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Abstract

Coupled Mo-U isotope data from the Upper Devonian Kettle Point Formation (Ontario,
Canada) provide a cautionary tale regarding interpretation of global ocean redox conditions using
data from euxinic black shales. In the Gore of Chatham core, the Kettle Point black shales have
high Mo concentrations (48—-473 ng/g) and consistently high Mo/U ratios (>3 times the Mo/U ratio
of modern seawater), suggesting a euxinic depositional environment. These shales yield an inverse
correlation (r = 0.89, p < 0.001) between authigenic U isotope (628U = —0.3%o to +0.6%o relative
to CRM145 = 0%o) and Mo isotope (§%Mo = +0.5%o to +2.0%o relative to NIST SRM 3134 =
0.25%o0) compositions and a stratigraphic trend upsection towards lower %Mo and higher §2%8U.
These stratigraphic trends were probably not caused by global ocean redox variation, which should
shift both isotope systems in the same direction. Instead, the inverse correlation between the §%Mo
and 523U of the black shales indicates that changes to local depositional conditions in the Chatham
Sag affected both isotope systems, consistent with the lithological and elemental evidence for
variable paleohydrographic conditions (paleosalinity and sea-level). Black shales with the highest
5%Mo and lowest 238U likely capture the most quantitative removal of Mo and U from more
intensely sulfidic bottom waters, and thus most closely approximate global seawater isotope
compositions. Lower §Mo and higher 238U in the black shales likely record less quantitative Mo
and U removal from weakly euxinic bottom waters and thus capture greater sediment-seawater
isotope fractionation (lighter Mo isotopes and heavier 28U were preferentially removed from
seawater to the sediments). Some samples with low §%Mo (0.5-1.0%0) have high V and Mo
enrichments, suggesting delivery of V and isotopically light Mo to the sediments by Fe-Mn
particulates, but this process does not significantly affect U isotopes (because of weak adsorption

of U onto Fe-Mn particulates) and is thus not the major driver of the inverse correlation. The



highest §°®Mo (2.0%o) and lowest 523U (—0.3%o) from the lower Kettle Point Formation may thus
represent minimum and maximum estimates of the Mo and U isotope compositions, respectively,
of early Famennian global seawater. The slope of the inverse Mo-U isotope correlation for the
Kettle Point black shales broadly parallels data from modern euxinic basins but is shifted to slightly
lower isotopic compositions. Hence, Famennian seawater likely had §°Mo (about 2.0%o to 2.2%o)
and 523U (about —0.7%o to —0.4%.) values that were slightly lower than modern global seawater
(5%8Mo = 2.3%o; 523U = —0.4%o), suggesting a mildly greater extent of euxinia (up to 5% of the
seafloor) in the Famennian oceans. The opposite stratigraphic trends in §*Mo and §2°8U through
the Kettle Point Formation may have caused misinterpretation of global ocean redox conditions if
either isotope system was used individually. Hence, paired Mo and U isotope analyses are
recommended to determine if stratigraphic trends through euxinic black shales are caused by local
depositional changes or global ocean redox variations.

Keywords: Kettle Point Formation; Chatham Sag; Famennian; euxinic; sea-level variation;

paleohydrographic conditions

1. INTRODUCTION

The Mo and U isotope compositions of black shales can be used to infer global seawater
Mo and U isotope compositions, which in turn provides information about ancient global ocean
redox conditions (Barling et al., 2001; Arnold et al., 2004; Weyer et al., 2008; Montoya-Pino et
al., 2010). Both Mo and U are redox-sensitive trace metals that have long seawater residence times
(~400-500 kyr; Dunk et al., 2002; Miller et al., 2011) in the modern predominantly well-

oxygenated oceans, resulting in predominantly homogenous seawater isotopic compositions for



these metals (Barling et al., 2001; Siebert et al., 2003; Stirling et al., 2007; Weyer et al., 2008;
Nakagawa et al., 2012; Ndgler et al., 2014; Tissot and Dauphas, 2015; Andersen et al., 2016;
Noordmann et al., 2016). Burial rates of Mo and U in sediments are at least two orders of
magnitude higher in modern euxinic marine environments compared to well-oxygenated settings
(see compiled burial rates by Scott et al., 2008; Partin et al., 2013; Reinhard et al., 2013). For each
metal, the magnitude of isotope fractionation between sediments and the overlying water column
is distinctly different for euxinic environments compared to intermediately reducing (weakly
oxygenated and anoxic/non-sulfidic) and oxygenated marine settings. Hence, the global seawater
Mo and U isotope compositions are sensitive to the extent of seafloor covered by euxinic waters
(Kendall et al., 2009; Dahl et al., 2010, 2011; Tissot and Dauphas, 2015; Andersen et al., 2016;
Noordmann et al., 2016; Gilleaudeau et al., 2019). Many studies have exploited the redox-sensitive
nature of Mo and U by inferring the seawater isotopic composition of these metals from black
shales and carbonates and using this information in isotopic mass-balance models to infer changes
in global ocean redox conditions at a variety of timescales (see recent reviews by Kendall et al.,
2017 and Andersen et al., 2017).

In practice, using Mo and U isotopes as global paleoredox proxies can be challenging
because both local depositional conditions and global ocean redox state influence the isotopic
composition of these metals in black shales. Despite continued development in the use of elemental
indicators such as sedimentary Fe speciation (Lyons and Severmann, 2006; Poulton and Canfield,
2005, 2011; Raiswell et al., 2018) and Mo/U ratios (Algeo and Tribovillard, 2009) to
independently infer local bottom water redox conditions, it is typically not straightforward to infer
the magnitude of Mo and U isotope fractionation between organic-rich sediments and the overlying

water column. In modern anoxic basins with euxinic bottom waters, near-quantitative removal of



these metals from bottom waters results in preservation of isotopic compositions in sediments that
approach global seawater values (Barling et al., 2001; Arnold et al., 2004; Neubert et al., 2008;
Noordmann et al., 2015; Bura-Naki¢ et al., 2018; Briske et al., in press). However, when non-
quantitative removal of Mo and U occurs, the magnitude of local isotope fractionation in euxinic
basins depends on a myriad of depositional factors, including bottom water sulfide concentrations
(and thus rates of sulfate reduction), degree of basin restriction from the open ocean, basin
geometry, and wind/ocean circulation patterns that influence the extent and frequency of water
inflow events that partially or fully re-oxygenate deep waters in the basin (Arnold et al., 2004;
Neubert et al., 2008; Montoya-Pino et al., 2010; Nagler et al., 2011; Andersen et al., 2014;
Holmden et al., 2015; Noordmann et al., 2015; Andersen et al., 2018; Bura-Naki¢ et al., 2018;
Scholz et al., 2018; Briiske et al., in press). These factors can be difficult to constrain precisely for
ancient ocean basins, leading to uncertainty in the inferred seawater metal isotope compositions,
and thus uncertainty in global ocean redox conditions.

These difficulties can make it challenging to interpret the stratigraphic trends of a single
metal isotope system, motivating recent efforts to use paired Mo—U isotope data from the same
black shale samples to more robustly infer depositional and redox conditions in ancient oceans
(Asael et al., 2013; Kendall at al., 2015; Lu et al., 2017). Recent studies revealed a general inverse
correlation between the Mo and U isotope compositions of modern and recent euxinic sediments,
including within a single basin (Andersen et al., 2018; Bura-Naki¢ et al., 2018; Briske et al., in
press). The inverse correlation reflects the opposite directions of Mo and U isotope fractionation
during burial of these metals in euxinic sediments. Any expression of mass-dependent Mo isotope
fractionation results in preferential removal of lighter Mo isotopes to euxinic sediments (Arnold

et al., 2004; Tossell, 2005; Neubert et al., 2008; Dahl et al., 2010), whereas volume-dependent U



isotope fractionation leads to euxinic sediments enriched in heavier %U compared to lighter 2°U
(Bigeleisen, 1996; Schauble, 2007; Abe et al., 2008; Weyer et al., 2008). Basins with higher bottom
water sulfide concentrations are generally characterized by more efficient removal of Mo and U
from bottom waters and hence the sediments from these basins have Mo and U isotope
compositions closer to the global seawater isotope composition (Bura-Naki¢ et al., 2018; Bruske
et al., in press). Other depositional processes may also be fingerprinted if both Mo and U isotope
data are available for the same samples. Notably, a high flux of Fe-Mn particulates during transient
water inflow events into a basin enhances the delivery of isotopically light Mo to euxinic sediments
but this process may have relatively little impact on U isotopes because of the weak affinity of U
for Fe-Mn (oxyhydr)oxides (Algeo and Tribovillard, 2009; Bura-Nakic et al., 2018; Scholz et al.,
2018). In summary, comparison of Mo and U isotope data on the same samples can help distinguish
between local depositional versus global redox controls on the Mo and U isotope compositions of
black shales.

In this study, we report U and Mo isotope and associated elemental and organic C isotope
data from black shales of the largely Famennian Kettle Point Formation (southwestern Ontario,
Canada). This case study provides an example of opposing stratigraphic trends and a clear inverse
correlation between Mo and U isotope compositions in a predominantly euxinic black shale unit.
Drawing from observations of Mo-U isotope systematics in modern euxinic basins, we show that
this inverse correlation is most likely the result of a change in local depositional processes rather
than global ocean redox conditions. Despite the inverse Mo-U isotope correlation, we show that it
is possible to provide some constraints on the global Mo and U isotope composition of Famennian

seawater.



2. DEPOSITIONAL ENVIRONMENT OF THE KETTLE POINT FORMATION

The Kettle Point Formation, a potential shale gas resource in southwestern Ontario, is
dominated by black shale with subordinate organic-poor green-grey mudstones (Sanford and
Brady, 1955; Harris, 1984; Russell, 1985; Armstrong, 1986; Armstrong and Dodge, 2007
Armstrong and Carter, 2010; Hamblin, 2010; Béland-Otis, 2013; Bingham-Koslowski et al., 2016).
The Kettle Point Formation is disconformably overlain by the Famennian/Mississippian Bedford
Formation of the Port Lambton Group, and disconformably overlies the Givetian Ipperwash
Formation or Widder Formation of the Middle Devonian Hamilton Group. The Antrim Shale, Ohio
Shale, Chattanooga Shale, and New Albany Shale in the eastern United States overlap
stratigraphically with the Kettle Point Formation (Russell, 1985; Hamblin, 2010; Béland-Oitis,
2013; Bingham-Koslowski et al., 2016).

The Kettle Point Formation is preserved between the Algonquin and Findlay arches in a
structural depression called the Chatham Sag that separates the foreland Appalachian Basin and
intracratonic Michigan Basin (Figure 1; Bingham-Koslowski et al., 2016). Deposition of the Kettle
Point Formation within this epeiric seaway occurred distal to the Catskill deltaic wedge complex
during and following the Acadian Orogeny (Ettensohn, 1985; Hamblin, 2010). The thickest and
most complete sections of the Kettle Point Formation (>100 m) occur in the middle of the Chatham
Sag (Armstrong and Carter, 2010; Béland-Otis, 2013; Bingham-Koslowski et al., 2016). In these
sections, four informal lithostratigraphic units comprise the Kettle Point Formation. Starting at the
base of the formation, these units include interbedded green-grey mudstones and black shales
containing carbonate concretions (Unit 1), a thick lower black shale interval (Unit 2), interbedded

green-grey mudstones and black shales lacking carbonate concretions (Unit 3), and a thick upper



black shale interval (Unit 4) (Bingham-Koslowski et al., 2016). Previous studies have used thin
sections and X-ray diffraction (XRD) analysis to determine that the green-grey mudstones and
black shales contain quartz and clay minerals (primarily illite but also illite-smectite mixed-layer
clays, kaolinite, chlorite, and glauconite) with lesser amounts of dolomite, potassium feldspar,
plagioclase feldspar, rutile, calcite, siderite, pyrite, and marcasite (the latter two minerals are found
in greater abundance in the black shales; Delitala, 1984; Russell, 1985; Armstrong, 1986;
Armstrong and Carter, 2010; Béland-Otis, 2013; Bingham-Koslowski et al., 2016). The Kettle
Point Formation predominantly contains Type | and Il kerogen from marine sources, and possibly
minor Type Ill kerogen from terrigenous woody plants. Organic matter in the Kettle Point
Formation is immature to early mature based on Rock-Eval pyrolysis data and organic petrology
(Snowdon, 1984; Obermajer et al., 1997; Beland-Otis, 2013). Hence, post-depositional thermal
alteration — a concern for thermally overmature black shales particularly for elemental data
(Ardakani et al., 2016; Dickson et al., in press) — should not be significant for the black shales of
the Kettle Point Formation.

Significant changes in water depth are thought to have occurred during deposition of the
Kettle Point Formation and have been described as two cycles (Units 1-2 and Units 3-4) separated
by a significant sea-level fall at the boundary between Units 2 and 3 (Bingham-Koslowski et al.,
2016). Sea-level variation likely occurred within Units 1 and 3 as the alternating black shales and
green-grey mudstones in these units represent deposition at deeper and shallower water depths,
respectively. The black shales from Units 1 and 3 commonly contain laminations rich in silt-sized
quartz that may represent higher energy storm or distal turbidite deposits that interrupted periods
of quiet-water deposition. Thicker black shale intervals in Units 2 and 4 are thought to have been

deposited in consistently deep waters, which is supported by the general absence of silty



laminations in Unit 2 and 4 black shales and lack of grey-green mudstone beds (Bingham-
Koslowski et al., 2016). Callixylon tree fragments in Units 2 and 4 and possible land plant
Protosalvinia (Foerstia) fossils in Unit 2 suggest inundation of surrounding highlands (Gray and
Boucot, 1979; Harris, 1984; Bingham-Koslowski et al., 2016; Quijada et al., 2016).

The lithological variations indicate that water column redox conditions fluctuated during
deposition of the Kettle Point Formation. Black shales have high pyrite (up to 16 wt%) and total
organic carbon (TOC; up to 15 wt%) contents, low sulfur isotope compositions (5*S typically —
10%o to —30%0) and usually lack bioturbation (particularly in Units 2 and 4), suggesting deposition
from anoxic bottom waters (Delitala, 1984; Hamblin, 2010; Beland-Otis, 2013; Bingham-
Koslowski et al., 2016). Pyrite occurs as finely disseminated crystals and mm- to cm-scale nodules
or lenses. The organic-poor green-grey mudstones in Units 1 and 3 contain no body fossils, but are
bioturbated (Chondrites and Zoophycos ichnofossils, which also occur in immediately underlying
black shales) and have generally higher §*4S values that collectively suggest oxic-dysoxic bottom
waters (Béland-Otis, 2013; Bingham-Koslowski et al., 2016). Rare red beds also occur within the
green-grey mudstones and likely represent the most oxygenated conditions (Bingham-Koslowski
et al., 2016). Water column stratification (oxygenated surface waters and anoxic deeper waters) is
implied by the presence of Tasmanites (algae) and rare fish scale fossils in the black shales
(Bingham-Koslowski et al., 2016).

In the Kettle Point Formation, the Frasnian-Famennian boundary was previously placed
approximately at the contact between Units 1 and 2 based on conodont data (Winder, 1966; Uyeno
et al., 1982) and the occurrence of the Famennian fossil Protosalvinia (Foerstia) in Unit 2
(Bingham-Koslowski et al., 2016). However, we have made new observations that warrant

revision to the placement of the Frasnian-Famennian boundary.



The lowest 2 m of the Kettle Point Formation in the Gore of Chatham core consist of
Frasnian strata based on the conodonts Palmatolepis plana and Pa. ljaschenkoae, indicative of
Frasnian zones 9-13 (Klapper, 1989; Klapper and Kirchgasser, 2016). The Frasnian-Famennian
boundary is constrained within 50 cm, where the start of Famennian strata are indicated by the
occurrence of Pa. triangularis at 134.40 m, low in Unit 1. The occurrence of Pa. prima and Pa.
lobicornis higher in Unit 1, characteristic of the prima Zone (see Spalletta et al. 2017) or slightly
higher, indicate that these strata were deposited in the 1le2 transgressive-regressive (T-R) cycle of
Johnson et al. (1985, 1996; see Figure 2 of Over et al., 2019). Winder (1966) reported Pa.
quadrantinodosa quadrantinodosa and Pa. marginifera marginifera from the Sombra 2-6 well that
occur low in Unit 2. These observations, and the description of the plant Protosalvinia (Foerstia)
in the upper part of Unit 2 from numerous wells by Bingham-Koslowski et al. (2016; see Over et
al., 2009) indicate the marginifera through granulosus zones and deposition of Unit 2 during T-R
cycle lle3-4. This suggests that Unit 3 is equivalent to the Chagrin Member and Three Lick interval
of the Ohio Shale in the Appalachian Basin, and Unit 4 corresponds to the Cleveland Member of
the Ohio Shale and deposition during the major deepening of T-R IIf in the latest Famennian. The
rare conodonts reported from the upper Kettle Point Formation by Winder (1966) are long ranging

taxa consistent with this interpretation.

3. SAMPLES AND ANALYTICAL METHODS

3.1. Samples
Sixty-five black shale samples of the Kettle Point Formation were collected from the

Ontario Geological Survey (OGS) Gore of Chatham core (drilled at 42°37'7.694"N,



82°21'19.599"W) stored at the OGS Oil, Gas, and Salt Resources Library (well T011480) in
London, Ontario, Canada. The black shale samples were analyzed for total organic carbon content,
total sulfur content, major/minor/trace element abundances, and Mo, U, and organic C isotope
compositions. No data are reported in this study for the green-grey mudstones of the Kettle Point
Formation.

The Gore of Chatham core contains one of the thickest intervals of the Kettle Point
Formation (110.1 m thick; depths: 26.8-136.9 m). In this core, the lithostratigraphy of the Kettle
Point Formation is similar to other cores from the middle of the Chatham Sag such that Units 1-4
of Bingham-Koslowski et al. (2016) were easily identified. Specifically, Units 1 and 3 consist of
interlaminated black shales interbedded with green-grey mudstone and are located at 120-137 m
and 64-91 m, respectively. Units 2 and 4 consist of non-interlaminated black shales and occur at
91-120 m and 27-64 m, respectively. The upper contact of the Kettle Point Formation is not visible
in the core. Selected black shale samples for geochemical analysis did not contain macroscopic
diagenetic pyrite nodules or carbonate/quartz veins and concretions. Black shales adjacent to the
stratigraphically lower contact of green-grey mudstone beds were not sampled because the re-
oxygenation events likely associated with green-grey mudstone deposition may have caused
penetration of bottom-water Oz into underlying organic-rich sediments, which can mobilize redox-
sensitive elements (resulting in re-deposition of the metals at deeper anoxic sediment depths or
loss of the metals to the overlying water column) and thus eradicate depositional geochemical

signatures (Crusius and Thomson, 2000).

3.2. Elemental analyses



Major, minor, and trace element concentrations of the Kettle Point black shales were
measured in the Metal Isotope Geochemistry Laboratory, Department of Earth and Environmental
Sciences, University of Waterloo. All samples were powdered using metal-free methods in an
automated agate ball mill. About 100-150 mg of powder was ashed at 550°C overnight to destroy
organic matter. In a clean room, the ashed samples were transferred to 22 mL Savillex Teflon
beakers and digested using trace-metal grade concentrated acids (2.5 ml HNOs plus 0.5 ml HF at
110°C for >48 h, 3 ml HCI plus 1 ml HNOs at 110°C for >48 h, and 2 ml of HCI at 110°C
overnight). After digestion, sample solutions were dried and taken up in 5 ml 6M HCI plus a few
drops of 0.5% HF. For analysis of elemental concentrations, a weighed portion of the digested
sample solution was dried and re-dissolved in 2% HNOs.

Elemental concentrations were measured on an Agilent 8800 triple quadrupole inductively
coupled plasma mass spectrometer (QQQ-ICP-MS). Elements Sc, Ge, In, and Bi were used to
correct for instrumental drift during analysis. For each sample, the relative standard deviation
(RSD) for the elements of interest (Ca, Mg, Fe, Al, Mo, U, V, Ba, Sr, B, Ga) was nearly always
<5% and always <10%. Instrumental accuracy was assessed using the same acid digestion
procedure on the United States Geological Survey (USGS) black shale standards SGR-1b (Eocene
Green River Shale) and SBC-1 (Pennsylvanian Brush Creek Shale). For these standards, measured
concentrations of Ca, Mg, Fe, Mo, U, V, and Sr were within 6% of the certified values, whereas
measured Al concentrations were within 11%. Measured Ba concentrations for SBC-1 were within
5% of the certified value (SGR-1b was not used because we observe this standard to yield
considerably more variable Ba concentrations than SBC-1). The B and Ga concentrations were

measured in separate analytical sessions along with USGS standards SDO-1 (Devonian Ohio



Shale) and T231 (water; for B only) to verify instrumental and procedural accuracy (within 10%).
Digestion procedural blanks were negligible (<1%) relative to sample element abundance.

The TOC, total inorganic carbon (TIC), and total sulfur (TS) contents of the samples were
measured at the Geoanalytical Laboratory, Department of Earth Sciences, University of Western
Ontario. The TOC is calculated as the difference between total carbon determined by combustion
in a Leco CS-244 analyzer and TIC determined by acidification. The TS contents were measured
by combustion in the CS-244 analyzer. Standards used in this study to verify the accuracy of the
carbon and sulfur data included AR-4005, AR-4006, and AR-4007. Deviation of the carbon and

sulfur contents of these standards from recommended values was <5% during this study.

3.3. Isotopic analyses

Prior to Mo and U isotope analyses, ion exchange chromatography was carried out in the
Metal Isotope Geochemistry Laboratory at Waterloo to obtain purified Mo and U from separate
aliquots of the same sample digests. To correct for artificial mass fractionation of Mo and U
isotopes caused by ion-exchange chromatography and instrumental analysis, *’Mo—*®Mo and
233Y-2¢Y (IRMM-3636) double spikes were added to the digested sample solution aliquots before
column chromatography. Purification of Mo was accomplished using anion (BioRad AG® 1-X8)
followed by cation (BioRad AG® 50W-X8) exchange chromatography (Barling et al., 2001;
Arnold et al., 2004) whereas purification of U was done using Eichrom® UTEVA resin (Weyer et
al., 2008). The Mo and U isotope analyses were carried out on a Thermo Neptune multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS) at the W.M. Keck Foundation

Laboratory for Environmental Biogeochemistry, School of Earth and Space Exploration, Arizona



State University (ASU). Sample-standard bracketing and an ESI Apex desolvating nebulizer were
used for both Mo and U isotope analysis.

Sample U isotope ratios (82°8U) are reported relative to the CRM145 standard as follows:

828U (%0) = (232 Usample / 2%8/22°Ucrmias — 1) x 1000

The U isotope standards CRM145, CRM129a, and Ricca were measured repeatedly during this
study, yielding average 623U values of 0.00 + 0.07%o (2SD, n=355), —1.70 + 0.08%. (2SD, n=60),
and —0.21 £ 0.08%o (2SD, n=59), respectively. The values for CRM129a and Ricca are statistically
identical to the values reported by previous studies (e.g., Weyer et al., 2008; Montoya-Pino et al.,
2010; Brennecka et al., 2011a,b; Kendall et al., 2013, 2015; Wang et al., 2015; Chen et al., 2016;
Lu et al., 2017; Yang et al., 2017; Zhang et al., 2018). During this study, two measurements of
SBC-1 yielded §?*U values of —0.21%o and —0.17%o whereas two measurements of SGR-1b
yielded 823U values of —0.20%o and —0.12%o. These values agree well with previously reported
average values of —0.24 + 0.10%. (2SD, n=3; Yang et al., 2017) and —0.21 £ 0.04%. (2SD, n=3;
Rolison et al., 2017) for SBC-1 and —0.19 + 0.05%0 (2SD, n=3; Yang et al., 2017) for SGR-1b.
Three full powder replicate measurements on samples for this study yielded reproducible 523U
values within 2SD uncertainties. The assigned 2SD uncertainty of a sample is the 2SD uncertainty
of asample’s replicate measurements (typically measured three times) or 0.08%o (the average long-
term uncertainty of CRM129a and Ricca), whichever is greater.

Sample Mo isotope data are reported relative to the NIST SRM 3134 standard as follows
(Goldberg et al., 2013; Néagler et al., 2014):

5%8Mo (%o) = {[(*¥"**Mo)sample / (*¥**Mo)nisT-srm-3134) — 1] x 1000} + 0.25

During this study, the *Mo value for NIST SRM 3134 was 0.33 + 0.04%o, (2SD, n = 18) relative

to the ASU in-house standard RochMo2. In this study, the %Mo of the samples were first



measured relative to RochMo2, and then 0.08%o was subtracted from the sample §°Mo to report
the data relative to NIST SRM 3134 = 0.25%o. Three full powder replicate measurements on
samples for this study yielded reproducible %Mo values within 2SD uncertainties. The average
5%Mo for the USGS Devonian black shale standard SDO-1 in this study was 1.07 + 0.04%o (2SD,
n = 18) relative to NIST SRM 3134 = 0.25%0 and 0.82 + 0.04%o0 (2SD, n = 18) relative to NIST
SRM 3134 = 0%o, which is statistically indistinguishable from a previously reported average %Mo
of 0.82 £ 0.11 %o (2SD, n = 145, relative to NIST SRM 3134 = 0%o) for double-spike analyses of
SDO-1 on the Thermo Neptune instrument at ASU and the overall averages of 0.80 = 0.14 %o
(relative to NIST SRM 3134 = 0%o) and 1.05 + 0.14 %o (relative to NIST SRM 3134 = 0.25%.) for
SDO-1 from analyses in four laboratories (Goldberg et al., 2013). The assigned 2SD uncertainty
of a sample is the 2SD uncertainty of a sample’s replicate measurements (typically measured three
times) or 0.11%o (the average long-term uncertainty of SDO-1), whichever is greater.

Organic carbon isotope measurements were carried out at the Environmental Isotope
Laboratory, University of Waterloo. Sample powders were first reacted with dilute HCI to remove
carbonate. Subsequently, samples were washed with Nanopure water and dried at 50°C. Samples
were combusted at 1750°C using oxygen gas in a Costech Instruments 4010 Elemental Analyser.
The carbon isotope composition of the produced CO2 was analyzed by a Thermo Finnigan Delta
Plus XL Continuous Flow Isotope Ratio Mass Spectrometer (CFIRMS). Sample organic carbon
isotope data are reported relative to the Vienna Pee Dee Belemnite (VPDB) standard as follows:

8"%Corg (%o) = [(****C)sample / (**"2C)vpps) — 1] x 1000
Multiple international reference materials (IAEA-CH-3, IAEA-CH-6, USGS-40, USGS-41) and
in-house standards (EIL-72, NIST-1577b, NIST-2704) were measured to ensure instrument

accuracy. The analytical precision of sample §**Corg data is 0.2%o (2SD).



4. RESULTS

Elemental and organic carbon isotope data for the Kettle Point black shales from the Gore

of Chatham core are shown in Table 1. The Mo and U isotope data are listed in Table 2.

4.1. Elemental data

The black shales have elevated TOC and TS contents of 3.1-15.6 wt% (mean = 7.9 wt%)
and 1.2-6.0 wt% (mean = 2.2 wt%), respectively. The TIC contents are low and range between
0.01 and 1.6 wt% (mean = 0.59 wt%). Hence, the black shales have low carbonate content,
consistent with their Ca (0.1-1.5 wt%; mean = 0.38 wt%) and Mg (0.5-1.0 wt%; mean = 0.73 wt%)
concentrations. The Fe/Al ratios of the black shales range between 0.35 and 1.0 (mean = 0.47). A
wide range of Mo (48-473 pg/g; mean = 123 ng/g), U (9.3-57 pg/g; mean = 25 pg/g), and V (89—
1910 pg/g; mean = 555 pg/g) concentrations are observed for the black shales.

To account for the variable detrital and carbonate mineral content of the samples
(Tribovillard et al., 2006), authigenic enrichment factors (EF) were calculated for Mo, U, and V
using the following equation (average upper crust concentrations used are Mo = 1.1 ug/g, U =2.7
ng/g, V=97 ng/g, and Al = 8.15 wt%; Rudnick and Gao, 2003):

EF = [metal / Al] sampte / [metal / Al] average upper crust
The EF values for Mo, U, and V are 37-463 (mean = 120), 2.9-23 (mean = 10), and 1.5-21 (mean
= 6.0), respectively. Metal-TOC correlations (Figure 2) are distinctly better than metal-TS
correlations (Figure 3) for Mo and U. Vanadium concentrations are not correlated with TOC or TS

contents.



The Sr, Ba, B, and Ga concentrations of the Kettle Point black shales were also measured
to enable the use of Sr/Ba and B/Ga ratios as paleosalinity proxies along with TS/TOC ratios. The
Sr/Ba, B/Ga, and TS/TOC ratios have ranges of 0.13-1.3 (mean = 0.33), 5.1-9.6 (mean = 6.8), and
0.12-0.66 (mean = 0.30), respectively.

Chemostratigraphic trends of the black shale elemental data do not exhibit a close
relationship to the lithostratigraphic units (Units 1-4) of the Kettle Point Formation (Figure 4).
Instead, the most striking observation of the redox-sensitive metal data is the maximum
enrichments of Mo, V, and U in black shales with high TOC content in upper Unit 4 (above 40 m
depth). Lower, but still significant, enrichments of Mo and U occur in Units 1-3 and lower Unit 4.
Vanadium enrichments are predominantly low throughout Units 1-3 and increase upsection
starting in lower Unit 4. For the paleosalinity proxies, there is a distinctive decrease in the ratios

of B/Ga and Sr/Ba ratios upsection but no clear stratigraphic trend for TS/TOC ratios (Figure 5).

4.2. Isotopic data

The bulk %Mo and 528U values of the Kettle Point black shales range widely from 0.55%o
t0 1.73%o (mean = 1.08%o), and from —0.14%, to 0.54%. (mean = 0.18%.), respectively. By contrast,
there is a narrow range of 333Corg values between —30.6%o and —28.9%o (mean = —29.8%o).

To correct for the influence of detrital Mo and U on isotopic compositions, the authigenic
Mo and U isotope compositions of the black shales were calculated as follows ("auth” = authigenic,
"bulk™ = bulk or total sample, "det" = detrital).

8%BMOauin = 8BMopui — (AIMO)pyik % {(8%MOger — 5% MOpy) / [(AI/MO)ger — (AI/MO)pui]}
828U auth = 88 Upui — (A/U)puic ¥ {(87* U ger — 8" Upui) / [(AIU) get — (A/U)pu }

For this calculation, the Mo (1.1 pg/g), U (2.7 ng/g), and Al (8.15 wt%) concentrations and the



Mo isotope (0.3%o), and U isotope (—0.3%o0) compositions of the detrital fraction were assumed to
be similar to average upper continental crust (Rudnick and Gao, 2013; Voegelin et al., 2014; Tissot
and Dauphas, 2015; Noordmann et al., 2016; Willbold and Elliot, 2017). The Mo, and
828U, values for the Kettle Point black shales range from 0.55%o to 2.05%o (mean = 1.09%o),
and from —0.29%o to 0.60%o (Mean = —0.22%o), respectively. The difference between §%Mo,,, and
8% Moy, Was minimal (<0.03%o) whereas the difference between 8%%*U , and 2*®Upuik was larger
(<0.19%), consistent with the lower U EFs compared to Mo EFs (see Figure 4).

The most distinctive observation of our isotopic dataset is the pronounced inverse
correlation between §%®Mo and §%%8U (Figure 6). A distinctive stratigraphic trend towards lower
5%Mo values is observed from Unit 1 to Unit 4. By contrast, the opposite stratigraphic pattern is
observed for 528U values, which progressively increase from Unit 1 to Unit 4 (Figure 4). The
opposing stratigraphic trends in %Mo and §*8U do not closely follow Mo and U enrichment
trends, consistent with the overall poor correlation between %Mo and Mo EF, and between 523U
and U EF (Figure 7). The plot of %Mo versus Mo EF reveals two interesting features: 1) low
5%Mo (<1%o) occurs over a wide range of Mo EFs, and 2) higher %Mo (>1%o) is restricted to
samples with lower Mo EFs. There is no statistically significant correlation between TOC content

and either 8°®Mo or 62%8U.

5. DISCUSSION

5.1. Elemental constraints on local depositional conditions for the Kettle Point black shales

The inverse correlation between the Mo and U isotope compositions of the Kettle Point

black shales is the most significant feature of our geochemical dataset. Such a strong inverse



correlation has not been observed in the small number of pre-Cenozoic black shale units for which
both Mo and U isotope data have been generated for the same samples (Asael et al., 2013; Kendall
et al., 2015; Lu et al., 2017). To fully understand the significance of this inverse correlation
between the Mo and U isotope compositions, we first use a combination of paleosalinity proxies,
Fe-TOC-S systematics, redox-sensitive metal enrichments, and Mo/U ratios to constrain the local
paleohydrographic and paleoredox conditions during deposition of the Kettle Point Formation in

the Chatham Sag.

5.1.1. Paleosalinity: B/Ga, Sr/Ba, and TS/TOC ratios

Given the geological setting of the intracratonic Chatham Sag — a structural depression
located between the Michigan and Appalachian basins — we examined the geochemical evidence
for watermass salinity using three different elemental ratios. Specifically, we used B/Ga, Sr/Ba,
and TS/TOC ratios to distinguish between marine, brackish, and freshwater conditions during
deposition of the Kettle Point black shales (Wei et al., 2018; Wei and Algeo, in press).

Recently, Wei and Algeo (in press) used a compilation of data from modern fine-grained,
carbonate-poor, siliciclastic sediments from modern environments to establish general thresholds
for these water types. Sediments deposited in marine settings have the highest B/Ga (>6) and Sr/Ba
(>0.5) ratios whereas sediments in brackish settings have intermediate B/Ga (3—6) and Sr/Ba (0.2—
0.5) ratios and sediments in freshwater settings have the lowest B/Ga (<3) and Sr/Ba (<0.2) ratios.
The accuracy of B/Ga ratios (~88%) as a paleosalinity proxy was shown to be greater than Sr/Ba
ratios (~66%) for modern environments. Carbonate-bound Sr and the greater post-depositional
mobility of the large ion lithophiles Sr and Ba can hamper efforts to use the Sr/Ba ratios of the

fine-grained siliciclastic component (primarily clay minerals) of shales to distinguish between the



three water types. For black shales of the Kettle Point Formation, there is no statistically significant
correlation between Sr/Ba ratios and TIC contents (r = 0.18, p = 0.14) and the TIC contents are
low, suggesting that the bulk Sr/Ba ratios of the samples are largely controlled by the clay
mineralogy composition. We do not observe clear evidence for excess biogenic Ba in the Kettle
Point black shales based on a crossplot of Ba versus Al concentrations. However, post-depositional
mobility of Sr and Ba remains a concern. The TS/TOC ratios can distinguish between freshwater
(<0.1) and marine-brackish waters (>0.1) but cannot effectively distinguish between marine and
brackish waters for ratios of 0.1-0.5 because in Phanerozoic marine and brackish environments
the limiting factor on the extent of microbial sulfate reduction is typically the supply of organic
carbon rather than sulfate. Higher TS/TOC ratios of >0.5 are more likely to indicate deposition
from fully marine bottom waters. When applied in this fashion, the accuracy of the TS/TOC
paleosalinity proxy was ~91% for modern environments (Wei and Algeo, in press).

We use these paleosalinity proxies to infer the depositional conditions for the black shales
of the Kettle Point Formation (data are not reported for the grey-green mudstones, but these rocks
were likely deposited during times of shallower sea-level in a more freshwater environment
compared to the black shales; Bingham-Koslowski et al., 2016). The B/Ga proxy suggests that the
black shales sampled from Units 1-2 were deposited from marine waters (B/Ga ratios >6) at higher
sea-level. Unit 3 black shales may have been deposited from slightly brackish waters (B/Ga ratios
near 6). The Unit 4 black shales were probably deposited from a more brackish watermass (B/Ga
ratios typically <6) at lower sea-level. The TS/TOC ratios (>0.1) of the Unit 1-3 black shales are
consistent with this interpretation, keeping in mind that ratios of 0.1-0.5 do not effectively
discriminate between brackish and marine waters. The Sr/Ba ratios suggest deposition of Unit 1-2

black shales from both marine or brackish waters, Unit 3 black shales from brackish waters, and



Unit 4 black shales from brackish and freshwaters. Following Wei and Algeo (in press), we place
more emphasis on the more robust B/Ga and TS/TOC paleosalinity proxies, which do not reveal
evidence for dominance by freshwater inputs during Unit 4 deposition. Nevertheless, the B/Ga and
Sr/Ba ratios show agreement in their overall stratigraphic trends and indicate that the Unit 4 black
shales are most influenced by freshwater input into the Chatham Sag.

Based on lithological characteristics, Bingham-Koslowski et al. (2016) inferred that the
black shales of Units 2 and 4 were deposited at times of higher eustatic sea-level compared to the
black shales of Units 1 and 3 (see section 2). However, our paleosalinity estimates do not fully
support this interpretation — our sampled Unit 4 black shales were deposited in the most brackish
conditions. Unit 4 may capture the onset of a eustatic regression, which has also been inferred for
the stratigraphically correlative upper Cleveland Member (Ohio Shale) in the Appalachian Basin
based on trends in redox-sensitive elemental data and Mo/TOC ratios (Algeo et al., 2007; Algeo
and Maynard, 2008). It is also noted that the overall stratigraphic trend towards lower B/Ga and
Sr/Ba ratios of the sampled black shales do not capture the full story of sea-level changes for the
entire Kettle Point Formation because our data only capture watermass conditions for the black
shales specifically. The lithological variation in Units 1 and 3 (shallower-water grey-green
mudstones and deeper-water black shales) still require significant sea-level changes within those

units (Bingham-Koslowski et al., 2016).

5.1.2. Redox-sensitive metal constraints on local paleoredox and paleohydrographic conditions
The Kettle Point black shales were likely deposited in a redox-stratified basin with euxinic
bottom waters based on Fe-TOC-S systematics. Organic carbon isotope compositions (8*3Corg = —

31%o to —29%o) of the black shales are similar to other Upper Devonian black shales (including



those in the adjoining Michigan Basin and Appalachian Basin) and indicate a marine origin for the
organic matter (Maynard, 1981; Hayes et al., 1999; Formolo et al., 2014), consistent with previous
classification of the kerogen as predominantly Type I and Il (Snowdon, 1984; Obermajer et al.,
1997; Béland-Otis, 2013). A correlation between total Fe and total S contents (r = 0.85, p < 0.001;
Figure 8A) suggests that much of the highly reactive Fe (i.e., Fe-bearing minerals that react with
microbially-produced dissolved sulfide during deposition and early diagenesis) and TS was
converted into pyrite. Well-correlated total Fe and TS contents are typically observed in other
organic-sediments and black shales deposited from euxinic bottom waters (e.g., Raiswell and
Berner, 1985; Dean and Arthur, 1989; Arthur and Sageman, 1994; Lyons et al., 2003; Scott et al.,
2017). The Kettle Point black shales have consistently higher ratios of total Fe to TS relative to
the pyrite Fe/S ratio of 0.87 (Figure 8A), likely reflecting the contribution of Fe from the
siliciclastic detrital material. It is important to note that low Fe/Al ratios of most Kettle Point black
shales, sometimes lower than the average upper crustal value of ~0.5 (Rudnick and Gao, 2003),
are not contradictory to an interpretation of euxinic bottom waters. No correlation is observed
between Fe and Al concentrations, indicating that the Fe abundances of the black shales are not
controlled solely by detrital mineralogical variations. The Fe/Al ratio of detrital sediment delivered
to the Chatham Sag may have been <0.35 based on the lowest Fe/Al ratios of the Kettle Point
Formation (Figure 8B) and hence Fe/Al ratios above this threshold may reflect the authigenic Fe
enrichments expected for euxinic depositional environments. It is also possible that the availability
of reactive Fe was limited (Anderson and Raiswell, 2004; Lyons and Severmann, 2006; Raiswell
et al., 2018). The poor correlation between TOC and TS (Figure 8C) indicates that the burial and
preservation of the organic matter and sulfide in the Kettle Point Formation were decoupled and

thus the amount of TS preserved is probably not a simple function of water column sulfide



concentrations but is also tied to reactive Fe availability (Scott et al., 2017). A peak in total S
content and Fe/Al ratios around the Unit 1-2 boundary (Figure 4) suggests a transient increase in
reactive Fe availability, possibly associated with a eustatic sea-level rise at this time (Bingham-
Koslowski et al., 2016).

Additional evidence for euxinic bottom waters is the consistently high ratio of authigenic
Mo to U enrichment in the Kettle Point black shales compared with modern seawater. The Mo and
U EFs are tightly correlated (r = 0.88, p < 0.001) and most samples define a linear trend that is
roughly equal to a Mo/U ratio of ~3 times modern seawater (Figure 9). This observation indicates
that the accumulation rate of Mo substantially exceeded that of U, an expected characteristic of
euxinic environments (Algeo and Tribovillard, 2009). At the lower Mo and U EFs observed for
the Kettle Point Formation, there is no shift towards a steep downward trend suggestive of less
intensely reducing (non-euxinic) conditions (Figure 9). None of the Kettle Point data plot along a
trend of evolving water mass chemistry towards the low Mo/U ratios typical of a strongly restricted
basin (Algeo and Tribovillard, 2009), indicating that there was significant communication between
the waters of the Chatham Sag and the global ocean.

The Mo/U ratios of the Kettle Point black shales are higher than many other euxinic
sediments and black shales and suggest an additional mechanism that promoted Mo enrichment in
the Kettle Point Formation. Notably, similarly high Mo/U ratios occur in the modern Cariaco and
Orca Basins. In these modern euxinic basins, the transfer of Mo to the lower water column is
accelerated via adsorption of Mo to sinking Fe-Mn (oxyhydr)oxide particulates (Algeo and
Tribovillard, 2009). When the Fe-Mn (oxyhydr)oxide particles are reduced and dissolved, Mo is
released and subsequently is sequestered into organic matter and/or sulfide minerals. Compared to

Mo, the affinity of U for Fe-Mn (oxyhydr)oxide particulates is significantly weaker (Hein and



Koschinsky, 2014), and hence U enrichments in black shales are not significantly affected by the
flux of Fe-Mn (oxyhydr)oxide particulates (Algeo and Tribovillard, 2009). The strength of this
particulate flux may have been strongest during deposition of upper Unit 4, which has the highest
Mo concentrations, Mo/U EF ratios (>3 times the modern seawater ratio), and Mo/TOC ratios.
This interpretation is further supported by the high V enrichments in upper Unit 4. In the modern
ocean, V adsorbs to ferromanganese crusts more efficiently than Mo (Hein and Koschinsky, 2014)
and Fe-Mn (oxyhydr)oxide particulates have been observed to enhance the V and Mo
concentrations of modern anoxic sediments (Morford et al., 2005; Scholz et al., 2011).
Alternatively, the high Mo and V enrichments, Mo/TOC ratios, and Mo/U EF ratios in
upper Unit 4 could reflect unusually high (“hyper-sulfidic”) dissolved sulfide concentrations in the
bottom waters. Scott et al. (2017) suggested that similarly high V enrichments in the Upper
Devonian Bakken Shale (Williston Basin) require high dissolved sulfide concentrations (> 8 mM)
to enable the efficient reduction of V(1V) to VV(111) and high burial rates of V in euxinic sediments.
Because modern euxinic basins do not have sediments with V hyper-enrichments (defined as >500
ug/g by Scott et al., 2017) like those observed in these Upper Devonian black shales, the minimum
dissolved sulfide concentration necessary to enable V hyper-enrichments in euxinic sediments was
proposed by Scott et al. (2017) to be >8 mM, which is the highest dissolved sulfide concentration
observed in modern marine euxinic basins (from the Framvaren Fjord; Skei et al., 1988). Because
modern analogs for V hyper-enrichments are absent, it is difficult to test this hypothesis. However,
we note that the Unit 4 samples with V hyper-enrichments are characterized by a wide range of
Mo enrichments (including several examples of Mo concentrations between 46 and 100 pg/g),
which is not consistent with hyper-sulfidic conditions. Black shales from the Ediacaran

Doushantuo Formation (South China) have V hyper-enrichments in non-euxinic samples with



lower Mo concentrations (<15 pg/g) (Ostrander et al., 2019) than those found in upper Unit 4 of
the Kettle Point Formation. Hence, hyper-sulfidic water column and pore water conditions may
not be required to produce V hyper-enrichments in black shales.

Our preferred interpretation is that a strong Fe-Mn particulate flux across a deep-water
chemocline (i.e., euxinic waters did not extend far above the sediment-water interface) caused the
high Mo and V enrichments in the upper part of Unit 4. We speculate that the presence of V hyper-
enrichments in black shales from the intracratonic Chatham Sag, but not in the modern continental
margin Cariaco and Orca Basins, can be explained by differences in hydrographic conditions.
During Unit 4 time, the chemocline in the Chatham Sag may have moved to an overall deeper
position in the water column as a result of lower eustatic sea-level, as suggested by the
paleosalinity evidence for more brackish conditions during black shale deposition in Unit 4.
Changes in ocean circulation patterns and/or more localized events such as increased wind speeds
can cause transient inflows of oxygenated marine waters and deepen the pycnocline (e.g., Scholz
et al., 2011, 2013; Ostrander et al., 2019). The intermittent presence of marcasite in Kettle Point
black shales from other sections (including Unit 4) within the Chatham Sag (Delitala, 1984;
Armstrong and Carter, 2010; Béland-Otis, 2013) may suggest transient deep-water oxygenation
events where dissolved O2 penetrated briefly into sediments (Schieber, 2011). A deep-water,
fluctuating chemocline situated close to the sediment-water interface allows a strong flux of Fe-
Mn (oxyhydr)oxides that survive transport through the euxinic bottom waters to the sediment-
water interface. Reductive dissolution of Fe-Mn (oxyhydr)oxides in euxinic sediments may
increase the efficiency of Mo and V burial in those sediments because less Mo and V are recycled
back into the water column (cf. Algeo and Tribovillard, 2009). Lower Mo and V enrichments in

Units 1-3 and lower Unit 4 may reflect a shallower-water chemocline, below which a greater



proportion of sinking Fe-Mn (oxyhydr)oxides dissolved in the euxinic water column and thus
recycled their trace metals farther up in the water column.

A further implication of our data is that the strength of an Fe-Mn particulate flux can affect
the ability of Mo/TOC ratios to infer the degree of local basin restriction from the open ocean. The
highest Mo/TOC ratios during upper Unit 4 deposition could be construed as evidence for higher
sea-level and thus increased water-mass exchange between the local basin and open ocean (cf.
Algeo and Lyons, 2006). However, this interpretation conflicts with the paleosalinity evidence
(B/Ga ratios) for typically brackish conditions and thus lower sea-level during Unit 4 black shale
deposition. Despite the apparently more restricted conditions that should be caused by lower sea-
level, higher Mo/TOC ratios were preserved in the upper Unit 4 black shales because of the
enhanced delivery of Mo to the euxinic sediments by a strong Fe-Mn particulate flux. Hence, the
influence of an Fe-Mn particulate flux should be considered when using Mo/TOC ratios to infer

the extent of local sedimentary basin restriction from the open ocean.

5.2. Significance of the inverse Mo-U isotope correlation for the Kettle Point Formation

5.2.1. Changes in local depositional conditions as a driver of anti-correlated Mo-U isotope
variations in euxinic black shales

It is not likely that the opposite stratigraphic trends in the Mo and U isotope compositions
of the Kettle Point black shales arise from changes in global ocean redox conditions based on our
knowledge of Mo and U isotope fractionation in modern marine environments.

In the modern oceans, the lighter Mo isotopes are always preferentially removed from

seawater to sediments, with the magnitude of Mo isotope fractionation depending on local redox



conditions (modern global seawater %Mo = 2.34 + 0.10%o; Barling et al., 2001; Siebert et al.,
2003; Nakagawa et al., 2012; Ndgler et al., 2014). The largest Mo isotope fractionation of ~3%o
occurs between seawater and ferromanganese crusts and nodules in well-oxygenated marine
environments (Barling et al., 2001; Siebert et al., 2003; Barling and Anbar, 2004; Wasylenki et al.,
2008; Poulson Brucker et al., 2009). By contrast, Mo isotope fractionation in weakly oxygenated,
anoxic/non-sulfidic, and euxinic settings is commonly <1%o (except in some weakly euxinic
settings; Barling et al., 2001; Arnold et al., 2004; Poulson et al., 2006; Siebert et al., 2006; Poulson
Brucker et al., 2009; Ndgler et al., 2011; Goldberg et al., 2012; Noordmann et al., 2015; Andersen
et al., 2018; Bura-Nakic et al., 2018). An expansion of ocean euxinia will decrease the extent to
which lighter Mo isotopes are removed to sediments, thus shifting the global seawater §®*Mo to
lower values (Barling et al., 2001; Arnold et al., 2004).

For U isotopes, the largest isotope fractionation between modern global seawater (—0.39 +
0.02 %o; Stirling et al., 2007; Weyer et al., 2008; Tissot and Dauphas, 2015; Andersen et al., 2014,
2016) and sediments occurs in euxinic basins and results in preferential burial of the heavier 23U
isotope in euxinic sediments, with fractionations typically exceeding 0.4%o (Stirling et al., 2007;
Weyer et al., 2008; Kaltenbach, 2013; Andersen et al., 2014; Holmden et al., 2015; Noordmann et
al., 2015; Rolison et al., 2017; Bura-Nakic et al., 2018). The magnitude of U isotope fractionation
is generally smaller in all other marine sinks (Stirling et al., 2007; Weyer et al., 2008; Brennecka
et al., 2011a; Romaniello et al., 2013; Goto et al., 2014; Tissot and Dauphas, 2015; Andersen et
al., 2016; Noordmann et al., 2016; Wang et al., 2016; Chen et al., 2016, 2018; Tissot et al., 2018).
Hence, an expansion of ocean euxinia would deplete the global ocean reservoir of 28U, resulting

in lower global seawater 28U (Weyer et al., 2008; Montoya-Pino et al., 2010).



In summary, global ocean redox changes will shift global seawater %Mo and 523U in the
same direction. It follows that if global redox variations were the dominant control on the
stratigraphic Mo-U isotope trends of the euxinic Kettle Point black shales, then parallel (i.e.,
positively correlated) stratigraphic trends should be observed for the two isotope systems. Hence,
the local depositional environment must have been the major control on the Mo-U isotope
systematics of black shales in the Kettle Point Formation. Recent studies have demonstrated that
variations in the local depositional environment of modern euxinic basins (Black Sea and Cariaco
Basin) can drive inverse correlations between the Mo and U isotope compositions of euxinic
sediments (Bruske et al., in press). Changes in wind and thermohaline ocean circulation patterns
and freshwater inputs may have caused the inverse correlation between §°Mo and 238U for the
S5 sapropel in the Eastern Mediterranean Sea (Andersen et al., 2018). Hence, the inverse
correlation between §%Mo and 523U for the Kettle Point black shales is most likely explained by
changes in the local depositional environment of the Chatham Sag.

There are likely multiple local depositional factors affecting the Mo and U isotope
compositions of the Kettle Point black shales because no single local depositional redox indicator
(e.g., Fe/Al ratios, TOC content, TS content, redox-sensitive metal enrichments, Mo/TOC ratios,
Mo/U ratios) exhibits a strong correlation with both Mo and U isotope compositions. In section
5.1, evidence was presented for a strong Fe-Mn (oxyhydr)oxide particulate flux to the sediments
during deposition of the upper Kettle Point Formation (see section 5.1). Hence, we consider the
impact of changes in local paleohydrographic and paleoredox conditions on the metal isotope
compositions of black shales throughout the Kettle Point Formation as well as the impact of the
Fe-Mn (oxyhydr)oxide particulate flux on the metal isotope compositions of V-rich samples

(EF >5) above ~57 m depth in Unit 4 (Figure 4). As the anti-correlated Mo and U isotope



systematics can be defined using the entire dataset, we examine processes capable of influencing

the isotope composition of both metals in black shales.

5.2.2. Influence of bottom water sulfide concentrations and sea-level changes (Units 1-4)
Changes in bottom-water sulfide concentrations can explain the inverse Mo-U isotope
correlation of the Kettle Point black shales because such changes influence the magnitude of local
Mo and U isotope fractionation between seawater and the underlying sediments. In modern euxinic
environments, the magnitude of Mo isotope fractionation between euxinic sediments and seawater
is small when bottom-water sulfide concentrations are sufficiently high ([H2S]aq >11 uM) to
promote near-quantitative conversion of molybdate to the most particle-reactive tri- and tetra-
thiomolybdates and there is also near-quantitative removal of Mo from the bottom waters to
sediments (Barling et al., 2001; Arnold et al., 2004; Neubert et al., 2008; Nagler et al., 2011;
Noordmann et al., 2015; Bura-Nakic¢ et al., 2018; Bruske et al., in press). Under such conditions,
the §°®Mo of the sediments approaches global seawater §°Mo. By contrast, non-quantitative tri-
and tetra-thiomolybdate formation coupled with non-quantitative Mo removal from weakly
sulfidic ([H2S]aq <11 uM) bottom waters causes significant Mo isotope fractionation (up to 3%o),
resulting in the preferential removal of lighter Mo isotopes from the water column to sediments.
Consequently, euxinic sediments deposited from local weakly euxinic bottom waters have lower
5% Mo compared to euxinic sediments deposited from local strongly euxinic bottom waters. Hence,
we infer that the sampled black shales of Unit 1 and lower Unit 2 were deposited from more sulfidic
bottom waters compared to the interval from upper Unit 2 to Unit 4. The Kettle Point U isotope
data are consistent with a control by bottom-water sulfide concentrations. In modern euxinic

settings, more sulfidic conditions generally favor greater drawdown of U from bottom and pore



waters, resulting in a smaller U isotope fractionation and lower §%8U in euxinic sediments,
although factors such as basin geometry and deep-water renewal rates are also important controls.
By contrast, larger U isotope fractionations can occur in weakly euxinic settings, resulting in
euxinic sediments with higher 23U (Andersen et al., 2018; Bura-Naki¢ et al., 2018; Briiske et al.,
in press).

Variations in sea-level were likely a driving force behind changes in bottom-water sulfide
concentrations and thus the inverse Mo-U isotope correlation of the Kettle Point black shales.
Statistically significant correlations are observed between each metal isotope system and the
paleosalinity indicators, particularly B/Ga ratios (Figure 10). Times of relatively lower sea-level
(more brackish conditions) are inferred to be associated with a deeper water-column chemocline
and lower bottom water sulfide concentrations. For these conditions, non-quantitative removal of
Mo and U to the euxinic sediments may have led to preferential removal of lighter Mo isotopes
and heavier U-238 such that lower §®Mo and higher §%38U were preserved in the black shales. By
contrast, times of relatively higher sea-level (more marine conditions) were associated with a
shallower water-column chemocline and higher bottom water sulfide concentrations. Hence, more
quantitative removal of Mo and U from bottom waters to the euxinic sediments may have enabled
the preservation of higher §%®Mo and lower 528U in the black shales.

Changes in freshwater-seawater mixing ratios are not likely to explain the inverse
correlation between the Mo and U isotope compositions of the Kettle Point black shales. If the
Late Devonian ocean had only a mildly greater extent of seafloor anoxia and euxinia compared to
the modern ocean (White et al., 2018), then the Late Devonian seawater Mo concentrations were
probably not significantly lower than the modern ocean. The Mo and U concentrations of oceanic

inputs (rivers and groundwater) to the Late Devonian ocean were thus probably an order of



magnitude lower than seawater concentrations like today (Anderson, 1987; Emerson and Huested,
1991; Dunk et al., 2002; Miller et al., 2011). Large variations in freshwater-seawater mixing ratios
would thus be required to drive the large anti-correlated variations in §%®Mo and 528U observed
for the Kettle Point black shales. However, there is no evidence for severe basin restriction from
our elemental data (e.g., consistently high Mo/U ratios in black shales throughout the Kettle Point
Formation). Most importantly, the highest 523U values in the Kettle Point Formation are observed
in the more brackish Unit 4 black shales and these 523U values are the most isotopically distinct
from the average 523U of modern rivers (~ —0.3%o; Tissot and Dauphas, 2015; Andersen et al.,
2016; Noordmann et al., 2016). Riverine inputs are thus clearly not a major control on the 528U
of the Kettle Point black shales. Although the §°®Mo values in the brackish Unit 4 black shales are
close to the modern riverine average (0.3-0.7%o; Archer and Vance, 2008; King and Pett-Ridge,
2018), Herrmann et al. (2012) showed that unrealistically high freshwater-seawater ratios are
required to enable riverine inputs to appreciably change the Mo isotope compositions of black
shales deposited in the Late Pennsylvanian Midcontinent Sea. Hence, bottom water sulfide
concentrations (and thus the efficiency of metal removal from bottom waters) are more likely than
freshwater-seawater mixing ratios to explain the inverse correlation between %Mo and 528U for

the Kettle Point black shales.

5.2.3. Influence of the Fe-Mn (oxyhydr)oxide particulate flux (upper Unit 4)

The §%Mo and §2%U of the V-rich samples from upper Unit 4 may be explained by a
combination of a strong Fe-Mn (oxyhydr)oxide particulate flux and non-quantitative removal of
Mo and U from weakly euxinic bottom waters. These Mo- and V-rich samples are characterized

by consistently low %Mo (0.5-1.0%o), which is consistent with delivery of isotopically light Mo



to the euxinic sediments by Fe-Mn particulates (Figure 11; Bura-Naki¢ et al., 2018; Scholz et al.,
2013, 2018; Ostrander et al., 2019; Bruske et al., in press). However, within Unit 4, the magnitude
of V enrichments does not correlate with §°Mo, suggesting that another factor, specifically the
dissolved sulfide concentrations of the weakly euxinic bottom waters, was also an important
influence on the §%Mo of Unit 4. It is not likely that hyper-sulfidic conditions (an alternative
explanation for high V enrichments in black shales; Scott et al., 2017) caused the low §°®Mo values
in upper Unit 4. Such conditions would be expected to promote quantitative conversion of
molybdate to tetrathiomolybdate, resulting in a small Mo isotope fractionation between the water
column and the euxinic sediments (<0.5%o; N&gler et al., 2011; Bura-Nakic et al., 2018). Hence,
hyper-sulfidic conditions should cause higher §%Mo in the Unit 4 black shales, but this is not
observed.

The §2%U of the upper Unit 4 samples was probably not affected significantly by this
particulate flux given the weak affinity of U for Fe-Mn (oxyhydr)oxides. It is also noted that such
particulates would be expected to deliver isotopically lighter U to the sediments (Brennecka et al.,
2011a; Goto et al., 2014; Wang et al., 2016) but the Unit 4 samples have the highest 52*U observed
in the Kettle Point Formation. These unusually high 528U values (0.4-0.6%o) likely reflect a large
U isotope fractionation during U sequestration into the sediments deposited from weakly euxinic
bottom waters. The minimum U isotope fractionation during Unit 4 deposition was 0.8-1.0%. given
that Famennian seawater 28U was probably lower than modern seawater §238U (Meyer and Kump,
2008; White et al., 2018; also see section 5.3). This estimate for the U isotope fractionation
approaches the full expression of abiotic and biotic U isotope fractionation during U(V1) reduction
to U(1V) (~1.0-1.2%o0) and clearly reflects incomplete removal of U from bottom- and pore-waters

(Basu et al., 2014; Andersen et al., 2014; Stirling et al., 2015; Stylo et al., 2015; Rolison et al.,



2017; Brown et al., 2018). It has been observed that large U isotope fractionations are associated
with U(VI) reduction to U(IV) in the hyper-sulfidic Framvaren Fjord (Kaltenbach, 2013). However,
we do not currently favor hyper-sulfidic conditions as an explanation for the geochemical
characteristics of the upper Unit 4 black shales because such conditions should have promoted the
preservation of high §%Mo in these rocks, which is not observed.

Overall, the Mo/U ratios and Mo-U isotope data for the V-rich Unit 4 black shales suggest
a deep and possibly fluctuating water-column chemocline (Algeo and Tribovillard, 2009),
underlain by weakly euxinic bottom waters, across which a strong flux of Fe-Mn (oxyhydr)oxides
delivered V and isotopically light Mo to the sediments. Contemporaneously, the weakly euxinic
conditions promoted enrichment of heavy U-238 in the sediments. In summary, variations in
bottom water sulfide concentrations (influenced by sea-level changes) may have been the
dominant controlling mechanism that drove the strong inverse correlation between the §°Mo and

52381 of the black shales from the Kettle Point Formation.

5.2.4. Implications for the use of Mo and U isotopes as global ocean paleoredox proxies

The inverse correlation between the Mo and U isotope compositions of the Kettle Point
black shales highlights the danger of relying on a single metal isotope system to interpret
stratigraphic trends within a euxinic black shale unit. When there is a clear change in local redox
conditions (e.g., from oxic to euxinic) identified by elemental data, it is relatively straightforward
to avoid misinterpretation of stratigraphic trends, as shown by studies of Mesozoic oceanic anoxic
events (e.g., Pearce et al., 2008; Westermann et al., 2014; Goldberg et al., 2016; Dickson et al.,
2016, 2017). However, if local redox conditions were predominantly euxinic, it is more

challenging to interpret stratigraphic trends in the Mo and U isotope compositions of black shales.



Without careful consideration of local depositional effects on isotope systematics, the
stratigraphically upward decreasing trend in §%®Mo may have been misinterpreted as a significant
global expansion of ocean euxinia instead of a local change in bottom water sulfide concentrations.
By contrast, if the U isotope data had been used in isolation, then the stratigraphically upward
increasing trend in 28U may have been misinterpreted as a large decrease in the extent of ocean
euxinia. The inverse correlation between Mo and U isotopes indicates that neither interpretation is
correct. In further support of this interpretation, we note that stratigraphic trends in the U isotope
composition of the Lower Famennian black shales of the Kettle Point Formation do not mimic the
minor changes in global seawater 523U inferred for this time from the stratigraphic trends in
carbonate 523U of the Devil’s Gate Formation, Nevada (White et al., 2018). While our data do not
preclude small variations in the global extent of oxic, anoxic, and euxinic conditions in the oceans
during deposition of the Kettle Point Formation, the inverse correlation between Mo and U
isotopes requires that the dominant control on the stratigraphic trends was changes in the local
depositional environment. Despite this inverse correlation, it is still possible to make inferences

about the Mo and U isotope compositions of global Famennian seawater, as discussed below.

5.3. Global seawater Mo and U isotope compositions during the Famennian

As observed in modern euxinic environments (Bura-Naki¢ et al., 2018; Bruske et al., in
press), the highest authigenic %Mo (2.0%o) and lowest authigenic 628U (~0.3%o) values from the
Kettle Point Formation place minimum and maximum constraints on global seawater Mo and U
isotope compositions during the Early Famennian. The isotopic offset between black shale and
seawater metal isotopic compositions can be difficult to constrain precisely, but in this case, the

inverse correlation between %Mo and §2%8U for the Kettle Point black shales provides a key clue.



Notably, the slope of the regression line for the Kettle Point Formation on a crossplot of %Mo
versus 523U is similar to the slope of the inverse correlation for modern euxinic basins (Saanich
Inlet, Cariaco Basin, Kyllaren Fjord, and Lake Rogoznica; Bura-Naki¢ et al., 2018) but is slightly
offset to lower values (Figure 12). This observation suggests that the Famennian seawater isotope
compositions of Mo and U were somewhat lower compared to the modern global seawater values
0f 2.34 £ 0.10 %o and —0.39 £ 0.02%o., respectively. Hence, the extent of Famennian ocean euxinia
was somewhat greater than today, consistent with the widespread paleogeographic distribution of
Famennian black shales in epicontinental seas (White et al., 2018).

This interpretation is consistent with previous estimates for global seawater §2**U and
5%Mo. An average global Late Devonian seawater 52%U of about —0.7%o was inferred from
carbonate data spanning the Frasnian-Famennian boundary in the Devil’s Gate Formation of
Nevada and the Baisha section of South China (this average was calculated by assuming a typical
offset of 0.3%o between the carbonates and global seawater §2°8U; Song et al., 2017; Chen et al.,
2018; Tissot et al., 2018; White et al., 2018). A minimum seawater %Mo value of ~1.9%o was
inferred from the highest %Mo value from the Frasnian-Famennian Chattanooga Shale (Dahl et
al., 2010). Extrapolation of the linear regression between §%®Mo and 528U for the Kettle Point
Formation (Figure 12) suggests a global seawater §*Mo of ~2.0-2.2%o when global seawater 38U
1S —0.7%o to —0.4%o. Because the Frasnian-Famennian boundary is near the base of the Kettle Point
Formation in the Gore of Chatham core, we make no effort here to evaluate the extent or impact
of ocean euxinia on the Kellwasser extinction events.

A second constraint on later Famennian seawater 528U can be placed using the highest
52%8U values (0.5-0.6%o) from Unit 4. The maximum U isotope fractionation for biotic and abiotic

reduction of U(VI) to U(IV) is ~1.0-1.2%. (Basu et al., 2014; Andersen et al., 2014; Stirling et al.,



2015; Stylo et al., 2015; Rolison et al., 2017; Brown et al., 2018). Hence, Late Famennian seawater
528U during upper Unit 4 deposition is inferred to be —0.7%o to —0.4%o if the full magnitude of U
isotope fractionation was expressed during deposition of these shales. If the magnitude of U
isotope fractionation was smaller, then global seawater 528U during the Late Famennian would be
higher than modern global seawater, implying a globally more oxygenated Late Famennian ocean.
However, this scenario is not consistent with the widespread paleogeographic distribution of
Famennian black shales. Hence, we infer that the full expression of U isotope fractionation during
U(VI) reduction to U(IV) can occur in intracratonic marine environments despite the scarcity of
such large U isotope fractionations in modern euxinic basins.

In summary, our Mo and U isotope data suggest that the Famennian ocean had an overall
greater extent of euxinic waters compared to the modern ocean. Previously published isotope
mass-balance models suggest that for seawater %Mo and 828U values of 2.0%o and —0.7%o,
respectively, the extent of euxinic seafloor was likely <5% of the global ocean (Goldberg et al.,
2016; Gilleaudeau et al., 2019). Hence, euxinic waters were likely confined to continental margins

and epicontinental basins during the Famennian.

6. CONCLUSIONS

The geochemical data from the euxinic black shales of the Kettle Point Formation
highlight the importance of an integrated geochemical approach to correctly interpret
stratigraphic trends in Mo and U isotope data. Classical interpretation of the black shale Mo and
U isotope data would have yielded contradictory findings of expanded ocean euxinia and

contracted ocean euxinia based on the observed stratigraphic trends towards lower %Mo and



higher 28U upsection in the Kettle Point Formation. Our findings raise the possibility that
incorrect interpretations of global ocean redox conditions could occur if only one metal isotope
system (either Mo or U) was applied to a euxinic black shale unit. The inverse correlation
between the Mo and U isotope compositions of the Kettle Point black shales is similar to that
observed for modern euxinic sediments and is best explained by physico-chemical changes to
the local depositional environment (particularly changes in bottom-water sulfide concentrations
and efficiency of metal burial in sediments) driven by sea-level variations. Consistent with
previous studies, the Mo and U isotope data from the Kettle Point Formation suggest that the
extent of global ocean euxinia in the Famennian ocean was greater than today but was likely <5%
of the seafloor, indicating that euxinic seafloor was likely confined to epicontinental basins and

along continental margins.
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Figure Captions

Figure 1. Geological map showing the location of the Chatham Sag in which the Kettle Point
Formation was deposited. Also shown is the ‘Gore of Chatham’ (GoC) core from which samples
were obtained for this study. The Chatham Sag links the Michigan and Appalachian basins.

Modified from Bingham-Koslowski et al. (2016) and Armstrong and Carter (2010).



Figure 2. Comparison of metal concentrations and total organic carbon contents of the Kettle Point

black shales for A) molybdenum, B) uranium, and C) vanadium.

Figure 3. Comparison of metal concentrations and total sulfur contents of the Kettle Point black

shales for A) molybdenum, B) uranium, and C) vanadium.

Figure 4. Lithostratigraphic and geochemical profiles (redox-sensitive elemental data and Mo, U,
and organic C isotope data from black shales; no data are reported for the grey-green mudstones)
through the Kettle Point Formation in the Gore of Chatham core. In the lithostratigraphic profile,
Units 1 and 3 contain interlaminated black shale interbedded with grey-green mudstone (tan
shading) as well as thicker intervals of grey-green mudstone with rare or negligible black shale
beds (green shading) and black shale with rare or negligible grey-green mudstone beds (black
shading). Units 2 and 4 are dominated by non-interlaminated black shale (black shading). In the
Mo and U isotope profiles, open squares denote bulk sample isotope compositions and filled circles
denote authigenic isotope compositions. The horizontal dashed line denotes the Frasnian-
Famennian boundary based on conodont biostratigraphy. EF = Al-normalized enrichment factor;

TOC = total organic carbon; TS = total sulfur.

Figure 5. Lithostratigraphic and geochemical profiles (paleosalinity elemental data and Mo and U
isotope data from black shales; no data are reported for the grey-green mudstones) through the
Kettle Point Formation in the Gore of Chatham core. In the lithostratigraphic profile, Units 1 and

3 contain interlaminated black shale interbedded with grey-green mudstone (tan shading) as well



as thicker intervals of grey-green mudstone with rare or negligible black shale beds (green shading)
and black shale with rare or negligible grey-green mudstone beds (black shading). Units 2 and 4
are dominated by non-interlaminated black shale (black shading). Salinity thresholds for the B/Ga,
Sr/Ba, and TS/TOC ratios are after Wei and Algeo (in press). In the Mo and U isotope profiles,
open squares denote bulk sample isotope compositions and filled circles denote authigenic isotope
compositions. The horizontal dashed line denotes the Frasnian-Famennian boundary based on

conodont biostratigraphy. TOC = total organic carbon; TS = total sulfur.

Figure 6. Crossplots of A) bulk %Mo versus 82U, and B) authigenic %Mo versus 528U,
showing a strong inverse correlation between the Mo and U isotope compositions of the Kettle

Point black shales.

Figure 7. Crossplots of A) bulk %Mo versus Mo EFs (enrichment factors), and B) bulk §%8U

versus U EFs of the Kettle Point black shales, showing minimal correlation in both cases.

Figure 8. Comparison of A) Fe versus TS (total sulfur) contents, B) Fe versus Al contents, and C)
TS versus TOC (total organic carbon) contents of the Kettle Point black shales. For comparison,
the pyrite Fe/S ratio is shown in A). A Fe/Al ratio is shown in B) to denote a possible maximum

detrital Fe/Al ratio (see text for discussion).

Figure 9. Cross-plot of Mo versus U enrichment factors (EF) for the Kettle Point black shales,
showing a strong positive correlation. The dashed lines are weight equivalents of the molar Mo/U

ratio of modern seawater (1xSW and 3xSW) (after Algeo and Tribovillard, 2009).



Figure 10. Crossplots of A) authigenic %Mo versus Sr/Ba ratios, B) authigenic 23U versus
Sr/Ba ratios, C) authigenic §*®Mo versus TS/TOC ratios, D) authigenic 38U versus TS/TOC
ratios, E) authigenic %Mo versus B/Ga ratios, and F) authigenic 28U versus B/Ga ratios of the
Kettle Point black shales. The strongest statistically significant correlations occur between the

isotope compositions and the B/Ga paleosalinity proxy.

Figure 11. Comparison of A) bulk %Mo versus V enrichment factors (EFs) and B) Mo versus V
EFs for the Kettle Point black shales. Open circles = Black shales above 57 m depth (upper Unit

4); filled circles = black shales below 57 m depth (Unit 1 to lower Unit 4).

Figure 12. Cross-plot of authigenic §*Mo versus §2°8U for the Kettle Point black shales, showing
the similarity in slope with the trend defined by the mean values of most modern euxinic basins (S
= Saanich Inlet, C = Cariaco Basin, B = Black Sea, K = Kyllaren Fjord, L = Lake Rogoznica;
Bura-Naki¢ et al., 2018). The highly restricted Black Sea with its unusually long deep-water
renewal time is the main exception to the modern trend and reflects a higher rate of Mo burial in
sediments relative to U (which may cause the authigenic Mo and U isotope compositions of euxinic
sediments to evolve along the trend from S through B) compared to other modern euxinic basins.
The Kettle Point trend is offset to slightly lower isotopic compositions than the modern trend,
suggesting that global seawater §®Mo and §%*8U during the Famennian (F-F SW) was slightly
lower than modern seawater (MSW). The arrows depict the expected correlation between 6%Mo

and 628U if the main control on the stratigraphic isotopic trends in a euxinic black shale unit was



global ocean redox variations (positive) or changes in the local depositional environment

(negative).
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Table 1

Table 1. Elemental and organic carbon isotope data for black shales of the Kettle Point Formation

Sample Height TIC TOC* TS® C Ca Mg Fe Al FelAl Sr Ba  Sr/Ba B Ga B/Ga Mo u \% Mo u* V° Mo/TOC 5mcw
(M) (wt%) (wt%) (wt%) (Wt%) (wt%) (wt%) (wt%) (ng/g)  (ug/g) (ng/g)  (ug/g) (hg/o) (nolg) (wg/d) (EF) (EF) (EF) X100 (%)
Unit 4
KPZ-1  28.0 14 13 17 0.13 0.56 0.93 3.6 8.8 0.40 126 215 0.58 104 20 52 358 43 1198 300 15 11 28 -29.7
KPz-2 287 16 12 22 0.18 0.63 1.0 4.2 83 0.50 94 86 11 107 20 5.4 459 49 1479 409 18 15 37 -29.7
KPZ-3  29.4 14 16 18 0.12 0.29 0.79 33 7.6 0.44 114 239 0.48 106 18 6.1 473 57 1912 463 23 21 30 -29.7
KPZ-4  30.6 11 12 51 0.42 0.14 0.77 5.6 73 0.77 64 120 0.53 103 18 5.7 302 46 1327 307 19 15 25 -29.9
KPZ-5 314 11 10 28 0.28 0.13 0.77 4.1 8.3 0.50 74 371 0.20 104 18 5.8 243 41 1715 217 15 17 24 -29.6
KPZ-6 329 0.86 8.8 17 0.19 0.29 0.92 35 8.2 0.43 67 394 0.17 123 19 6.5 59 15 945 53 5.7 9.7 6.6 -29.7
KPZ-7 344 13 11 14 0.13 0.22 0.76 2.9 71 0.41 61 393 0.15 103 16 6.3 168 31 1778 176 13 21 15 -29.8
KPW6  36.0 0.79 11 22 0.20 0.16 0.67 33 7.6 0.43 64 413 0.16 99 17 5.8 101 27 1204 98 11 13 9.2 -29.8
KPW4 375 11 8.8 3.4 0.39 0.27 0.72 3.4 8.4 0.40 78 491 0.16 110 19 5.6 167 32 897 147 11 9.0 19 -29.7
KPW5  39.5 0.89 78 19 0.24 0.56 0.73 4.2 7.8 0.54 72 213 0.34 101 19 5.4 236 35 1164 226 14 13 30 -29.9
KPW3  41.2 0.62 6.9 18 0.26 0.22 0.75 35 9.1 0.38 69 502 0.14 109 21 5.2 119 26 872 97 8.7 8.0 17 -29.7
KPW2 429 0.26 4.9 19 0.39 0.19 0.73 35 9.3 0.38 80 407 0.20 113 24 4.8 71 17 684 56 5.6 6.1 14 -29.7
KPW1 441 0.27 4.1 20 0.48 0.22 0.71 3.6 9.8 0.37 79 323 0.24 128 24 5.4 61 13 682 46 4.1 59 15 -29.5
KPR1 45.1 0.37 53 17 0.32 0.18 0.77 34 9.8 0.35 78 433 0.18 113 21 55 80 20 774 60 6.2 6.6 15 -29.6
KPR2 46.4 0.61 6.4 15 0.23 0.41 0.78 3.0 8.6 0.35 74 439 0.17 118 21 57 102 19 1071 88 6.5 10 16 -29.6
KPR3 47.1 0.73 73 16 0.22 0.18 0.73 2.8 7.9 0.36 68 529 0.13 106 19 5.7 101 23 957 95 8.8 10 14
KPR4 47.9 11 8.3 14 0.17 0.66 0.74 2.6 7.0 0.38 68 399 0.17 113 19 6.0 130 28 1001 137 12 12 16 -29.7
KPR6 48.6 0.78 79 12 0.15 0.34 0.72 3.0 74 0.40 68 429 0.16 107 17 6.5 135 28 790 135 11 8.9 17 -29.5
KPR5 48.8 1.0 7.9 16 0.20 0.30 0.63 22 6.4 0.35 57 379 0.15 79 14 55 88 21 962 102 10 13 11
KPR7 50.5 0.52 7.2 12 0.17 0.17 0.71 2.7 75 0.36 63 410 0.15 89 17 5.3 91 20 926 90 8.2 10 13 -29.3
KPR8 51.4 12 8.2 12 0.15 11 0.73 27 73 0.36 66 347 0.19 106 16 6.6 111 25 1097 113 10 13 14 -29.3
KPR9 52.3 0.82 7.2 12 0.17 0.18 0.71 2.7 7.7 0.35 62 393 0.16 105 18 5.9 100 20 1094 96 7.8 12 14 -29.5
KPR10  53.1 0.71 6.3 14 0.22 0.17 0.73 2.9 8.3 0.35 66 431 0.15 108 18 5.9 80 18 860 72 6.8 8.7 13 -29.1
KPR11 535 1.0 85 1.4 0.16 0.20 0.71 2.8 73 0.38 64 488 0.13 108 19 5.8 124 31 761 126 13 8.8 15 -29.4
KPR12 54.8 11 9.2 22 0.24 0.51 0.71 3.4 74 0.45 66 377 0.18 87 15 5.6 157 37 631 157 15 71 17 -29.3
KPR13  55.8 1.6 9.5 17 0.18 15 0.70 2.7 7.0 0.39 69 343 0.20 80 16 4.9 152 36 551 161 16 6.6 16
KPR14  56.8 1.0 73 12 0.16 0.27 0.71 2.7 75 0.36 64 377 0.17 87 18 4.9 103 26 532 102 10 6.0 14 -29.1
KPR15 57.4 1.0 8.4 13 0.15 0.25 0.70 2.7 7.2 0.37 62 268 0.23 119 18 6.5 139 29 391 142 12 4.6 16 -29.0
KPR16 57.9 0.90 8.1 14 0.17 0.30 0.75 3.0 7.8 0.38 65 391 0.17 112 18 6.1 123 27 327 117 11 35 15
KPR17  58.8 1.0 85 19 0.22 0.26 0.77 35 83 0.42 68 402 0.17 118 20 5.8 158 37 314 142 13 32 19 -29.7
KPR18 59.7 12 8.8 17 0.19 0.47 0.73 31 7.8 0.40 69 420 0.16 91 17 5.4 96 26 262 92 10 2.8 11 -28.9
KPP2 60.2 0.24 73 22 0.30 0.27 0.87 3.2 9.1 0.35 71 435 0.16 149 22 6.9 64 15 290 52 5.0 2.7 8.7 -29.8
KPP11  61.6 0.60 7.0 16 0.23 0.46 0.75 32 8.1 0.40 71 401 0.18 128 20 6.5 108 27 288 99 10 3.0 15 -29.8
KPP6 62.3 0.45 6.2 21 0.34 0.24 0.75 3.6 8.5 0.42 74 386 0.19 129 20 6.4 119 25 258 104 9.0 2.6 19 -29.8
KPP1 63.2 0.24 73 22 0.30 0.22 0.77 3.6 8.7 0.41 70 412 0.17 120 20 6.1 110 26 277 94 9.0 27 15 -30.1
KPP8 64.1 0.43 6.1 2.0 0.33 0.24 0.83 3.9 9.6 0.40 85 304 0.28 139 25 5.4 115 25 389 89 79 3.4 19 -29.8
KPP9 64.6 0.66 8.4 15 0.18 0.19 0.83 33 8.7 0.39 74 430 0.17 136 22 6.2 161 31 308 138 11 3.0 19 -30.1
Unit 3
KPP5 727 0.20 57 18 0.32 0.20 0.82 3.6 8.7 0.41 72 171 0.42 140 21 6.8 97 21 286 83 73 2.8 17 -30.0
KPP4 73.9 0.37 6.4 13 0.20 0.55 0.88 31 8.1 0.38 66 402 0.16 133 20 6.8 93 25 255 85 9.3 26 14 -30.1
KPP12 747 0.31 4.2 12 0.28 0.21 0.70 2.7 73 0.37 59 358 0.17 153 25 6.1 51 12 236 52 5.2 27 12 -29.7
KPP10 754 0.49 53 15 0.28 0.38 0.79 33 8.0 0.41 70 212 0.33 128 21 6.1 85 16 231 78 6.1 24 16 -29.9
KPP3 76.6 0.07 31 20 0.64 0.17 0.87 38 9.6 0.40 81 162 0.50 151 26 59 48 9.3 238 37 29 21 15 -29.7
KPP7 78.2 0.24 45 25 0.55 0.23 0.90 4.4 9.2 0.47 75 169 0.44 133 22 6.0 69 16 268 56 51 24 15 -29.7
KP22 83.1 0.04 53 23 0.43 0.15 0.76 3.8 9.1 0.42 83 329 0.25 137 22 6.2 73 14 188 59 4.8 17 14 -29.8
KP21 85.8 0.56 73 18 0.25 0.86 0.76 3.4 7.1 0.47 68 354 0.19 125 18 6.9 86 21 224 89 9.0 26 12 -29.8
KP20 87.7 0.28 58 19 0.33 0.24 0.80 3.8 8.3 0.46 80 344 0.23 119 20 6.1 75 18 181 67 6.6 18 13 -29.8
KP19 90.7 0.36 6.9 31 0.45 0.34 0.76 4.6 8.1 0.57 83 101 0.82 141 20 6.9 96 19 176 87 7.3 1.8 14 -30.1
Unit 2
KP18 92.0 0.13 45 22 0.49 0.40 0.77 4.0 8.1 0.49 89 103 0.86 132 20 6.6 66 19 164 60 7.0 1.7 15 -30.1
KP17 95.0 0.46 6.8 22 0.32 0.24 0.49 25 5.2 0.48 49 265 0.18 133 20 6.8 54 14 124 78 7.9 2.0 8.0 -30.1
KP16 96.5 0.12 6.0 23 0.38 0.39 0.66 35 7.0 0.50 72 232 0.31 116 16 71 64 18 149 67 7.6 1.8 11 -30.2
KP15 98.1 0.15 57 2.0 0.35 0.37 0.62 il 6.7 0.46 67 251 0.27 127 17 73 60 17 159 66 7.6 2.0 11 -30.0
KP14 99.7 0.21 74 27 0.37 0.31 0.61 3.6 6.6 0.55 69 306 0.22 127 17 75 67 20 149 76 9.3 19 9.1 -29.6
KP13 1012 043 11 23 0.22 0.28 0.68 33 6.8 0.49 65 321 0.20 113 17 6.5 53 17 121 58 7.4 15 5.1 -29.6
KP10 1031 0.04 77 29 0.37 0.41 0.58 3.6 6.1 0.59 70 229 0.31 113 17 6.7 121 23 122 146 11 1.7 16
KP12 1051 0.01 77 35 0.46 0.25 0.58 39 6.2 0.63 62 102 0.61 98 15 6.4 108 22 128 129 11 17 14 -30.1
KP9 108.3 017 5.0 33 0.66 0.35 0.47 38 55 0.69 64 163 0.39 95 13 73 70 16 101 95 8.8 16 14 -29.8
KP8 1101 0.01 71 3.6 0.51 0.41 0.58 4.2 6.3 0.66 80 97 0.82 105 16 6.6 84 20 119 98 10 16 12 -29.9
KP7 1142 0.08 55 3.0 0.54 0.58 0.50 3.4 4.8 0.71 61 120 0.51 87 11 7.8 65 14 89 101 8.8 1.6 12 -30.0
KP6 1182 0.49 9.3 4.2 0.45 15 0.78 4.6 4.8 1.0 64 140 0.46 105 12 8.9 125 30 113 192 18 2.0 14 -30.5
Unit1
KP5 1202 0.05 9.9 4.8 0.48 0.57 0.60 5.0 6.3 0.80 83 178 0.47 111 16 6.9 133 27 167 156 13 2.2 13 -30.5
KP4 1230 051 12 6.0 0.49 0.71 0.75 6.2 6.7 0.92 79 60 13 129 17 7.7 59 26 139 65 12 1.8 4.8 -30.1
KP3 126.1  0.10 8.2 29 0.35 0.54 0.67 4.0 7.2 0.56 86 100 0.87 124 19 6.5 134 27 163 138 11 1.9 16 -30.4
KP2 1286  0.07 13 32 0.24 0.38 0.62 4.2 6.8 0.62 68 91 0.75 114 16 71 115 26 125 125 11 15 8.7 -29.3
KP11 1309 0.09 7.2 3.0 0.42 0.37 0.69 4.0 74 0.53 72 265 0.27 134 18 7.6 111 20 136 111 8.3 15 15 -30.5
KP1 1353  0.25 14 2.3 0.16 0.29 0.69 3.5 7.3 0.48 78 147 0.53 172 20 8.8 152 38 548 153 15 6.3 11 -30.6

#TOC = total organic carbon
" TS = total sulfur
© EF = enrichment factor



Table 2

Table 2. Molybdenum and uranium isotope data for black shales of the Kettle Point Formation

Sample  Height Bulk 3*Mo® Authigenic 3°°Mo® 2SD Measured  2SD Reported® n° Bulk 8°°U”  Authigenic °°U% 2SD Measured 2SD Reported® n°

(m) (%o) (%o) (%o) (%o)

Unit 4

KPZ-1 28.0 0.82 0.82 0.05 0.11 3 0.54 0.60 0.07 0.08 3
KPZ-2 28.7 0.98 0.98 0.02 0.11 3 0.40 0.44 0.02 0.08 3
KPZ-2-rpt 28.7 0.39 0.01 0.08 2
KPZ-3 29.4 0.95 0.95 0.03 0.11 3 0.46 0.49 0.04 0.08 3
KPZ-4 30.6 0.85 0.88 0.03 0.11 3 0.40 0.44 0.01 0.08 3
KPZ-4-rpt 30.6 0.90 0.03 0.11 3

KPZ-5 314 0.95 0.95 0.03 0.11 3 0.37 0.42 0.10 0.10 3
KPZ-6 32.9 0.76 0.77 0.00 0.11 3 0.18 0.28 0.03 0.08 3
KPZ-7 344 0.71 0.71 0.04 0.11 3 0.53 0.60 0.06 0.08 3
KPW6 36.0 0.68 0.68 0.04 0.11 3 0.44 0.52 0.06 0.08 3
KPW4 375 0.76 0.76 0.03 0.11 3 0.39 0.46 0.04 0.08 3
KPWS5 39.5 0.78 0.78 0.05 0.11 3 0.41 0.44 0.03 0.08 3
KPWS5-rpt 39.5 0.37 0.26 0.26 2
KPW3 41.2 0.69 0.69 0.05 0.11 3 0.42 0.51 0.08 0.08 3
KPW2 42.9 0.71 0.72 0.05 0.11 3 0.32 0.45 0.07 0.08 3
KPW1 44.1 0.68 0.69 0.03 0.11 3 0.30 0.49 0.04 0.08 3
KPR2 46.4 0.55 0.55 0.04 0.11 3 0.34 0.46 0.14 0.14 3
KPR6 48.6 0.88 0.88 0.03 0.11 3 0.35 0.41 0.07 0.08 3
KPR8 51.4 0.77 0.77 0.03 0.11 3 0.34 0.41 0.11 0.11 3
KPR11 535 0.79 0.79 0.11 0.11 3 0.32 0.37 0.10 0.10 3
KPR14 56.8 0.86 0.87 0.01 0.11 3 0.20 0.25 0.06 0.08 3
KPR17 58.8 1.29 1.32 0.02 0.11 3 0.12 0.15 0.02 0.08 3
KPR-17-rpt ~ 58.8 1.33 0.04 0.11 3

KPP11 61.6 1.26 1.27 0.01 0.11 3 0.11 0.16 0.11 0.11 3
KPP8 64.1 131 1.32 0.03 0.11 3

Unit 3

KPP4 739 1.06 1.07 0.07 0.11 3 0.20 0.26 0.04 0.08 3
KPP3 76.6 0.77 0.78 0.02 0.11 g 0.04 0.22 0.04 0.08 3
KP21 85.8 0.62 0.62 0.02 0.11 3

KP20 87.7 1.10 111 0.06 0.11 3 0.03 0.09 0.06 0.08 3
Unit 2

KP18 92.0 1.17 1.18 0.03 0.11 3 -0.06 -0.02 0.08 0.08 3
KP15 98.1 0.96 0.97 0.05 0.11 3 0.01 0.06 0.07 0.08 3
KP10 103.1 1.60 1.61 0.05 0.11 3 -0.06 -0.04 0.05 0.08 3
KP12 105.1 1.27 1.28 0.09 0.11 3 -0.07 -0.05 0.10 0.10 3
KP9 108.3 1.69 1.70 0.08 0.11 3 -0.12 -0.10 0.04 0.08 3
KP8 110.1 1.45 1.46 0.03 0.11 3 -0.14 -0.12 0.11 0.11 3
KP7 114.2 1.57 1.58 0.07 0.11 3 -0.15 -0.13 0.04 0.08 3
KP6 118.2 1.65 1.66 0.05 3.00 -0.24 -0.24 0.06 0.08 3
Unit1

KP5 120.2 1.27 1.28 0.02 0.11 3 -0.03 -0.01 0.03 0.08 2
KP4 123.0 2.02 2.05 0.08 0.11 3 -0.29 -0.29 0.07 0.08 3
KP3 126.1 1.22 1.23 0.05 0.11 3 -0.03 0.00 0.08 0.08 3
KP2 128.6 1.73 1.74 0.01 0.11 3 -0.11 -0.09 0.02 0.08 2
KP11 130.9 2.02 2.04 0.06 0.11 3 -0.11 -0.08 0.04 0.08 3
KP1 135.3 0.97 0.98 0.04 0.11 3 0.27 0.31 0.08 0.08 3
KP1-rpt 135.3 0.99 0.07 0.11 3 0.27 0.05 0.08 3

rpt denotes a replicate analysis

# Mo isotope data reported relative to NIST SRM 3134 = +0.25%o

b Reported uncertainty is the 2SD of replicate measurements or 0.11%o, whichever is greater
¢ Number of times MC-ICP-MS analysis was carried out on the sample solutions

du isotope data reported relative to CRM 145 = 0%o

®Reported uncertainty is the 2SD of replicate measurements or 0.08%o, whichever is greater
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