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ABSTRACT: Ninety-four carbonate samples were analyzed for carbon isotope (8'*Cears) stratigraphy from the Niagara River Power
Project S-1 core, Lewiston, New York. Samples were taken from Clinton and Lockport Group rocks in the type area of the Niagaran Pro-
vincial Series in order to constrain more precisely the age and correlation of middle Silurian strata of the Appalachian Basin. The well
known, Ireviken (Sheinwoodian), positive carbon isotope excursion is present in the sampled section, and indicates that the Irondequoit.
Rochester. Decew, Gasport, and Goat Island Formations are all Sheinwoodian in age. This fact has implications for both stratigraphic
correlation of Silurian strata throughout North America as well as the interpretation of the stratigraphic record with respect to positive
carbon 1sotope excursions. Here, we discuss the Appalachian Basin sequence in the context of an oceanographic model that links changes
in global oceanography with alternations between cold and warm climate states.

INTRODUCTION

The presence of at least four major (>+4%0) positive carbon iso-
tope excursions (Samtleben et al. 1996; Bickert et al. 1997;
Azmy et al. 1998; Saltzman 2001; 2002a; Calner et al. 2004)
during the Silurian, which was only ~23myr in duration
(Melchin et al., 2004), provides a unique opportunity for the use
of carbon isotope stratigraphy as a powerful correlation tool.
Unfortunately, Paleozoic carbon isotope stratigraphy is often
performed at too low resolution, with individual excursions
only being recognized by a handful of samples. Our investiga-
tion provides more than 60 samples within the Ireviken Excur-
sion allowing for detailed correlation with sections globally.

Models of transient positive carbon isotope excursions (e.g. Ar-
thur et al. 1987; Kump and Arthur 1999) frequently concentrate
on the burial and sequestration of isotopically light carbon
('2C). in the form of organic matter. in organic-rich deposits.
The fact that in the modern ocean, the majority of organic car-
bon burial takes place on the continental shelf and slope (Berner
and Canfield 1989), has been applied to the epicontinental seas
of the Paleozoic to conclude that major positive carbon isotope
excursions should have been the result of intense organic car-
bon burial in epeiric sea settings. Combined with the fact that

there is often a close stratigraphic association between epi-

continental black shales and positive carbon isotope excursions,
a causal relationship between individual epicontinental black
shale deposits and individual positive carbon isotope excur-
sions is often assigned (e.g. Joachimski and Buggisch, 1993;
Brand et al., 2004). In contrast to this prediction, a high burial
fractior. of organic carbon in shallow marine settings is incon-
sistent with the prolific reef building and expansion of carbon-
ate platforms that coincide with Silurian 8'3C excursions
(Bickert et al. 1997; Brunton et al. 1998: Calner et al. 2004).
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TEXT-FIGURE 1
Figure modified from Cramer and Saltzman (2005). Panel A: Wenlock
paleogeography (after Woodcock 2000; Cocks 2001; and Johnson et al.
2001). Grey areas denote land. Capital letters refer to major emergent
landmasses: (L) Laurentia: (B) Baltica: (S) Siberia; (G) Gondwana. Di-
agonally hatched box indicates area shown in panel B.Panel B:
Paleogeographic and paleobathymetric reconstruction of the mid-conti-
nent of North America (compiled from Horvath 1969; Berry and Boucot
1970; Shaver 1996; and Brett 1999). Darker shaded areas of basins rep-
resent deeper water. Relative size and emergence of the Ozark uplift is
speculative. Abbreviations: (AA) Algonguin Arch; (CA) Cincinnati
Arch: (AB) Appalachian Basin; (ND) Nashville Dome. Black dot in up-
per-right corner indicates location of the Niagara River Power Project

-+ S-1 Core (S-1), Lewiston, New York. The white box around the study

area-represents the area depicted in text-figure 6.
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TEXT-FIGURE 2

Telychian through Homerian standard conodont zonation and groups of zones from Jeppsson (1997a). Oceanic regimes after Jeppsson (1993; et al.
1995) Duration of Ireviken Excursion from Calner et al. (2004). Illustrated length of zones is not intended to represent time.

This issue can be resolved however if elevated organic carbon
burial took place in deeper water away from the shelf.

The Ireviken Excursion has been well documented in relatively
shallow water settings throughout Baltica and Laurentia (Samt-
leben et al. 1996:; Bickert et al. 1997; Kaljo et al. 1997; Saltz-
man 2001; Munnecke et al. 2003; Cramer and Saltzman 2005).
This investigation allows for the first time a precise correlation
of Appalachian Basin stratigraphy with respect to the Ireviken
Excursion. We discuss the Appalachian Basin sequence in the
context of an oceanographic model developed to account for Si-
lurian climate change and suggest that the changes in global
oceanography responsible for the Ireviken Excursion are illus-
trated in the Appalachian Basin.

GEOLOGICAL BACKGROUND

Geological Setting

Middle Silurian strata of western New York were among the
first to be studied intensively in the United States, with the
Rochester Shale being one of the first formally named strati-
graphic units in North America (Hall 1839). The most recent
formal revision of New York Silurian strata (Brett et al. 1995)
indicates that the Niagaran Provincial Series contains strata
from the Ordovician-Silurian boundary into the Ludlow, and is
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divided into three groups: stratigraphically from oldest to
youngest, the Medina, Clinton, and Lockport Groups. Here, we
sampled the upper Clinton and most of the Lockport Groups,
with samples taken from the Williamson, Rockway, Ironde-
quoit, Rochester, Decew, Gasport, Goat Island, and Eramosa
Formations.

For this investigation, we sampled the Niagara River Power
Project S-1 core, which was drilled on the site of what is now
the Robert Moses Power Plant in Lewiston, New York. The
core is available for future study through the New York State
Museum in Rochester, NY. The precise locality of the core
within New York was given as, Latitude: 43.14139°N, Longi-
tude: 79.02639°W.

The study area (text-fig. 1) was located in the north-west corner
of the Appalachian Basin on the distal edge of the southeast-fac-
ing limb of the Algonquin Arch (Ettensohn 1994; Goodman and
Brett 1994: Ettensohn and Brett 1998; Brett, 1999). Western
New York was located at 15°-30° S (Van der Voo 1988; Witzke
and Scotese 1990; Woodcock 2000; Smethurst and McEnroe
2003) within the southern sub-tropical high pressure zone
(Parrish 1982; et al. 1983; Baarli 1998). The structural axis of
the Appalachian Basin had migrated back to the vicinity of
Rochester, NY (~ 100 km east of the study area) by upper
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Clinton times after predominantly eastward migration during
the Llandovery (Goodman and Brett 1994).

Biostratigraphic Correlation of the Ireviken Excursion

The Sheinwoodian (Ireviken) positive carbon isotope excursion
is an excellent stratigraphic marker for the Llandovery-Wen-
lock boundary and is present in the New York sequence. Ac-
cording to correlation between the GSSP (Global Stratotype
Section and Point) for the Llandovery-Wenlock boundary at
Leasows, UK, and the intensively studied sections of the Swed-
ish island of Gotland, the Ireviken Excursion began immedi-
ately above the Llandovery-Wenlock boundary (Mabillard and
Aldridge 1985; Jeppsson 1997a; Munnecke et al. 2003). A ma-
jor biotic crisis, known as the Ireviken Event (Jeppsson 1983;
1987: 1997b) spanned the Llandovery-Wenlock boundary, se-
verely affecting conodonts, graptolites, trilobites, and many
other marine organisms (Mabillard and Aldridge 1985; Chatter-
ton et al. 1990; Jeppsson 1990; 1997a; 1997b; Melchin 1994;
Eriksson and Hagenfeldt 1997; Berry 1998; Mikulic and
Kluessendorf 1999). The Ireviken Excursion began during this
faunal turnover (text-fig. 2) and lasted much of the Shein-
woodian (Calner et al. 2004).

The onset of the Ireviken Excursion (onset of maximum rate of
positive change) is precisely located at Datum 4 of the Ireviken
Event (Munnecke et al. 2003), which marks the boundary be-
tween the Lower and Upper Prerospathodus procerus conodont
Zones (Jeppsson 1997a). The extremely high resolution
biostratigraphy of Gotland, which serves as the global standard
for Wenlock conodont biostratigraphy is difficult to match else-
where. In regions where the level of biostratigraphic detail is
low, the onset of the Ireviken Excursion often appears near the
last occurrence of the cosmopolitan conodont Prerospathodus
amorphognathoides (Saltzman 2001; Cramer and Saltzman
2005). The Ireviken Excursion ended within the Lower
Kockelella walliseri Zone (Calner et al. 2004).

METHODS AND RESULTS
Methods

High-resolution carbon isotope stratigraphy is only possible
when micrite is the sampling medium. The use of brachiopods
for carbon isotope stratigraphy, commonly assumed to be the
most reliable material for chemostratigraphic investigation (e.g.
Mii et al. 1999), restricts sampling to intervals or sections
where brachiopods are available. Carbonate powders contain-
ing an admixture of select carbonate grains (i.e. crinoids,
brachiopods, etc.) and primary marine micrite have been re-
peatedly demonstrated to faithfully record the original isotopic
signature of Paleozoic marine waters (e.g. Saltzman 2005) and
are available at any resolution in all carbonate sequences. Silu-
rian micrites have been shown to preserve primary marine iso-
topic signatures (Saltzman 2001; Cramer and Saltzman 2005),
while brachiopods and bulk rock samples from the same forma-
tion have been shown to produce nearly identical results (com-
pare Munnecke et al. 1997 with Bickert et al. 1997). The
reliability of micrite and fine grained carbonates for carbon iso-
tope stratigraphy has been demonstrated in every system of the
Paleozoic (Cambrian: Ripperdan et al. 1992; Saltzman et al.
1998; 2000, Ordovician: Finney et al. 1999; Kump et al. 1999,
Devonian: Joachimski and Buggisch 1993; Wang et al. 1996,
and Carboniferous: Saltzman 2002b).

The 8!3C signal in limestone is much more robust than 8'%0
due to the substantially smaller amount of carbon in groundwa-
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TEXT-FIGURE 3

Stable carbon isotope data from the Niagara River Power Project S-1
core. Conodont data from Kleffner (1991), Jeppsson (1997a). and un-
published data of MK. Meters to the right of the stratigraphic column
represent meters above or below the Williamson-Rockway contact.
Note the onset of the Ireviken Excursion near the Rockway-Trondequoit
contact, and that the Rochester Shale is coincident with the peak values
during the middle of the Ireviken Excursion. Carbon isotope values re-
turn to baseline (+2.5%¢) in the Goat Island Formation marking the end
of the Ireviken Excursion, therefore at Jeast the Irondequoit, Rochester,
Decew, Gasport, and Goat Island Formations are all Sheinwoodian in
age.

ter than the limestone through which it permeates. Several au-
thors have demonstrated that late-stage post-depositional
diagenesis of marine carbonate does not usually result in the re-
setting of 8!3C values (Magaritz 1983; Banner and Hanson
1990). Likewise, dolomitization has been shown to have a neg-
ligible effect on carbon isotope trends (Glumac and Walker
1998).

Analyzed samples were drilled from the S-1 core with every ef-
fort made to sample only micrite, but some intervals were 100
coarse grained (e.g. crinoids and brachiopods) to guarantee that
no carbonate grains were sampled. Samples were analyzed at
the Stable Isotope Laboratory at the University of Saskatche-
wan. Carbonate powders were roasted in a vacuum oven at 200°
C for 1 hour to remove water and volatile organic contaminants
that may confound stable isotope values of carbonate. Stable
isotope values were obtained using a Finnigan Kiel-HI carbon-
ate preparation device directly coupled to the dual inlet of a

~ Finnigan MAT 253 isotope ratio mass spectrometer. 10-50 mi-

crograms of carbonate was reacted at 70°C with 3-5 drops of an-
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TEXT-FIGURE 4

Timing of epicontinental stratigraphy, glaciation, and eustatic sea-level change with respect to the Ireviken Excursion. Figure is not scaled to time.
Biostratigraphy from Calner et al. (2004). The third-order sea level curve is from Cramer and Saltzman (2005). Note that the Williamson Shale was de-
posited during the widespread epicontinental organic burial interval of the latest Llandovery while the Rochester Shale was deposited during an interval
dominated by carbonate production in low-mid latitude epeiric seas. The higher order sea-level cyclicity shown by the sequence boundaries within the
sampled interval can be well correlated globally and clearly had little to no impact of carbon isotope values. Itis the higher order (3"?) eustatic sea-level

changes that the excursion mirrors.

hydrous phosphoric acid for 180-300 seconds. Isotope ratios
were corrected for acid fractionation and 'O contribution and
are reported in per mil notation relative to the V-PDB standard.
Precision and calibration of data were monitored through rou-
tine analysis of the IAEA NBS-19 standard. Standard deviation
for 813C and 880 are £0.05%c and +0.10%c, respectively (one
sigma). Isotopic data are reported in table 1.

Results

A detailed discussion of the lithology of Clinton and Lockport
Group strata is beyond the scope of this investigation and has
been well documented elsewhere (e.g. Brett et al. 1995; Brett
and Goodman 1996; Brett 1999). The stratigraphic column of
the sampled interval is shown in text-figure 3 together with the
carbon isotope data. Strata from the upper part of the Clinton
through the Lockport contain a range of carbonate lithofacies
from black shales to reefs to vuggy dolomite. The Williamson
Shale marks the initiation of deposition of the upper part of the
Clinton with a thin black shale in the study area. Above the Wil-
liamson Shale are the Rockway Dolomite and Irondequoit
Limestone, which together contain the majority of the Ireviken
Extinction Event (Jeppsson 1997a). The second phase of shale
deposition in the Appalachian Basin is represented by the Roch-
ester Shale, which can be recognized in the subsurface as a pro-
nounced peak in gamma ray logs (>100API; Brett et al. 1995).
An interval of shallowing above the Rochester Shale has long
been recognized in the overlying Decew Dolomite. A sequence
bounding unconformity separates the DeCew from overlying
grainstones of the Gasport Formation, which shows renewed
transgression into the reefal muddy carbonate facies. A further
subaerial unconformity lies at the base of the Goat Island For-
mation. Extensive thrombolitic bioherms in the Eramosa For-

mation indicate continued shallowing into restricted lagoonal
facies.

Carbon isotope values in the Williamson and lower Rockway
Formations of ~+3.0%¢ represent the elevated baseline values
prior to the Ireviken Excursion. The sharp increase in §"Cearb
values (+2.9%c to +5.5%c). near the disconformable Rockway-
Irondequoit contact, represents the largest rate of change in the
sampled interval and marks the onset of the Ireviken Excursion.
This conclusion is supported by the fact that the conodont P.
amorphognathoides is known to have its highest stratigraphic
occurrence in upper-Rockway/lower-Irondequoit strata. The
entirety of the Ireviken Extinction event has not been clearly
identified in the study area and may 1in fact be partially missing
due to erosion or non-deposition at the basal Irondequoit con-
tact (Brett et al. 1990). This could account for the sharp increase
in values near the Rockway-Irondequoit contact.

Apart from a small decrease in values in the lower Rochester,
813Ceary values remain very close to +5.0%c well into the
Gasport Formation. The return to baseline values of +2.5%c in
the lower Goat Island Formation represents the end of the
Ireviken Excursion. The conclusion that the Ireviken Excursion
ends in the Goat Island is supported by the fact that the cono-
dont O:zarkodina sagitia rhenana has its highest stratigraphic
occurrence in the upper Goat Island above the onset of the de-
cline in 8!3Cearp values. The Ireviken Excursion is known to end
within the Lower K. walliseri Zone (Calner et al. 2004), the top
of which is marked by the extinction of O. 5. rhenana (Jeppsson
1997a). The steady decline in §'*Ceary values well after the end
of the Ireviken Excursion, in the uppermost Goat Island through
Eramosa of nearly -5.0%¢, has previously never been docu-
mented, even though this interval of Silurian time has been well
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TEXT-FIGURE 5

Paleoceanographic reconstruction for the late Llandovery (A) and the early Wenlock (B). Diagram modified from Cramer and Saltzman (2005) origi-
nally modified ﬁ()mJeppsson(l()()O and Bickertetal. (1997). Note the transition from estuarine circulation on the shelfin A to anti-estuarine circulation
("quasi-estuarine” circulation of Witzke. 1987) during B. Black shales in A are located in eplcommenml seas as a result of high primary productivity
while black shales in B are the result of deep ocean anoxia produced by a change in the site of deep water formation from high to low latitudes:

WSBW=Warm Saline Bottom Walter.

sampled elsewhere. Therefore we can not rule out local effects
(Taging” a restricted watermass: Patterson and Walter 1994)
without global confirmation of this negative shift.

DISCUSSION

The Sheinwoodian (Ireviken) positive carbon isotope excursion
is recorded in strata from the type arca of the Niagaran Provin-
cial Series in western New York. The revised correlation of Ap-
palachian Basin stratigraphy provided by the data presented
herein demonstrates an important feature of epeiric sea ocean-
ography. We first discuss the timing of epicontinental or-
ganic-carbon deposition with respect to the Ireviken Excursion.
We then address the significance of the revised correlation of

Clinton and Lockport strata in the context of an oceanographic
model for the Silurian that relates spatial and temporal changes
in the location of organic carbon burial to changes in global
oceanography driven by alternations between cold and warm
climate states.

Eustatic change across the Llandovery-Wenlock boundary

The well-documented Late Ordovician icchouse interval. which
may have begun as early as the Caradoc (Pope and Steffen
2003: Saltzman and Young 2()05) continued well into the Silu-
rian with several intervals of early Silurian glaciation known
from deposits in South America (Diaz-Martinez 1998: Caputo
1998). Evidence of a late Llandovery (late Telychian) uncon-

(95}
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upwelling or downwelling, are the Ekman result of the flow of surface waters in the AB. When the surface layer of the AB is flowing to the southwest (A,
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B, and C), the northwest margin of the basin experienced upwelling as surface waters were pulled away from the arches. When the surface layer of the AB
was flowing to the northeast, surface waters were pushed towards the arches replacing saline downwelled water. Note the difference in timing and loca-
tion of the two periods of anoxia and consequent shale deposition: Transgressive black shales inepeiric seas resulting from primary productivity induced
anoxia (Williamson Shale) vs highstand shales in deep intracratonic basins and the deep ocean resulting from sluggish poorly oxygenated bottom water
production (oceanographically induced anoxia). Deep intra-cratonic basins such as the Appalchian Basin experienced increased organic carbon burial
(Rochester Shale) due to decreased ventilation and elevated sedimentation rates resulting from a healthy carbonate factory throughout epeiric seas. See

text for detailed discussion of each time slice.

formity is present throughout North America from Nevada to
Wisconsin to Tennessee to New York (Murphy et al. 1979;
Barrick 1983; Brett et al. 1990; Goodman and Brett 1994;
Kluessendorf and Mikulic 1996). Although this sea-level fall
has been interpreted either as a eustatic and tectonic event, the
presence of late Telychian glacial deposits throughout South
America (Diaz-Martinez 1997; 1998) supports a glacio-eustatic
origin for this sea level fall.

The fact that elevated 813Cean values indicative of the Ireviken
Excursion are recorded following the late Llandovery uncon-
formity throughout the mid-continent of North America
(Saltzman 2001; Cramer and Saltzman 2005) indicates that

transgression continued during the rising limb of the Ireviken
Excursion, which closely tracks a third order T-R cycle (text-fig
4). It is interesting to note that clearly global, higher order
sea-level cyclicity took place within the large scale eustatic
change shown in text-figure 4 (compare Cramer and Saltzman
2005, fig. 9 with Eriksson and Calner 2005, fig. 10). It remains
unclear why these higher order eustatic changes had little to no
impact on the Ireviken Excursion.

Organic carbon burial during the Ireviken interval

The realization that major Paleozoic positive carbon isotope ex-
cursions typically occur during an expansion of reef and car-
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bonate platform environments in epeiric seas has promoted a
renewed search for the location of organic carbon sequestration
and burial during these events (e.g. Munnecke et al. 2003). It
has been suggested (Bickert et al. 1997; Cramer and Saltzman
2005) that organic carbon sequestration took place in the deep
ocean during the Ireviken Excursion. Unfortunately, Jower Pa-
leozoic abyssal sediments are generally unavailable, which has
hindered further testing of this hypothesis. According to
Cramer and Saltzman (2005), the Ireviken Excursion was the
result of deep ocean anoxia, driven by the production of saline
bottom water in low-mid latitude epeiric seas. Below, we show
how the Appalachian Basin sequence demonstrates for the first
time the increased production of saline waters in epeiric seas
during the Ireviken Excursion.

Two intervals of dysoxic mud deposition occurred in the Appa-
lachian Basin during the interval of the Silurian sampled in this
investigation, neither of which is responsible for the Ireviken
Excursion itself. The first is represented by the late Telychian
Williamson Shale, which precedes the Ireviken Excursion. The
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second is represented by the early Sheinwoodian Rochester
Shale. which is coincident with peak §'3Ceqp values during the
middle of the Ireviken Excursion. The late Telychian interval of
epicontinental organic carbon deposition (Williamson Shale) is
known to be a global phenomenon (Liining et al. 2000a: Lining
etal. 2000b) with economically important *hot” shales through-
out North Africa and Arabia. The early Sheinwoodian dysoxic
interval in the Appalachian Basin (Rochester Shale) is excep-
tional when compared with platform and ramp settings. con-
trasting greatly with the intense reef building and expansion of
carbonate platforms seen throughout the low-mid latitudes dur-
ing this time (Brunton et al. 1998; Calner et al. 2004). The
oceanographic model first developed by Jeppsson (1990) and
later expanded by Cramer and Saltzman (2005) accounts for the
timing and location of both intervals of dysoxic deposition, and
connects them to changes in global oceanography driven by al-
ternations between climate states.

Ireviken Oceanography

According to Jeppsson (1998), the Silurian can be divided into
over 20 alternating climatic episodes and intervening extinction
events. Referred to as Primo and Secundo (P and S}, these cli-
mate states resemble short term (1-4 myr) icehouse-greenhouse
intervals. A well developed latitudinal thermal gradient and pre-
disposition for polar glaciation promoted vigorous thermo-
haline circulation and lower sea level during P states. Climatic
optima during S states produced polar warming, increased sea
level, diminished thermohaline circulation and upwelling, and
occasionally induced salinity-driven halothermal circulation, all
of which were conducive to epeiric sea carbonate production
(Hallock 1988; 2001; Rankey 2004; Halfar et al. 2004). An ex-
panded version of the model (Cramer and Saltzman 2005) is
shown in text-figure 5.

The sequence of oceanographic and eustatic changes responsi-
ble for the Ireviken Excursion and the stratigraphy of the study
area as developed in the Silurian model are illustrated in several
time slices (text-fig. 6). Text-figure 6A represents low-stand
conditions during glaciation and the initial pulse of deglaci-
ation. Intense polar downwelling due to a well developed equa-
tor to pole thermal gradient drove vigorous thermohaline
circulation, which delivered copious levels of nutrients to the
upper water column. The AB (Appalachian Basin) was con-
nected to the deep-ocean by the region between the southern ex-
tent of the Taconic Highlands to the southeast and the Nashville
Dome to the southwest of the study area. Coupled with the large
river systems that fed into the northeastern Appalachian Basin,
which would have pushed a freshwater lens to the southwest,
the AB experienced net estuarine circulation (Witzke 1987:
Bickert et al. 1997) with bottom water flowing in from the
southwest and surface waters flowing out from the northeast. A
surface layer flowing to the southwest would induce Ekman
upwelling on the northwest side of the basin as water was pulied
away from the Findlay and Algonquin Arches towards the AB.
The consequent high nutrient availability promoted primary
productivity to the point that large portions of the basin became
anoxic. The Williamson Shale was deposited in dysoxic to
anoxic conditions (e.g. Eckert and Brett 1989) under high pro-
ductivity waters. Alignment of graptolites within the William-
son Shale in the NE-SW direction (O'Brien et al. 1998),
indicates that the black shales were deposited in waters that had
at least a minimal amount of bottom current. This further sug-
gests that the shales of the Williamson were not the product of
battom water stagnation alone. This global interval of high pri-
mary productivity began during the late stages of glaciation and
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the initial onset of deglaciation. As rapid transgression pro-
gressed (text-fig. 6B) intense upwelling in the deep ocean and
the AB (although both were constantly diminishing) continued,
depositing a thin layer of Williamson in the study area. Our
depositional model for the Williamson Shale is similar to the
“deglacial” black shales of Armstrong et al. (2005) as well as
the model presented in Liining et al. (2000b).

Text-figure 6C depicts oceanographic conditions immediately
prior to the onset of deposition of the Rockway Formation. As
deglaciation progressed, the intense equator to pole thermal
gradient was rapidly diminishing, severely weakening polar
downwelling and thermohaline circulation as well as decreas-
ing nutrient delivery to surface waters from depth. The conse-
quent reduction in primary productivity required less oxygen
for decomposition of organic matter, which allowed a progres-
sive oxygenation of the basin. The Rockway Formation was de-
posited under these transitional conditions as surface waters in
the northern end of the AB switched from nutrient-rich to nutri-
ent-poor conditions. Transgression of the Laurentian craton
produced a tremendous area for the production of saline water,
which combined with the decline in thermohaline circulation to
induce a transition to downwelling off the cratons with saline
waters initially sinking to the deepest regions of epeiric seas,
such as the Appalachian Basin.

The Irondequoit Limestone (text-fig. 6D) was deposited fol-
lowing a major shallowing that produced a sharp sequence
boundary at the top of the Rockway Formation. This event, in
early Sheinwoodian time coincides with the initiation of the
Ireviken Excursion as saline waters downwelling off the craton
into the deep ocean progressively disconnected the deep ocean
reservoir of light carbon from epicontinental seas. As transgres-
sion was initiated following the sequence boundary (text-fig.
6E) and saline bottom water production intensified, a strong
pycnocline began to develop in the deepest parts of the Appala-
chian Basin as sinking saline water collected in the deepest
parts of the craton (this is the same as the pycnocline shown in
text-figure 5B only in an intra-cratonic basin setting as opposed
to the open ocean). The growing deep saline water-mass in the
AB began to flow out to the southwest, intensifying
anti-estuarine circulation in the basin. To maintain water bal-
ance, surface waters must have been coming in from the south-
west, which through Ekman transport would have pushed water
inshore towards the Findlay and Algonquin Arches, replacing
walers downwelled off the arches.

Further transgression during Rochester Shale deposition, al-
most completely flooded the Laurentian craton, and the contin-
ued downwelling of deep saline water into the Appalachian
Basin served to intensify the pycnocline driving it to shallower
depths below the sea surface (text-fig. 6F). At this point it is un-
clear if the water beneath this pycnocline was occasionally
sub-oxic due to epeiric sea oceanography and the limited
amount of oxygen in warm tropical waters (e.g. Herbert and
Sarmiento 1991) or if the huge amount of carbonate material
being shed off a craton-sized healthy carbonate factory in-
creased sedimentation rates so much that organic carbon had lit-
tle time to be oxidized at the sediment water interface (e.g.
Bralower and Thierstein 1984). What is clear however, is that
dysoxic mud deposition in the AB increased during deposition
of the Rochester Shale. The AB during deposition of the Roch-
ester was certainly oxygenated at least in shallower areas as in-
dicated by benthic communities in situ within the Rochester
Formation (Brett 1999) however. both the Rochester and later-
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ally equivalent Osgood Shale show unusually abrupt transitions
from richly fossiliferous beds to nearly barren gray mudstones,
which indicates a strongly defined pycnocline. Surprisingly. the
barren facies are not comprised of laminated. organic rich
shales and Brett (1999) suggested that the deeper waters may
have been hypersaline. It is likely that the pycnocline would
have fluctuated seasonally, annually, and on many other
time-scales. and this issue certainly deserves further investiga-
tion. For this study however, we have interpreted the Rochester
to reflect the most intense interval of saline bottom water deliv-
ery into the AB when a well-developed pycnocline and
increased sedimentation rates acted to stagnate deeper waters in
a low-productivity setting leading to the deposition of the
dysoxic mud.

The deep-ocean organic carbon burial responsible for the
Ireviken Excursion eventually acted to lower atmospheric CO>
concentrations (Berner and Kothavala 2001) decreasing global
temperatures and initiating a eustatic drop in sea level. As re-
gression began (text-fig. 6G). saline deep water production con-
tinued, but was diminishing as the flooded portion of Laurentia
began to be reduced and global temperatures began to decline.
Coupled with the reduction of accommodation space in the AB,
the well developed pycnocline began to sink and eventually dis-
appear. The lowering of sea level brought the storm debris, soft
sediment deformation, and hummocky cross stratification of the
DeCew Formation, which was sourced by a healthy carbonate
bank soon to prograde across the basin. Continued regression
(text-fig. 6H) brought about exposure and development of a
sequence boundary (Brett et al. 1990).

Renewed transgression during deposition of the Lockport
Group led to establishment of a healthy carbonate bank in the
study area followed closely by reefs and carbonate shoals of the
Gasport Formation as the AB became a site of formation instead
of a depo-center for saline deep water. Downwelling continued
as the AB became more restricted although saline water produc-
tion had already begun to decline. The reduction in saline water
production and downwelling was a global phenomenon that sig-
naled the beginning of the end for the Ireviken Excursion. Low-
ering of sea level following Gasport deposition and a new
episode of transgression (text-fig. 6I) brought continued reef
and carbonate shoal deposition (Goat Island).

Correlation outside the Appalachian Basin and oceanographic
implications

Precise correlation of Upper Clinton and Lockport Group strata
with global sections containing the Ireviken Excursion is now
possible. Deposition during the transgression recorded above
the “Late Llandovery Unconformity” of Murphy et al. (1979)
began at different times across the Laurentian craton where the
Llandovery-Wenlock boundary was only recorded in deep sec-
tions and is often not present in shallower settings. In all suit-
ably detailed and sufficiently correlated sections, the strata
between the Late Llandovery Unconformity and the onset of the
Ireviken Excursion (dark grey band in text-fig. 7) show the hall-
marks of vigorous thermohaline circulation and intense nutrient
delivery to shallow water. Cherts along the eastern margin of
the Panthalassic Ocean (Murphy et al. 1979), epicontinental
black shales along the northern margin of Gondwana resulting
from intense Southern Hemisphere Westerlies (Parrish 1982;
Moore et al. 1993; Liining et al. 2000a; Liining et al. 2000b), as
well as phosphate lags, ironstones. and black shales of the Ap-
palachian Basin (Goodman and Brett 1994; Brett et al. 1998)
are all features indicative of an increased latitudinal thermal
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TEXT-FIGURE 7

Chemostratigraphic correlation of the sampled section with the data presented in Saltzman (2001) and Cramer and Saltzman (2003). The dark arey band
represents strata between the “Late Llandovery Unconformity™ and the onset of the Ireviken Excursion, The light grey band represents only the Ireviken
Excursion. The Tack of a gentle decline in the Nevada scction is likely the result of a fault at the 1op of the excursion in the sampled section.

gradient and vigorous deep circulation. The Williamson Shale
is the local expression of this global episode of intense organic
carbon burial in shallow epicontinental settings immediately
prior to the Ireviken Excursion.

The Ireviken Excursion itself (light grey band in text-fig. 7) oc-
curred after the high organic carbon burial in epicontinental
scas and is most frequently noted for its coincidence with an ep-
isode of prolific reef development and expansion of carbonate
platforms throughout low-mid latitude epeiric scas (Bickert et
al. 1997: Brunton et al. 1998; Cramer and Saltzman 2005). The
change from Williamson and Rockway shaley units into the
Irondequoit pack- to grainstones interval records the familiar
shale 1o carbonate transition that so often marks the Lland-
overy-Wenlock transition (Jeppsson et al. 1995: Brunton et al.
1998). Peculiar barren, dysoxic facies of the Rochester shale are
a necessary and predicted outcome of the Silurian oceano-
graphic model discussed herein and attest 1o the production of
downwelling saline waters in epeiric scas during the Ireviken
Excursion. If the Ireviken Excursion was the result of seques-
tration and burial of 1°C in the deep ocean resulting from a
change in the site of deep water formation from high to low lati-
tudes (Cramer and Saltzman 2005). then peak 8'3Ceupn values
during the Ireviken Excursion should be coincident with maxi-
mum saline water-mass production (Rochester Shale). As the
size of the saline water-mass sinking off the cratons diminished
during the initial stages of global cooling and regression.
halothermal circulation in the global ocean began to weaken
while polar cooling and a re-establishment of the cquator to
pole thermal gradient strengthened thermohaline circulation,
progressively oxygenating the deep ocean. reconnecting shal-
low epeiric scas with the deep ocean carbon reservoir. and end-
ing the Treviken Excursion.

SUMMARY AND CONCLUSIONS

By illustrating that the peculiar facies of the Rochester Shale
were coincident with the Ireviken Excursion. we have demon-

strated an important prediction made by the original model
(Jeppsson 1990): namely. the production of saline bottom wi-
ters in epeiric seas. That saline bottom water was being pro-
duced in the cratonic interior and downwelled into interior
basins during the Ireviken Excursion provides support for the
occanographic model presented in Cramer and Saltzman (20053)
where a change in the site of bottom water formation from high
to low latitudes was suggested to be the cause of the Ireviken
Excursion.

Elevated baseline 8'*Ceup values immediately prior to the
Ireviken Excursion are the result of intensc organic carbon
burial in shallow epicontinental scas during transgression. This
initial episode of organic carbon burial was the result of intense
deep upwelling and clevated primary productivity. and it is not
responsible for nor does it coincide with the Ireviken Excursion.
The second episode of organic carbon sequestration and burial
took place in the deep ocean as saline waters downwelling from
the cratons induced deep ocean anoxia and progressively dis-
connected epeiric scas from the deep ocean reservoir of carbon.
The Rochester Shale was an unusual mudrock facies that accu-
mulated around the margins of a density stratified hypersaline
and low productivity basin. Oreanic carbon burial during the
excursion was limited to the deep occan and the deepest of
intra-cratonic basin settings where a well developed pycnocline
and high sedimentation rates combined to increase organic car-
bon burial in low productivity settings.

The high resolution carbon isotope (8'3Ceyn) data presented in
this study demonstrate the potential of 813C stratigraphy as a
correlation tool and provide insight into the role of epicon-
tinental organic carbon burial in positive carbon isotope excur-
sions. It is only through high-resolution 8'3Cun stratigraphy
that the subtle variations in the location and timing of organic
carbon burial associated with the Ireviken Excursion (and per-
haps most Paleozoic excursions) can be deciphered. and to that
end, much more work still needs to be done. Ideally. shelf 1o ba-
sin transects through major positive carbon isotope excursions
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TABLE 1
Stable isotope data, Niagara River Power Project S-1, Lewiston, New York.

Stable Isotope Data, Niagara River Power Project S-1 Core, Lewiston, NY

ft. downcore meters* 518C 3"®0 __ Conodont Zone/Superzone/Zonal Group Formation Member

11 49.62 -2.89 -6.19 K. O. ortus Superzone(?) Eramosa

12 49.32 -1.68 -6.48 K. O. ortus Superzone(?) Eramosa

16 48.10 -1.23 -6.73 K. O. ortus Superzone(?) Eramosa

20 46.88 -0.83 -7.42 K. O. ortus Superzone(?) Eramosa

22 46.27 -0.64 -6.42 K. O. ortus Superzone(?) Eramosa

24 45.66 0.09 -6.43 K. O. ortus Superzone(?) Eramosa

25 45.35 0.20 -6.63 K. O. ortus Superzone(?) Eramosa

27 4474 0.70 -4.49 K. O. ortus Superzone(?) Eramosa

29 44.14 0.64 -4.24 K. O. ortus Superzone(?) Eramosa

31 43.53 1.10 -4.15 K. O. ortus Superzone(?) Eramosa

32 43.22 1.21 -4.16 K. O. ortus Superzone(?) Eramosa

33 42.92 1.30 -3.68 Upper K. walliseri Superzone(?) Goat Island Vinemount

35 42.31 1.85 -4.73 Upper K. walliseri Superzone(?) Goat Island Vinemount

37 41.70 212 -5.41 Upper K. walliseri Superzone(?) Goat Island Vinemount

39 41.09 2.35 -5.55 Upper K. walliseri Superzone(?) Goat island Vinemount

41 40.48 213 -5.71 Upper K. walliseri Superzone(?) Goat Island Vinemount

43 39.87 2.19 -4.40 Upper K. walliseri Superzone(?) Goat Island Vinemount

44 39.56 234 -3.43 Upper K. walliseri Superzone(?) Goat Island Vinemount

45 39.26 2.35 -4.11 Upper K. walliseri Superzone(?) Goat Island N.F. and Ancaster
47 38.65 0.17 -6.42 Upper K. walliseri Superzone(?) Goat Island N.F. and Ancaster
49 38.04 2.62 -3.52 Upper K. walliseri Superzone(?) Goat Island N.F. and Ancaster
51 37.43 2.53 -5.00 Lower K. walliseri Zone Goat Island N.F. and Ancaster
53 36.82 2.52 -4.64 Lower K. walliseri Zone Goat Island N.F. and Ancaster
55 36.21 2.69 -3.41 Lower K. walliseri Zone Goat Island N.F. and Ancaster
57 35.60 2.80 -5.45 Lower K. walliseri Zone Goat Island N.F. and Ancaster
59 34.99 2.90 -5.94 Lower K. walliseri Zone Goat Island N.F. and Ancaster
61 34.38 3.23 -5.39 Lower K. walliseri Zone Goat Island N.F. and Ancaster
63 33.77 3.49 -5.92 Lower K. walliseri Zone Goat Island N.F. and Ancaster
65 33.16 3.80 -5.61 Lower K. walliseri Zone Goat Island N.F. and Ancaster
67 32.55 4.01 -5.37 Lower K. walliseri Zone Goat Island N.F. and Ancaster
69 31.94 3.71 -4.02 Lower K. walliseri Zone Goat Island N.F. and Ancaster
71 31.33 3.80 -3.99 Lower K. walliseri Zone Goat Island N.F. and Ancaster
72 31.03 4.04 -4.82 Lower K. walliseti Zone Goat Island N.F. and Ancaster
73 30.72 4.08 -4.66 Lower K. walliseri Zone Goat Island N.F. and Ancaster
74 30.42 4.34 -4.88 Lower K. walliseri Zone Gasport Pekin

75 30.11 454 -4.05 Lower K. walliseri Zone Gasport Pekin

77 29.50 476 -5.99 Lower K. walliseri Zone Gasport Pekin

79 28.90 477 -7.56 Lower K. walliseri Zone Gasport Pekin

81 28.29 478 -7.43 Lower K. walliseri Zone Gasport Pekin

83 27.68 4.79 -8.66 Lower K. walliseri Zone Gasport Pekin

85 27.07 4.86 -8.48 Lower K. walliseri Zone Gasport Pekin

87 26.46 4.80 -8.83 Lower K. walliseri Zone Gasport Pekin

89 25.85 4.78 -8.42 Lower K. walliseri Zone Gasport _Gothic Hill

91 25.24 479 -6.74 Lower K. walliseri Zone Gasport Gothic Hill

93 24.63 4.39 -8.10 Lower K. walliseri Zone Gasport Gothic Hill
93.8 24.38 4.56 -6.98 Lower K. walliseri Zone Gasport Gothic Hill

* Meters above the base of the Williamson-Rockway contact

the New York State Museum provided invaluable assistance
and access to the core. We would like to thank L. Fay (The Ohio

will be carried out to investigate this paleoceanographic model
further. We have hopefully demonstrated the need for precise

correlation of global sections before any interval of or-
ganic-rich deposit can be positively identified as being “respon-
sible” for a positive carbon isotope excursion.
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TABLE |
Continued.

Stable Isotope Data, Niagara River Power Project §-1 Core, Lewiston, NY

ft. downcore  meters* 813¢C 8180 Conodont Zone/Superzone/Zonal Group Formation Member
94 24.32 4.42 -7.59 Lower K. walliseri Zone DeCew
96 23.71 511 -6.70 Lower K. walliseri Zone DeCew
98 23.10 5.09 -5.75 Lower K. walliseri Zone DeCew
100 22.49 4.61 -4.70 Lower K. walliseri Zone DeCew
101 2219 4.80 -5.07 Lower K. walliseri Zone DeCew
102 21.88 5.01 -4.90 O. s. rhenana Zone Rochester Burleigh Hill
104 21.28 5.07 -4.29 O. s. rhenana Zone Rochester Burleigh Hill
106 20.67 5.05 -4.45 O. s. rhenana Zone Rochester Burleigh Hill
108 20.06 4.98 -3.66 O. s. rhenana Zone Rochester Burleigh Hill
110 19.45 5.02 -3.58 O. s. rhenana Zone Rochester Burleigh Hill
112 18.84 5.01 -4.47 O. s. rhenana Zone Rochester Burleigh Hill
114 18.23 4.91 -5.40 O. s. rhenana Zone Rochester Burleigh Hill :
116 17.62 4.94 -5.20 O. s. rhenana Zone Rochester Burleigh Hil! i
118 17.01 5.22 -5.06 O. s. rhenana Zone Rochester Burleigh Hill 1
120 16.40 4.96 -5.53 O. s. rhenana Zone Rochester Burleigh Hill i
122 15.79 5.03 -6.20 O. s. rhenana Zone Rochester Burleigh Hill ‘
124 15.18 4.95 -5.42 O. s. rhenana Zone Rochester Burleigh Hill
126 14.57 4.99 -4.76 O. s. rhenana Zone Rochester Burleigh Hill
128 13.96 4.88 -5.34 O. s. rhenana Zone(?) Rochester Lewiston
130 13.35 5.04 -4.52 O. s. rhenana Zone(?) Rochester Lewiston
132 12.74 1.89 -4.09 O. s. rhenana Zone(?) Rochester Lewiston
134 1213 5.08 -5.26 O. s. rhenana Zone(?) Rochester Lewiston
136 11.52 5.07 -5.74 K. ranuliformis Superzone(?) Rochester Lewiston
138 10.91 5.04 -5.82 K. ranuliformis Superzone(?) Rochester Lewiston
140 10.30 5.30 -5.43 K. ranuliformis Superzone Rochester Lewiston
142 9.69 5.12 -7.10 K. ranuliformis Superzone Rochester Lewiston
144 9.08 5.07 -7.05 K. ranuliformis Superzone Rochester Lewiston
146 8.47 5.14 -6.12 K. ranuliformis Superzone Rochester Lewiston
148 7.86 5.23 -5.83 K. ranuliformis Superzone Rochester Lewiston
150 7.25 5.17 -5.93 K. ranuliformis Superzone Rochester Lewiston
152 6.64 4.90 -6.69 K. ranuliformis Superzone Rochester Lewiston
154 6.04 4.86 -5.87 K. ranuliformis Superzone Rochester Lewiston
156 5.43 4.61 -6.60 K. ranuliformis Superzone Rochester Lewiston
158 4.82 3.81 -7.59 K. ranuliformis Superzone Rochester Lewiston
160 4.21 4.36 -5.53 K. ranuliformis Superzone Rochester Lewiston
162 3.60 3.74 -6.36 K. ranuliformis Superzone Irondequoit
164 2.99 4.79 -4.94 K. ranuliformis Superzone Irondequoit
166 2.38 547 -3.35 K. ranufiformis Superzone Irondequoit
167 2.07 5.55 -4.54 K. ranuliformis Superzone I[rondequoit
168 1.77 5.24 -4.08 K. ranuliformis Superzone Irondequoit
169 1.46 4.68 -5.59 K. ranuliformis Superzone Irondequoit
170 1.16 4.99 -4.50 K. ranufiformis Superzone(?) Irondequoit
171 0.85 518 -4.05 Upper Pterospathodus Zonal Group(?) Rockway
1715 0.70 4.98 -4.85 Upper Pterospathodus Zonal Group Rockway
172 0.55 3.12 -5.36 Upper Pierospathodus Zonal Group Rockway
173 0.24 3.61 -8.48 Upper Pterospathodus Zonal Group Rockway
173.8 0.00 2.96 -4.75 Upper Pterospathodus Zonal Group Williamson
174 -0.06 3.24 -4.98 Upper Pterospathodus Zonal Group Williamson
* Meters above the base of the Williamson-Rockway contact
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