well as consistent durability of
the primary producer community throughout accumulation of the black
shale interval (Haddad et al., 2016). Detailed, cm-scale stratigraphy
from many different biomarker compound classes shows that the
overall microbial community structure reflected by biomarker assem-
blages was very similar among the four sections and changed little
through the black shale study interval. Despite a fluctuating chemocline
culminating in intermittent photic zone euxinia during episodes of
elevated export production as evidenced by low absolute yields of
Chlorobi carotenoid markers, sterane, hopane, and other polycyclic
biomarker alkane distributions provide no obvious evidence of sig-
nificant changes in planktonic microbial ecology or modes of primary
production. Thus, the composition of organic matter exported from
surface waters can be very stable during these black shale depositional
events, while controlling local redox conditions in the waters beneath
the photic zone. That is, a stable, productive planktonic microbial
community yielding a persistent organic flux can dynamically maintain
an oxygen minimum zone (Fig. 9).

The low abundances of summed aryl isoprenoids detected in the
PGB are similar in concentration to those reported from the middle
Famennian of Poland, a succession that does not correlate with a sig-
nificant bioevent (max: 5.2 ppm TOC; Marynowski et al., 2007). Low
aryl isoprenoid concentrations of the Polish strata were attributed to
episodic photic zone euxinia. Total aryl isoprenoid concentrations
(C13-Cyy) in the Polish Kowala quarry range from 2.78 to 23.74 ppm
TOC (Marynowski et al., 2011) in the Palmatolepis triangularis conodont
zone that immediately overlies the PGB in the Appalachian Basin and
marks the transition from the Frasnian to the Famennian (Over, 2002).
The aryl isoprenoid concentration from a sample collected from low-
ermost Famennian strata in the Polish Kowala quarry is 11.75 ppm
TOC, similar in value to the aryl isoprenoid mean at the WC locality of
the present study. Marynowski et al. (2011) interpreted the early Fa-
mennian paleoenvironmental conditions of Poland to have been inter-
mittently euxinic in the oxygen minimum zone and suboxic to weakly
anoxic at the seafloor. Episodes of photic zone euxinia in the Polish
section are indicated by detectable but low concentrations of green
sulfur bacteria markers. We suggest that the low concentrations of
isorenieratane, paleorenieratane, and aryl isoprenoids in the studied
deposits of the Appalachian Basin reflect similar environmental con-
ditions.

Aryl isoprenoid concentrations documented in the present study are
much lower than concentrations reported for Upper Devonian black
shales of the Holy Cross Mountains, including those deposited in asso-
ciation with the Famennian Dasberg (max: 143.5ppm TOC;
Marynowski et al., 2010), Late Famennian Annulata (max: 170.2 ppm
TOC; Racka et al., 2010), and the end-Famennian Hangenberg (max:
120 ppm TOC; Marynowski and Filipiak, 2007) events. While the
Hangenberg event has been acknowledged as a bioevent of ecological
impact nearly equivalent to that of the F/F extinction (Bambach, 2006;

Sallan and Coates, 2010), the Dasberg event is associated with the ra-
diation of an ammonoid suborder (House, 2002). Aryl isoprenoid
abundances from our Devonian sedimentary rocks are up to several
orders of magnitude lower than concentrations reported from samples
of oil window maturity recovered from other Phanerozoic euxinic ba-
sins (e.g., Cao et al., 2009).

The distribution of aromatic carotenoids can change with increasing
thermal maturity through the oil window as C4¢ carotenoids fragment
into aryl isoprenoids, a carbon number distribution shift associated
with catagenesis of all hydrocarbon compound series. Thermal cracking
of the C4¢ parent compounds into fragments is not complete until above
a Tpnax of 445 °C (French et al., 2015) and the C;3 to Co5 aryl isoprenoid
breakdown products (Requejo et al., 1992) remain preserved in rocks
and oils at significantly higher thermal maturity compared with our
black shale sample set (Tyax of 440-444 °C). Therefore, because we
quantified the aryl isoprenoid fragments together with C40 carotenoids,
we best attribute the markedly lower concentrations of aryl isoprenoids
of the analyzed PGB sections to rather limited, perhaps seasonal, oc-
currences of photic zone euxinia similar to what has been described
from modern restricted basins (Tyson and Pearson, 1991). Alter-
natively, euxinia may have been confined to deeper waters, principally
below the photic zone. Either scenario would have limited the viable
habitat of green sulfur bacteria, thereby suppressing their biomass and
molecular fossil abundances (Haddad et al., 2016; see also Fig. 9).

3.5. Implications for anoxia as an extinction driver

While extreme oxygen deficiency has been reported from other Late
Devonian basins (Joachimski et al., 2001; Brown and Kenig, 2004;
Formolo et al., 2014), our data from the northern Appalachian Basin are
inconsistent with global and persistent anoxia at the F/F boundary.
Indeed, results of the present study suggest that oxygen stress was not
sufficiently severe and persistent to have been the controlling factor in
coeval biological turnover in the Appalachian Basin. The lack of evi-
dence of persistent anoxia or euxinia at the F/F boundary at the studied
sites in New York is supported by the previous studies of Sageman et al.
(2003), Boyer et al. (2014), and most recently Lash (2017). Further,
variations among redox signatures described from other basins span-
ning the F/F cast reasonable doubt on anoxia as the primary driver of
global extinction.

The cause-and-effect relationship between oxygen-poor conditions
and Late Devonian bioevents has been challenged by many researchers
(Stanley, 1984; Becker et al., 1991; Copper, 1998, 2002; Bratton et al.,
1999; McGhee, 2001; John et al., 2010; Kazmierczak et al., 2012;
George et al., 2014). Indeed, the lack of correlation between episodes of
anoxia/euxinia and biodiversity crises is highlighted both in the Late
Devonian and at other times in the Phanerozoic. House (2002) de-
scribed at least 20 global occurrences of increased organic carbon burial
during the Devonian that were not associated with extinction events,
including the Frasnian Rhinestreet Shale (a massive organic-rich unit
reaching about 54 m thickness along the Lake Erie shoreline in New
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York State; Lash, 2016), and the Middle Devonian Marcellus Shale
(which includes the Oatka Creek Formation and displays Mo values in
excess of 100 ppm; Werne et al., 2002; Algeo et al., 2007). Further,
some biostratigraphic extinction horizons that contain black shales in
some basins appear to have accumulated in fully oxic water columns. It
is noteworthy that marine invertebrate extinctions in the Late Devonian
were accelerated in shallow reef settings that never experienced the
highly reducing conditions documented elsewhere (e.g., most con-
spicuously, the Canning Basin of Western Australia, where Kellwasser
facies were either not preserved or never accumulated; Becker et al.,
1991; George and Chow, 2002; George et al., 2014). Rather, these ex-
tinctions involved the interaction of related factors, including climate
and eustatic change, evolving paleogeography, and ocean chemistry
conditions that induced a major reorganization of marine ecosystems.

Understanding the role of oxygen stress on extinction is complicated
in the Late Devonian by complex signals of diversity loss driven by both
extinction and failure to originate new species. However, our data are
inconsistent with persistent or severe anoxia/euxinia as the primary
extinction driver. The door is open, therefore, for exploration of other
potential drivers, including repeated anoxic events, the combined ef-
fects of which could have accelerated extinction rates and suppressed
origination rates (Boyer et al., 2014), or resulted in a collapse of spe-
ciation via habitat invasions and resource competition (Stigall, 2011). It
is clear that an enhanced understanding of the role of the complex in-
terplay of Late Devonian climate perturbations and associated eustatic
variation on extinction and/or speciation loss requires detailed geo-
chemical and paleontological investigation of strata from multiple lo-
cations.

4. Conclusions

We agree with previous work suggesting that the PGB black shales
of New York State that accumulated contemporaneous with the UKw
bituminous limestones of Europe record the existence of oxygen-de-
prived conditions at the F/F boundary. The laminated nature of these
deposits, their lack of intense bioturbation and body fossils, elevated
organic carbon content, high degrees of pyrite formation, trace metal
proxies, and biomarkers indicative of photic zone euxinia point to re-
stricted oxygen during deposition of the PGB. However, we find that the
intensity and duration of anoxia in the Appalachian Basin at the end-
Frasnian are unexceptional relative to other productive Phanerozoic
marine settings. In fact, sedimentological and geochemical evidence
argues in favor of baseline dysoxic bottom-water conditions occasion-
ally interrupted by oxygenation events and episodes of photic zone
euxinia. We conclude that the PGB did not accumulate under a per-
sistently oxygen-depleted, stratified water column that experienced
prolonged periods of photic zone euxinia. Instead, the UKw-equivalent
black shale of the western New York State region of the Appalachian
Basin was deposited under a fluctuating redox regime. Clearly, organic-
rich facies, some of which may be coeval with biological crises, can be
deposited under a range of redox conditions, but end-member reducing
environmental hotspots are not globally extensive nor representative of
average global ocean chemistry conditions during these events.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2017.10.025.
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