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Marine carbonate oolites are a key feature of the Hirnantian Stage (445.2-443.8 Ma) and their formation may be
the combined result of latest Ordovician glacial eustasy and the associated mass extinction event. In this paper, we
provide the first highly time-resolved carbon isotope data (8'3C,,,;) from the Keel Oolite in the Arbuckle Mountains of
southern Oklahoma, aiming to clarify its temporal relationship with the overall Hirnantian Isotope Carbon Excursion
(HICE) and refine the chronostratigraphy of the oolites in the southwestern United States. However, analyses of the
Keel Oolite at the type locality in Holnam quarry, at the classical Highway 77 road-cut, and in the Sunray DX-Davis
1-5 drill core, reveal only a fragmentary carbon isotope record, making any detailed chemostratigraphic correlation of
the local Hirnantian difficult. The oolite yields overall consistent §'3C trend lines and weak to moderate co-variance
(R%ranging from 0.04-0.49) between carbon and oxygen, indicating no to moderate diagenetic alteration, still they display
a ca. 1-2%o offset of the baseline between localities. As there is no firm evidence for any steep increase or decrease in
the 8'3C values, it is suggested that the oolites correspond to the peak and plateau interval of the HICE. Brachiopods of
the same strata belong in the Edgewood-Cathay Fauna, which normally appears in the time interval corresponding to the
falling limb of HICE. At the Highway 77 road-cut, our carbon isotope stratigraphy reaches nine metres into the Silurian
succession immediately overlying the oolite, corroborating previous interpretations of an extremely discontinuous
stratigraphy with prominent unconformities. Based on the combined information from conodont faunas and our 8'3C_,y;
data, however, we infer or identify the overall position for preserved parts of Silurian 8'*C excursions in the section,
including the Late Aeronian Carbon Isotope Excursion (LACIE), the Valgu Carbon Isotope Excursion (Valgu CIE),
Early Sheinwoodian Carbon Isotope Excursion (ESCIE), the Mid Homerian Carbon Isotope Excursion (MHCIE), and
the Mid Ludfordian Carbon Isotope Excursion (MLCIE). Our geochemical data thus reinforce a modest stratigraphic
completeness of the Ordovician-Silurian boundary succession in the Arbuckle Mountains. * Key words: carbon isotope
stratigraphy, conodont biostratigraphy, Hirnantian, oolite, Noixodontus fauna, Edgewood—Cathay brachiopod fauna.
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The Hirnantian Stage is associated with global climatic
changes and the Late Ordovician Mass Extinction
(LOME; Sheehan 2001, Harper ef al. 2014, Rasmussen
et al. 2023). These changes are intimately associated
with the Hirnantian Isotope Carbon Excursion (HICE),
which to date is documented from many tens, if not more
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than a hundred, locations around the world and which
is an excellent geochemical marker for the event (e.g.
Brenchley et al. 2003, Bergstrom et al. 2014). What is
less recognised, at least outside the Ordovician—Silurian
research community, is the short-lived and widespread
occurrence of an unusual limestone type during this time
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interval (Amsden & Barrick 1986, Calner & Lehnert
2009, Wang et al. 2017). These oolites, which are formed
principally through inorganic carbonate precipitation but
likely in tandem with microbial processes that catalyze
precipitation (e.g. O’Reilly et al. 2017, Li et al. 2017)
are known from North America, Baltoscandia and South
China, and formed a circum-tropical belt during the mass
extinction. Thus, the Hirnantian oolites represent a time-
specific facies (sensu Brett et al. 2012), and likely the
combined ecological-sedimentary response to strongly
reduced biological carbonate production and post-glacial
global warming during the LOME. The reasoning here,
which is the topic of a parallel research project, is that mass
extinction of shell-bearing biota substantially reduced
the marine biological sink for carbonate forming ions.
As continental silicate weathering continued to provide
crucial ions, and land-to-sea transport potentially increased
during the associated eustatic lowstand, the abundance of
free carbonate forming ions and marine alkalinity built up.
This resulted in an imbalance in ocean-water chemistry
that promoted a short-lived buffering pulse of inorganic
carbonate precipitation during the Hirnantian post-glacial
warming and transgression. The resulting oolites have
a particularly wide distribution in southern Laurentia. They
are documented from several states of western and south-
central United States, including the Hanson Creek Oolite
of Nevada (Finney et al. 1999, LaPorte et al. 2009), the
Keel Oolite and Pettit Oolite, both of Oklahoma (Amsden
& Barrick 1986), Cason Oolite of Arkansas (Craig 1969,
Lemastus 1979, Amsden & Barrick 1986), the Leemon
Oolite of Missouri (Amsden & Barrick 1986, Bergstrom
et al. 2006) and the Noix oolite from eastern Missouri
(Bergstrom & Boucot 1988). These oolites are thin units that
rarely exceed a few meters in thickness and are often bound
by unconformities. Based on conodont biostratigraphy,
specifically the Noixodontus fauna, and the presence of
brachiopods of latest Ordovician age (Amsden 1974), they
can be confidently tied to the Hirnantian Stage. A more
precise intra-Stage age determination has proved difficult
(see Amsden & Barrick 1986 for a regional discussion),
but in the most recent analysis of Hirnantian brachiopod
faunas globally, the Keel assemblage was included in the
new Edgewood—Cathay Fauna. This fauna may entirely
succeed the well-known Hirnantia Fauna, suggesting
a latest Hirnantian age for the local oolite formation (Rong
et al. 2020). The finer detail of this stratigraphic interval
is long recognized as difficult to study also due to several
erosional and non-depositional hiatuses. Bergstrom &
Boucot (1988) summarized the then-known localities
exposing this interval in the United States and concluded
that there are few conformable successions across the O—S
boundary in cratonic successions with limestone facies.
They noted, however, that such hiatuses were likely to be
relatively less important in the southern mid-continent.
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In this paper, we document the lithostratigraphy and
carbon isotope stratigraphy of the Keel Oolite of southern
Oklahoma. It crops out in several natural sections and
road-cuts in the Arbuckle Mountains, is exposed in
abandoned or active quarries throughout south-central
Oklahoma and is known from drill cores throughout this
area (Amsden 1957, 1959; Amsden & Barrick 1986;
Stanley 2001). The principal aim of our research is to
study the temporal relationship between the HICE and
the Keel Oolite to understand the degree of stratigraphical
completeness of this distinct unit, and to test the usage
of highly time-resolved 8'3C_,,,, stratigraphy for the local
to regional correlation of this limestone. The rationale is
that HICE is not only a prominent geochemical marker
for the Hirnantian Stage but also may help to reveal the
finer details of the stage, by utilizing the rising limb, peak
and plateau, and falling limb of the anomaly as segments
of correlative time (as first employed by Brenchley ef al.
2003).

Geological setting and stratigraphy

The Arbuckle Mountains of southern Oklahoma form
a low-relief inlier of folded and faulted Precambrian and
Palaeozoic rocks (Ham 1969, Stanley 2001; Fig. 1). The
outcropping lower Palaecozoic succession is dominantly
carbonate rocks that have been quarried in outcrops
and that are exposed in numerous natural outcrops and
along the roads, not least in impressive exposures along
Highway 77, which transects the Arbuckle anticline from
south to north. The herein studied succession belongs to
the Hunton Group, which constitutes mainly fossiliferous
limestones that formed along a subtropical shallow
carbonate ramp setting beginning in the Late Ordovician
and continuing through the Early Devonian. The Keel
Oolite represents the basal unit of the Hunton Group, and
its upper boundary marks the unconformable Ordovician—
Silurian boundary in the area. The Keel is predominantly
an oolitic grainstone with local occurrences of bioclastic
grainstone and packstone at its base. It is unconformably
bounded, at least in the area of the outcrop belt, by the
mid—upper Katian Sylvan Shale below and the lower
Silurian (upper Aeronian—Telychian) Cochrane Limestone
above (e.g. Amsden 1957, 1959; Fig. 2). Throughout most
of this area, the Keel Oolite maintains a thickness between
0.3 and 0.6 m. A maximum thickness of 4.6 m for the Keel
Oolite occurs along the eastern part of the outcrop belt,
southwest of Wapanucka; the no longer accessible section
J1 of Amsden (1959) and Amsden & Barrick (1986, p. 16).
The stratigraphic subdivision of the Keel Oolite has been
discussed in detail by Amsden (1959, pp. 30—44) and
Amsden & Barrick (1986). They distinguished a lower
member composed of bioclastic packstone—grainstone (the
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Figure 1. Map showing the Arbuckle Mountain area of south-central Oklahoma and the distribution of Hunton Group exposures with and without the
presence of the Keel Oolite. Note that the Keel is cut out by erosion within a large area (thin stippled lines) and that its greatest thickness, around 5m,
is in the area between Wapanucka, Clarita and the Lawrence uplift in the eastern part of the map area. Locality 1 is the classical road-cut locality named
Highway 77 (Stop 8 of Stanley 2001), and locality 2 is within the active Ada Aggregate Quarry in the Lawrence uplift, previously referred to as either
Holnam quarry or Lawrence quarry (Amsden & Barrick 1986; Stop 2 of Stanley 2001). The Sunray DX-Davis 1-5 drill core was drilled outside the area
of the map, near the Canadian River, ca. 32km northeast of our locality 2 in the Lawrence uplift. Figure adapted from figure 12 of Amsden (1959, p. 34).

Ideal Quarry Member) overlain by two separate oolite
units (‘lower and upper Keel oolites’) that locally, in a few
localities, are separated by a laminated limestone. In this
study, we also sampled the overlying Cochrane, Clarita
(including the Prices Falls and Fitzhugh members) and
basal Henryhouse formations at the Highway 77 road-cut
to understand the succession immediately overlying the
Keel Oolite. This succession (Fig. 2) has been described
in good detail by Amsden (1959), Barrick & Klapper
(1976), Amsden et al. (1980), Barrick et al. (2010a, b), and
a detailed account of the sedimentary facies and overall
stratigraphy of the outcrop is presented by Stanley (2001).

Unconformities are common in the studied sections
and in the Ordovician-Silurian boundary interval of the

Arbuckles as a whole. For this reason, the thickness of
units may vary greatly within relatively short distances.
For instance, the Keel Oolite is locally cut out, and in those
areas the Cochrane rests directly on the Sylvan Shale. This
evidence of erosion combined with a major biostratigraphic
hiatus below the Oolite suggests that the top of the Sylvan
Shale formed a relative high in the area before the onlap of
the Keel Oolite. In other locations, the Clarita Formation
is cut out and the Cochrane is overlain directly by the
Henryhouse Formation, or even by Devonian strata. These
unconformities have been described by Amsden (1959),
and it is beyond the scope of this study to address their
significance or origin in terms of eustatic and/or relative
(tectonic) sea-level change.
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The biostratigraphic age assessment of most of the
Keel Oolite is latest Ordovician (Hirnantian) based on
diagnostic brachiopod assemblages of the Edgewood—
Cathay Fauna (Amsden 1974, Amsden & Barrick 1986,
Rong et al. 2020) and presence of the distinct Noixodontus
conodont fauna, which is known from the HICE interval
in both Laurentia and Baltica (McCracken & Lenz 1987,
Bergstrom & Boucot 1988, Bergstrom et al. 2006, Mannik
2007a; Fig. 2). The genus Noixodontus, as well as the type
species Noixodontus girardeauensis (Satterfield 1971),
were originally described from Missouri (McCracken
& Barnes 1982). The taxon is now known from several
parts of the United States, including the Yukon Territory
in Alaska, where it co-occurs with conodonts of the genus
Gamachignathus,towhichaRichmondianage was assigned
(Fauna 12) by McCracken & Barnes (1982). Amsden
& Barrick (1986) later documented N. girardeauensis
associated with a Hirnantian brachiopod fauna in the
Noix Limestone and therefore suggested a late Gamachian
(Fauna 13) age for this species. N. girardeauensis also
occurs in the Hirnantian of Baltica (Valga-10 and Ruhnu
500 cores, Estonia), where it dominates a low-diversity
conodont fauna found in oolites of the Kuldiga Member
of the Edole Formation (Nolvak et al. 2006, Mannik
2007a). Accordingly, the Hirnantian oolite formation was
a short-term event, which recently has been corroborated
by zircon dating of uppermost Katian through Rhuddanian
graptolite zones (Zhang et al. 2025), indicating a duration
of individual zones as short as 0.1 to 0.2 My.

Noixodontus girardeauensis has been documented
primarily from the lowermost Keel Oolite in several
localities in Oklahoma (Amsden & Barrick 1986, p. 57).
In the uppermost Keel near the Lawrence uplift, Pontotoc
County, Oklahoma, diagnostic elements of Distomodus sp.
have been recorded, indicating that, locally, the very top of
the Keel Oolite is basal Silurian in age (Amsden & Barrick
1986). The oldest Silurian conodont zone of the North
American succession, Distomodus kentuckyensis Zone,
however, is missing in the area, and the Silurian Cochrane
Limestone, following directly above the Keel Oolite,
normally belongs in the Dis. staurognathoides Zone. For
the overlying Clarita Formation, we use the conodont data
published by Barrick & Klapper (1976, p. 63, tab. 1), as
these are the only published data from this formation at
the Highway 77 road-cut. The biostratigraphy of the basal
part of the Henryhouse Formation has been documented in
good detail from the locality by Barrick et al. (2010a, b).

Material and methods
Field localities were visited and sampled by MC and TS

in May 2023. A total of 122 whole-rock carbon isotope
samples were collected from two outcrops and one core
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section using a handheld micro-drill. The sample series
includes HQ1-HQ25 from Holnam quarry (previously
named Lawrence quarry and the type locality for the Keel
Oolite; see Amsden & Barrick 1986; Stop 2 of Stanley
2001), H1-H77 from the classical and well visited Highway
77 section near Turner Falls and south of Davis (section
M17 of Amsden 1959, pp. 256-258; Stop 8 of Stanley
2001; Stop 6 of Carlucci et al. 2015), and SDX1-SDX20
from the Sunray DX-Davis 1-5 drill core (Hughes County,
WGS84 coordinates 34.90698 —96.48999; core boxes 1-8,
corresponding to 3818-3842 ft), stored at the Oklahoma
Petroleum Information Center (OPIC), Geological Survey
of Oklahoma, Norman. Bulk-rock samples for carbon
isotope analysis were drilled from fresh rock surfaces in
the field and from the core. Larger grains and calcite-filled
fissures were avoided. Carbonate powders for isotope
samples were reacted with 100% phosphoric acid at
70 °C using a Kiel IV carbonate device connected to a MAT
253 mass spectrometer. The CO, generated was used for
analysing the carbon, calibrated by the Chinese national
standard (GBW-04405) with a §'3C value of 0.57 & 0.03%o
(VPDB) during the analysis. The analytical precision is
better than £0.04%o for 8'3C. All the isotope analyses
were carried out in the Stable Isotope Lab at the Nanjing
Institute of Geology and Palaeontology, Chinese Academy
of Sciences, China. All §'3C,,,, values are presented
in Table 1 and have been cross-plotted with 630, to
analyse potential diagenetic alteration or overprint. Three
large thin sections were produced at the Palacontology
Microfacies lab of Geozentrum Nordbayern in Erlangen
from polished slabs; OKMC-1 = Cochrane Limestone at
Holnam quarry, OKMC-2 = Keel Oolite at Holnam quarry,
and OKMC-3 = Keel Oolite at Highway 77.

Results
Holnam quarry

The Holnam quarry in the Lawrence uplift is the type locality
of the Keel Oolite (Amsden 1957, 1959). The section is
situated in the highest quarried levels in the southeastern
part of the quarry. This part of the quarry has been inactive
for many years, and the sections are deteriorated and
partly overgrown (Fig. 3A). Amsden & Barrick (1986)
distinguished the basal Ideal Quarry Member overlain by
the informal ‘lower Keel oolite’ and ‘upper Keel oolite’ at
this locality. This stratigraphy corresponds to units 3—5 in
Stanley (2001, fig. 18), who also introduced unit 6 for a thin
interval of interbedded bioclastic grainstone and chert at
the top of the formation. Amsden & Barrick (1986) noted
a stylolite separating their lower and upper oolite facies
(units 4-5), and this stylolite is at or near the horizontal
fissure noted in the present study (used as reference level
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Table 1. Sample levels (m) and §'C,,;, and 8'*0,, data from the three studied sections, Holnam quarry, Highway 77 road-cut and Sunray DX-Davis
1-5 drill core. All data are cross-plotted in Figure 9 herein, except H77-26, which we omitted due to its huge deviation from other data.

Holnam quarry

Highway 77, continued

Stratigraphic unit Sample Metre 8"C., 60, Stratigraphic unit Sample Metre  8C,,, 6"%0.
Keel Oolite HOQ-1 -0.8 1.15 -3.17 Cochrane Limestone H77-37 +2.5 —-1.68 —4.05
Keel Oolite HOQ-2 -0.7 0.77 -3.20 Cochrane Limestone H77-38 +2.6 —-0.44 -3.58
Keel Oolite HOQ-3 -0.6 2.10 -3.00 Cochrane Limestone H77-39 +2.72 0.04 -3.59
Keel Oolite HOQ-4 -0.5 0.97 -3.99 Clarita Formation, Fitzh.Mb. H77-40 +3.0 291 -2.96
Keel Oolite HOQ-5 04 0.65 -391 Clarita Formation, Fitzh.Mb. H77-41 +3.1 0.10 —4.78
Keel Oolite HOQ-6 -0.32 1.50 -3.42 Clarita Formation, Fitzh.Mb. H77-42 +3.19 3.52 —2.43
Keel Oolite HOQ-7 -0.25 0.82 -3.80 Clarita Formation, Fitzh.Mb. H77-43 +3.3 3.62 -2.55
Keel Oolite HOQ-8 -0.18 0.93 -3.74 Clarita Formation, Fitzh.Mb. H77-44 +3.4 0.54 —4.54
Keel Oolite HOQ-9 —0.1 1.15 -3.67 Clarita Formation, Fitzh.Mb. H77-45 +3.5 2.97 -2.93
Keel Oolite HOQ-25 +0.02 1.42 -3.60 Clarita Formation, Fitzh.Mb. H77-46 +3.6 1.76 —4.16
Keel Oolite HOQ-10 +0.1 1.39 -3.62 Clarita Formation, Fitzh.Mb. H77-47 +3.7 2.88 -3.12
Keel Oolite HOQ-11 +0.2 1.30 -3.72 Clarita Formation, Fitzh.Mb. H77-48 +3.8 1.69 -4.17
Keel Oolite HOQ-12 +0.3 1.24 -3.74 Clarita Formation, Fitzh.Mb. H77-49 +3.9 2.78 -3.15
Keel Oolite HOQ-13 +0.4 1.97 -3.44 Clarita Formation, Fitzh.Mb. H77-50 +4.0 -1.93 —6.45
Keel Oolite HOQ-14 +0.5 1.56 -3.32 Clarita Formation, Fitzh.Mb. H77-51 +4.1 -1.39 -6.59
Keel Oolite HOQ-15 +0.6 1.34 -3.57 Clarita Formation, Fitzh.Mb. H77-52 +4.3 222 -3.21
Keel Oolite HOQ-16 +0.7 0.83 -3.88 Clarita Formation, Fitzh.Mb. H77-53 +4.5 2.52 -2.88
Keel Oolite HOQ-17 +0.8 1.24 -3.88 Clarita Formation, Fitzh.Mb. H77-54 +4.7 2.04 -3.15
Keel Oolite HOQ-18 +0.9 1.38 -3.36 Clarita Formation, Fitzh.Mb. H77-55 +4.9 3.04 -2.55
Keel Oolite HOQ-19 +1.0 1.05 —4.15 Clarita Formation, Fitzh.Mb. H77-56 +5.1 1.78 -3.39
Keel Oolite HOQ-20 +1.1 1.27 -3.68 Clarita Formation, Fitzh.Mb. H77-57 +5.3 1.62 -3.24
Keel Oolite HOQ-21 +1.2 0.82 -3.74 Clarita Formation, Fitzh.Mb. H77-58 +5.5 2.10 -3.16
Keel Oolite HOQ-22 +1.3 1.28 —4.01 Clarita Formation, Fitzh.Mb. H77-59 +5.7 1.97 -3.08
Cochrane Limestone HOQ-23 lose slab 1.34 -3.75 Clarita Formation, Fitzh.Mb. H77-60 +5.9 1.45 -3.44
Cochrane Limestone HOQ-24 lose slab 1.11 -3.96 Clarita Formation, Fitzh.Mb. H77-61 +6.1 1.38 -3.38
Highway 77 Clarita Formation, Fitzh.Mb. H77-62 +6.3 -2.12 —6.64
Stratigraphic unit Sample Metre  83C.,, 0680 Clarita Formation, Fitzh.Mb. H77-63 +6.5 0.90 —4.25
Keel Oolite H77-1 +0.02 —2.44 -3.32 Clarita Formation, Fitzh.Mb. H77-64 +6.73 1.08 —4.30
Keel Oolite H77-2 +0.06 -2.81 -3.46 Clarita Formation, Fitzh.Mb. H77-65 +6.85 0.33 —4.82
Keel Oolite H77-3 +0.1 -1.90 -3.17 Henryhouse Formation H77-66 +6.93 0.40 -3.54
Keel Oolite H77-4 +0.16 -0.58 -2.72 Henryhouse Formation H77-67 +7.2 1.06 -3.89
Keel Oolite H77-5 +0.2 -0.19 -3.51 Henryhouse Formation H77-68 +7.4 0.21 -3.35
Keel Oolite H77-6 +0.26 -1.27 -3.37 Henryhouse Formation H77-69 +7.6 0.077 -2.52
Keel Oolite H77-7 +0.30 -0.29 -3.41 Henryhouse Formation H77-70 +7.8 0.224 -2.72
Keel Oolite H77-8 +0.35 -0.51 -3.26 Henryhouse Formation H77-71 +8.0 0.32 -2.97
Keel Oolite H77-9 +0.40 -0.85 -3.18 Henryhouse Formation H77-72 +8.2 -0.198 -4.36
Keel Oolite H77-10 +0.45 —0.64 -3.23 Henryhouse Formation H77-73 +8.4 —-0.102 -3.98
Keel Oolite H77-11 +0.51 -2.50 -3.53 Henryhouse Formation H77-74 +8.6 -3.181 -3.59
Keel Oolite H77-12 +0.57 -1.16 -3.10 Henryhouse Formation H77-75 +8.8 -0.86 —2.92
Keel Oolite H77-13 +0.61 0.06 -2.94 Henryhouse Formation H77-76 +9.55 0.489 -1.90
Keel Oolite H77-14 +0.66 -1.49 -3.23 Henryhouse Formation H77-77 +9.65 0.871 -0.76
Keel Oolite H77-15 +0.71 -1.78 -3.59 Sunray DX-Davis 1-5

Keel Oolite H77-16 +0.75 -0.95 -3.30 Stratigraphic unit Sample Metre  8"C, 6'"%0q
Keel Oolite H77-17 +0.81 -0.80 -3.19 Cochrane Limestone SDX-1 +3.5 -1.03 -2.85
Keel Oolite H77-18 +0.86 -1.32 -3.31 Cochrane Limestone SDX-2 +3.0 -0.56 -3.17
Keel Oolite H77-19 +0.91 -0.50 -3.30 Cochrane Limestone SDX-3 +2.6 -2.37 -5.03
Keel Oolite H77-20 +0.95 -0.19 -3.87 Cochrane Limestone SDX-4 +2.2 -1.01 -5.13
Cochrane Limestone H77-21 +0.97 -5.01 -4.13 Cochrane Limestone SDX-5 +1.55 -1.91 -5.71
Cochrane Limestone H77-22 +1.02 —2.45 -4.33 Cochrane Limestone SDX-6 +1.10 -1.89 -5.81
Cochrane Limestone H77-23 +1.1 -3.35 -4.39 Cochrane Limestone SDX-7 +1.05 -2.14 -5.78
Cochrane Limestone H77-24 +1.2 -2.71 -3.51 Cochrane Limestone SDX-8 +0.7 —-0.10 -4.92
Cochrane Limestone H77-25 +1.3 -2.00 -3.60 Cochrane Limestone SDX-9 +0.4 0.01 -5.08
Cochrane Limestone H77-26 +1.4 -9.68 -3.79 Cochrane Limestone SDX-10 +0.35 0.11 -4.43
Cochrane Limestone H77-27 +1.5 -4.99 -3.30 Keel Oolite SDX-11 -0.15 0.28 -4.76
Cochrane Limestone H77-28 +1.6 -5.84 -3.67 Keel Oolite SDX-12 -0.7 0.73 —4.51
Cochrane Limestone H77-29 +1.7 -2.22 -3.87 Keel Oolite SDX-13 -1.0 0.59 -4.70
Cochrane Limestone H77-30 +1.8 -2.24 -3.56 Keel Oolite SDX-14 -1.3 0.85 -4.67
Cochrane Limestone H77-31 +1.9 -4.11 -3.74 Keel Oolite SDX-15 -1.5 0.19 -4.85
Cochrane Limestone H77-32 +2.07 -1.13 -3.85 Keel Oolite SDX-16 -1.8 1.17 -4.25
Cochrane Limestone H77-33 +2.15 -1.13 -3.96 Keel Oolite SDX-17 -2.1 -0.38 -5.05
Cochrane Limestone H77-34 +2.22 -0.82 -3.86 Keel Oolite SDX-18 2.4 1.22 -3.75
Cochrane Limestone H77-35 +2.3 -0.74 -3.89 Keel Oolite SDX-19 -2.8 0.55 -3.89
Cochrane Limestone H77-36 +2.4 -0.78 -4.06 Keel Oolite SDX-20 -3.1 —0.83 —4.86
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herein). Above this level, in their ‘upper Keel oolite’, they
identified an irregularly distributed skeletal packstone with
Brevilamnulella sp. and the horn coral Streptelasma sp.
(the so-called ‘Brevilamnulella-coral beds’ of Amsden &
Barrick 1986). The ooids in this interval (unit 5) are in
some levels unusually large (~ 3.5 mm = pisolites) and
enclosed in a coarsely crystalline cement (Fig. 3B). The
larger ooids tend to have a distinct, finely concentric
structure with very small nucleus to cortex ratio, while
the smaller fraction are generally of radial type and with
a larger nucleus to cortex ratio. The nuclei are, in most
cases, unidentifiable for the large fraction and a crinoidal
plate for the small fraction (Fig. 3C, D). This upper oolite
(unit 5) is overlain by a thin layer of chert (unit 6), in turn

overlain by the Cochrane Limestone, although the contact
could not be seen due to scree in the section. The lith-
ology of the lower portion of the Cochrane is typically
a glauconitic, well-sorted crinoidal packstone to grainstone
(Fig. 3E, F). Abundant loose material of this lithology,
yielding distinct subvertical solution pipes filled with
brown-colored matrix, was found on the quarry ledge that
coincides with the Keel-Cochrane boundary, but no in situ
findings, and thus the stratigraphic position or age for this ap-
parent karst horizon was not possible to define in the field.

The carbon isotope samples reported herein were
drilled from the same ca. 2-m-high ledge section that was
studied by Amsden & Barrick (1986, p. 8), exposing the
full thickness of the Keel Oolite (Fig. 3A). Carbon isotope
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Figure 3. Photographs showing section and rock samples at the Holnam quarry, Pontotoc County. * A — the section studied herein is the same section
as described by Amsden & Barrick (1986, p. 8). White arrow marks an open cleft in the section, used as reference level herein. This level corresponds
closely to the boundary between the ‘lower’ and ‘upper Keel oolite” of Amsden & Barrick (1986, fig. 15) and units 4 and 5 of Stanley (2001, fig. 18). «
B — close up of the higher portions of the section (unit 5) with abundant, large, and slightly over-packed ooids at the level of carbon isotope sample no.
19 (in Fig. 4). * C — thin section photograph showing bimodally sorted oolite from unit 5 (sample OKMC-2). « D — detail of large concentric ooid from
unit 5 (sample OKMC-2). * E — crinoidal packstone microfacies in the basal Cochrane Limestone (sample OKMC-1). * F — crinoidal grainstone
microfacies of the basal Cochrane Limestone (sample OKMC-1).

values of the Keel Oolite show no clear stratigraphic trend
and scatter with small variation around an almost vertical
trendline, rising from +1.2—1.3%o. The two highest 8'3C
values reach +1.97%o and +2.10%o. Additional 3'3C values
sampled from the Ideal Quarry Member and the ‘lower

Keel oolite’ in the same part of the quarry by Jim Barrick
(unpublished), reach +2.22%o and +2.44%., respectively.
Two isotope samples drilled from the pack-grainstone
between two karst solution pipes in the basal Cochrane
show similar §!C values near above +1%o (Fig. 4).
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Figure 4. Lithologic log of the Keel Oolite at Holnam quarry with carbon
isotope stratigraphy. Unit 4-6 adapted after Stanley (2001, fig. 18).

Highway 77 road-cut

This locality constitutes a ca. 45-m-thick succession of
strata of Late Ordovician through Early Devonian age (Fig.
5A, B). The strata are overturned due to the local Washita
fault system and are dipping at ca. 80° to the southwest
and striking N62°W (see Stanley 2001, stop 8, pp. 59—64
for a detailed description of the entire succession). The
part of the section studied herein encompasses the Keel
Oolite (0.96 m), Cochrane Limestone (1.8 m), Clarita
Formation (4.15m, of which the Prices Fall Member is
ca. 0.25m and the Fitzhugh Member is ca. 3.9 m), and
the lowermost ca 3 m of the Henryhouse Formation
(interpreted as corresponding to units 1/2 and 3 of Barrick
et al. 2010a, pp. 57, 58) (Fig. 5B-E). The Keel Oolite
channels into the Sylvan Shale and the thickness of the
oolite therefore varies slightly laterally. The microfacies
of the oolite include packstone and grainstone with thin-
bedded alternations between these. The oolite includes
abundant sand-sized, micritic, coated grains that at least
partly have a microbial origin and therefore are micro-
oncoids rather than ooids (Fig. 5F). Crinoidal fragments
constitute the most common bioclasts (Fig. 5G). The top
of the Keel is a clear-cut erosional surface overlain by the
Cochrane Limestone (Fig. 5C). The Cochrane Limestone
constitutes a bioclastic, mainly crinoidal, packstone and
grainstone, with very little insoluble material (normally
< 5%; Amsden 1959) and with common glauconite. In
the Highway 77 road-cut the glauconite appears more
common in the upper part of the unit. The top of the
Cochrane Limestone is sharp and planar and is based on
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convincing regional outcrop features interpreted as an un-
conformity (Amsden 1959, pp. 50, 60; Amsden et al.
1980). The ca. 0.25-m-thick shale that overlies this un-
conformity constitutes the Prices Falls Member of the
Clarita Formation (Fig. 5D). Due to its soft character,
it is weathered and deeply recessed in the section. The
overlying Fitzhugh Member of the Clarita Formation is
a calcareous mudstone in which the middle and upper
parts are more calcareous than the lower parts (Fig. 5E).
It should be noted that the contact between the Clarita
and overlying Henryhouse formations may be difficult to
point out precisely. This boundary is locally developed as
an unconformity, and the Henryhouse Formation is clearly
more argillaceous than the underlying Clarita Formation.
In some areas, however, the uppermost Clarita is also more
argillaceous and any unconformity is less conspicuous
or absent, for example, in the Murray County south of
Davis, where the Highway 77 road-cut is located (Amsden
1959, p. 53). In the Highway 77 road-cut we have put the
boundary 3.9m above the base of the Fitzhugh Member
and between isotope samples H77-65 and H77-66, as the
Clarita facies becomes clearly more argillaceous at that
level (Fig. 7).

Carbon isotope values of the Keel Oolite are moderately
negative and show a positive trendline from ca. —1.6%o to
—0.6%o through the section (Fig. 6). A few observations
may be of significance: The two lowest samples, near the
base of the unit, also record the two lowest values and are
followed by a steady increase in the lowermost 0.2 m of
the unit. Thereafter, the !3C values scatter broadly around
the trend line through the remainder of the unit, mostly in the
positive (higher) values. The two uppermost 3'3C values are
followed by a negative shift of 2—3%o in the basal Cochrane
Limestone. This shift provides chemostratigraphic support
for the hiatus previously established by biostratigraphy and
marked by a clear-cut unconformity at this level. The 3'3C
values of the lowermost meter of the overlying Cochrane
Limestone shows a strong scatter of values, between
ca. —6%o and —2%o. In the uppermost ca. 0.8 m the §'3C
values concentrate between —1%o and 0%o. The overall
trend line through the Cochrane Limestone shows a steady
increase in 8'3C values with the most positive value of 0%o
at the very top of the formation. This upper boundary is
based on the combined information from biostratigraphy,
sedimentology and carbon isotope stratigraphy, an un-
conformity associated with some degree of hiatus. No 8'3C
analyses were conducted on the overlying, shaly, Prices
Falls Member of the Clarita Formation. The lowermost
part of the Fitzhugh Member of that same formation shows
consistently higher 813C values compared to the underlying
Cochrane Limestone, with upwards reduced scatter of
data. The basal part of the slightly more calcareous upper
portion of the Fitzhugh Member shows a substantial drop
in two 8'3C values possibly signifying a disconformity
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Figure 5. Photographs showing Highway 77 road-cut south of Davis. The lower (southernmost) portions, which exhibit the Ordovician—Silurian
transition, were sampled for this study. * A — view of locality from Highway 77 with the weathered Sylvan Shale to the left. + B — drone view of the
section showing overall stratigraphy. The interval from the base of the Keel Oolite to the basal Henryhouse Formation was sampled for this study. «
C — Keel Oolite and Cochrane Limestone are separated by a clear-cut unconformity (white dashed line). PFM = Prices Falls Member of the Clarita
Formation. « D — lower portions of the Cochrane Limestone overlain by the Prices Falls Member (PFM) and the Fitzhugh Member (FM) of the Clarita
Formation. « E — top of the studied section at the boundary between the Clarita Formation and the Henryhouse Formation. The stratigraphic thickness
from the base of the Keel Oolite to the top of the Clarita Formation is ca. 6.9 m. * F — coated grains in the Keel Oolite (grainstone) are dominantly micritic
with irregular cortex lamination, suggesting a microbial origin. « G — bioclasts in the Keel Oolite are dominantly crinoidal debris.

at this level, although this was not obvious in the field.
The remainder of the Fitzhugh Member shows a steady
decline from 8'3C values between 2—3%o near the base to
around 0%o near the top (except two single and separated
values that are more negative). §'3C values then increase
again in the most basal part of the overlying Henryhouse
Formation.

Biostratigraphic assessment of the 77 road-cut. — To
support our 8'3C record and to understand its value for

correlation, we herein include a summary of key bio-
stratigraphic data previously published from the upper
Sylvan Shale through lower Henryhouse Formation in
the area, and from the Highway 77 road-cut. The upper
Sylvan Shale in the Arbuckle Mountains falls within the
Dicellograptus complanatus graptolite Zone (Goldman
& Bergstrom 1979), whereas the Keel Oolite belongs in
the Noixodontus girardeauensis conodont Zone, which
internationally corresponds to the late Metabolograptus
persculptus graptolite Zone. It is noted here that none of
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Figure 6. Carbon isotope stratigraphy of the Keel Oolite at the Highway
77 road-cut. Note strongly negative isotope values.

these findings derive immediately from the Highway 77
section, but they are locally derived data and it is therefore
likely that at least one and a half graptolite zones are
missing in the contact between these consecutive units.
Distomodus staurognathoides, which would indicate
either uppermost Aeronian or lowermost Telychian, have
been recovered from the lower Cochrane Limestone in
the Arbuckles but not from the Highway 77 section (cf.
Fig. 7). This taxon is concurrent with the falling limb of
the Late Aeronian Carbon Isotope Excursion (LACIE) and
the onset of the Valgu Event in other regions (Munnecke
& Minnik 2009). Hence, although we cannot be sure it is

the lower Cochrane that is outcropping at Highway 77, it
is plausible that the distinct lowering of 8'3C values seen
in the lowermost ca. 0.6 m of this limestone represents the
LACIE. Hence, based on the available data, the Rhud-
danian and most of the Aeronian are missing at the top
Keel unconformity at the Highway 77 road-cut.

It is possible that the upper Dis. staurognathoides Zone
is missing. Based on comparison with published records
of the Valgu Event, even where it is condensed, we can
assume, however, that the Pt. eopennatus and Pt. celloni
zones should at least partly be present at this locality. We
suggest that the distinctly rising 8'3C values in the upper
Cochrane Limestone represent parts of the Valgu Carbon
Isotope Excursion (Valgu CIE), an interval that based on
conodonts includes the Valgu Bioevent (Ménnik 2007b).

The conodont biostratigraphy of the overlying Clarita
and Henryhouse formations has been studied by Barrick
& Klapper (1976) and by Barrick et al. (2010a, b), re-
spectively. A single specimen of Pterospathodus amor-
phognathoides amorphognathoides, and several other
taxa typical of this zone, were found in the Prices Falls
Member by Barrick & Klapper (1976, their sample 11,
tab. 1). A second element of Pt. a. amorphognathoides
was found immediately above the shale, in sample 12 in
the lowermost part of the overlying Fitzhugh Member.
This sample also included conodonts diagnostic of the
Pt. celloni Zone, but also conodonts ranging higher
up (Barrick & Klapper, 1976, p. 64). Based on these
findings, we select the base of the Prices Falls Member
as the base of the Pt. a. amorphognathoides Zone. The
thinness of this member, its anomalous facies (shale), and
the distinct offsets in our isotope record at its lower and
upper boundaries suggest that the corresponding conodont
zone, which extends into the Sheinwoodian (Jeppsson et
al. 2006), is not completely preserved at this locality.

The overlying Fitzhugh Member constitutes bioclastic
wackestone that contains faunas of the K. ranuliformis,
K. amsdeni, K. stauros and the K. crassa zones (Barrick
& Klapper 1976). The first two zones have more recently
been lumped and included in the K. ranuliformis Zone
(Simpson et al. 2021). We note here, however, that Silurian
conodont zonation has changed in detail several times
over the last few decades, depending on the philosophy
of conodont workers and between different countries and
continents. We argue that, for local correlations, it is useful
to keep the K. amsdeni Zone, because it has been clearly
shown in different papers by Jim Barrick and co-workers

Figure 7. Lithologic log and carbon isotope stratigraphy of the Highway 77 road-cut. Major hiatuses are bracketing the Keel Oolite, of which the
O/S-boundary unconformity spans the latest Hirnantian through Rhuddanian and most of the Aeronian. Additional unconformities are associated with
both the Cochrane and Clarita formations, although their biostratigraphic significance is difficult to assess (see text). The white squares with numbers
in the Clarita Formation refer to the approximate sample levels of Barrick & Klapper (1976, p. 63, tab. 1) and bold conodont names indicate actual
zones present at this locality, with adhering sample number within brackets. Biostratigraphic data, unit subdivision, and selected sample numbers (301,
303, 303A) in the lower Henryhouse Formation derives from Barrick et al. (2010a). The conodont names in brackets refer to the general conodont
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that it has value for global correlation. The K. stauros and
K. crassa zones are today often lumped into an extended
K. crassa Zone (sensu Corradini et al. 2015). Also, in
this case, however, we keep these two zones separated
for reliable and more detailed correlations in this part of
southern Laurentia.

The generally high 8'*C values between the first ap-
pearance datum (FAD) of Pt. a. amorphognathoides in
sample 11 and a level just below the FAD of Ozarkodina
bohemica longa in sample 16 are herein interpreted as
part of the Early Sheinwoodian Carbon Isotope Excursion
(ESCIE; frequently termed the “Ireviken excursion”),
which is then restricted to the lowermost ca. 2.4 m of
the Fitzhugh Member. The major offset in 3!3C values
at +4 m in Figure 7 may thus indicate an intra-ESCIE
unconformity. The presence of Oz. b. longa in sample
16 is firm evidence that these strata belong within the
stratigraphic range of the Mulde Bioevent and the Mid
Homerian Carbon Isotope Excursion (MHICE; cf. Calner
& Jeppsson 2003, Calner et al. 2006, Barrick et al. 2009,
Biebesheimer et al. 2021). It is not possible to state which
part of the MHICE is present in the Highway 77 record,
but it presumably does not extend above the unconformity
below the K. crassa Zone. The K. crassa Zone is followed
by the K. variabilis Interval Zone, which represents the
only interval zone in the studied succession, and which
is defined by the LAD of K. crassa and the FAD of
A. ploeckensis. The corresponding succession shows only
minor variation in 8'3C values, until a substantial drop
within the 4. ploeckensis Zone (only one sample though).
The A. ploeckensis Zone is documented in sample level 303
of Barrick et al. (2010a; Fig. 7), and is overlain by strata
with P. siluricus, indicating that datum point 1 of the Lau
Bioevent should be placed at this level. Above this level
our three remaining carbon isotope samples reflect the
onset of the strong positive Mid Ludfordian Carbon Isotope
Excursion (MLCIE) in the lower Henryhouse (Fig. 7),
corroborating the results of Barrick ef al. (2010a). The
Oz. snajdri Zone, the next younger zone described by
Barrick et al. (1990, pp. 55-62; 2010a) is much higher
up in the Henryhouse and there is no indication yet that
the “Icriodontid” interval or zone known from Baltica is
present between the P. siluricus Zone and the Oz. snajdri
Zone.

Sunray DX-Davis 1-5 drill core

The studied part of the Sunray drill core includes the
Keel-Cochrane transition. The Keel Oolite is at least 3.1 m
thick but may be thicker as no core below core box 8
is available for study. The variably oolitic grainstone is
partly laminated and partly has a mottled texture. Contact
with the overlying Cochrane is not preserved in any
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Figure 8. Lithologic log and carbon isotope stratigraphy of the Sunray
DX-Davis 1-5 drill core. Notably, the carbon isotope stratigraphy does
not show any offset across the boundary between the Keel Oolite and the
Cochrane Limestone, which may indicate that a hiatus is lacking in this
area, which is further to the northeast of the central Arbuckles.

continuous core piece and the sedimentary features and
characteristics of this transition are therefore not known.
There is a distinct colour contrast, however, between the
Keel and the Cochrane, the former having a brownish tint,
likely from hydrocarbons.

Carbon isotope values of the Keel Oolite scatter along
a weakly positive trend line from ca. —1.7%o to —0.5%o.
Of particular interest is the lack of any deflection in the
d13C values across the Keel-Cochrane boundary. It could
indicate that this transition is conformable in the core, but
we consider it unlikely as this section is relatively close
to several others where the Keel-Cochrane boundary is
associated with a hiatus spanning 4-5 million years.
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Discussion

We have cross plotted all carbon and oxygen data to
understand the degree of co-variance and diagenetic
alteration to the studied sections (Fig. 9). Correlations
between C and O values are low overall with R? values
normally well below 0.5, and thus comparable to many
other Ordovician marine limestone successions that are
assumed to reflect a largely primary isotopic signal,
e.g. Lindskog et al. (2019), Yang et al. (2020), Gul
et al. (2021). The exception is the Clarita Formation,
which stands out with a high R? = 0.94, suggesting
more extensive alteration. The Keel Oolite is compared
separately for correlation potential purposes, and because
it represents a very specific and unusual, shallow marine
depositional system and time-specific facies. Our data
from the oolite show a range of correlations from R2=0.04

at the Highway 77 road-cut, to R?=0.29 at Holnam quarry,
and to R? = 0.49 in the Sunray DX-Davis 1-5 core (Fig.
9A). Thus, the §'3C signal is arguably isotopically pristine
at the Highway 77 road-cut, whereas weak to moderate
diagenetic modification is likely for the oolites at Holnam
quarry and in the Sunray core successions. In sections
around the World, the HICE ideally starts at baseline
values near 0%o or +1%o and rises to a peak or extended
plateau ranging between 4%o to 6%o before the value
decreases again to near the original baseline (Brenchley
et al. 2003; Bergstrom et al. 2012, 2014; Bergstrom &
Goldman 2019). In strata representing shallow-marine
environments, the rising and falling limbs of the HICE
often occur over a very thin succession of strata or are
cut-out, leaving near-horizontal or horizontal lines in the
313C record. The reason is normally the lowstand erosion
following forced (glacio-eustatic) regression (rising limb),
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but may also be due to extreme condensation during post-
glacial transgression (falling limb). Many Hirnantian
stratal packages therefore show only parts of the peak and
plateau interval of the HICE. Within this interval, the §'3C
values often show a weak trend of increasingly positive
313C values up-section. Good examples of this common
and distinct trend are documented from the Blackstone
River section in the Yukon Territory (LaPorte ef al. 2009),
in the Laframboise Member of the Ellis Bay Formation in
western Anticosti (Bergstrom ef al. 2014), and from the
Girardeau Formation in southernmost Illinois (McAdams
et al. 2018). We infer that this trend is what we also see in
the herein studied sections, since, at all three localities the
presumably intact trendline is vertical or slightly increasing
towards higher 8'3C values (Fig. 9D, E). No rising limb or
falling limb has been preserved, which is corroborated by
sedimentary evidence for erosional unconformities. It is
notable, especially in light of the low R? values that carbon
data of the HICE are shifted towards negative values in
all studied sections and especially in the Highway 77 and
Sunray core sections. Diagenetic alteration that would
shift the values in this direction includes interaction
with oxidation of organic matter during early diagenesis
or meteoric diagenesis and recrystallisation. The latter
appears most plausible in these sections as they are
bracketed by unconformities that assume a substantial
degree of subaerial exposure. It is noted here that the
carbon isotope stratigraphy and brachiopod fauna of the
Keel Oolite is partly in conflict in terms of the age of
the strata: Our isotope data imply that only parts of the
peak and plateau of the HICE are preserved — although
there is some uncertainty about the Holnam quarry, from
where at least four 6'3C values are near or above 2%o in the
lowermost part of the section (including the unpublished
data of Jim Barrick). The 8'3C values following above are
consistently lower and this overall decrease may signal
that the strata formed during the time corresponding to
the falling limb of HICE. More expanded sections need
to be studied to settle this and overall, our data broadly
fit with the 8'3C trend documented from the middle-
upper M. extraordinarius through earliest M. persculptus
graptolite zones (e.g. Bergstrom et al. 2014), suggesting
a middle Hirnantian age. The presence of brachiopods
of the Edgewood—Cathay Fauna in the same strata (e.g.
Brevilamnulella) on the other hand suggests a latest
Hirnantian age associated with the upper M. persculptus
graptolite Zone (cf. Rong et al. 2020).

For the Silurian part of the section at Highway 77 our
data show low overall co-variance, except for the Clarita
Formation (Fig. 9B, C). The only previous studies on
d13C stratigraphy of the basal Silurian in the Arbuckle
Mountains are those of Saltzman (2001) and Barrick et al.
(2010a, b). Saltzman (2001) described a 8'3C rise of 6%o
from the middle part of the Cochrane Limestone (—2%o)
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to the lower part of the Fitzhugh Member of the Clarita
Formation (+4%o), followed by a drop back to the interval
between —1%o to 0%o at the top of the Fitzhugh Member
(Saltzman 2001, fig. 2). Our data confirms the general
isotopic trend reported by that study, with a general rise,
peak and fall. In addition, our study adds substantially
increased stratigraphic detail, which shows that this record
is interrupted by several unconformities. Barrick et al.
(2010a, b) analysed the carbon isotope stratigraphy of the
lower Henryhouse Formation and documented the onset of
the Lau Event. Our three topmost carbon isotope samples
were taken in strata with P. siluricus and they indicate
a rise, and therefore corroborates the results of Barrick
etal. (2010a, b).

Conclusions

Our study reveals challenges with using high-resolution
carbon isotope stratigraphy for even local correlation
of the Hirnantian oolites in the Arbuckle Mountains,
but it serves well to reveal hiatuses and incompleteness
in the stratigraphic succession. It is notable that two of
the perhaps most studied sections in the area, including
the type locality for the Keel Oolite, include prominent
hiatuses, and new studies of other localities and/or
core sections in the area are warranted. To tie the Keel
Oolite and the Ordovician-Silurian boundary interval
of the Arbuckle Mountain area into the global context,
it would be feasible to focus on the area of Wapanucka
(Johnston County) in the eastern part of the outcrop belt,
where the sedimentary succession is more expanded, but
where outcrops are lacking and so requiring study of drill
cores.

It can be concluded and/or confirmed from this study
that:

(1) The Keel Oolite is bounded by major unconformities
(sequence boundaries) in the two studied outcrops,
although more data are needed to address this for the
Sunray DX-Davis 1-5 drill core.

(2) 313C data from the Keel Oolite display small variation
around largely vertical to weakly positive trend lines.
These data are judged as largely reflecting the primary
isotopic signal. Thus, this trend, in tandem with the lack of
a steep rising or falling trend in the 8'3C data from the Keel
Oolite suggests the oolites, locally with abundant pisoids,
formed during the peak interval of the HICE. In most
successions world-wide, this interval is associated with
the middle Hirnantian (middle—upper M. extraordinarius
and lowermost M. persculptus graptolite zones), although
it is noted that correlation of the oolites with graptolite
biozones is challenging. Brachiopods of the same strata
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belong in the Edgewood—Cathay Fauna, suggesting the
preserved parts of the oolite belong in the upper part of the
M. persculptus Zone. This apparent discrepancy may have
several reasons and needs more study.

(3) Ahighly fragmentary and condensed Silurian succession
and carbon isotope record is preserved in the Highway 77
road-cut. The fragmented isotope record is corroborated
by the previously published conodont biostratigraphy from
the area, which suggests several hiatuses in the succession.

(4) For the Silurian strata, integration of carbon isotope
stratigraphy with conodont biostratigraphy helps to infer
the position of preserved parts of several of the global
carbon isotope excursions. Their poor temporal preser-
vation, however, makes them difficult to use for correlation
of strata.
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