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Abstract

The Guttenberg carbon isotope excursion (GICE) documented from eastern North America demonstrates the effects that

regional, geochemically distinct water masses, upwelling, and ocean circulation have on the carbon isotope record from

carbonate platforms. Late Turinian–Chatfieldian carbonates from Oklahoma, Kentucky, Virginia, and West Virginia record a

positive carbon isotope excursion (z+3.0x), the GICE excursion. The GICE excursion has relations to established

biostratigraphy (beginning in the North American Midcontinent Phragmodus undatus Conodont Zone and continuing through

the Plectodina tenuis Zone), sequence, and event stratigraphy. Previously established models for positive carbon isotope shifts

on carbonate platforms have been tested during the GICE excursion, where geochemically distinct water masses are defined for

the Upper Ordovician. A major eustatic sea-level rise before the GICE promoted a greater exchange of open ocean waters onto

the carbonate platform of Laurentia; however, restricted or sluggish circulation and exchange between water masses within the

epeiric seas and the adjacent Iapetus Ocean were still apparent. Local variations documented in the GICE excursion are directly

related to upwelling of nutrient rich isotopically light waters, increased primary productivity, and the subsequent organic carbon

production and burial.
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1. Introduction

The Late Ordovician (Mohawkian) epeiric sea of

eastern North America has been divided into
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temperature–salinity-defined water masses based

upon regional variations in faunal patterns and

carbon and neodymium isotopes in marine carbo-

nates (Holmden et al., 1998). These proposed

geochemically distinct water masses are referred to

as baquafaciesQ because they are reflected in both

faunas and lithologies of the underlying sedimentary

deposits. Recognition of these aquafacies across the
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Mohawkian carbonate platform potentially indicates

sluggish or restricted circulation within epeiric seas

and between epeiric seas and adjacent oceans

(Holmden et al., 1998). However, this model has

only been rigorously examined for a brief time slice

of ~105 years defined by two prominent K-bentonite

horizons (bDeicke–Millbrig time sliceQ). Much less

is known about how the epeiric sea aquafacies

patterns varied through time (N105 years), partic-

ularly in association with oceanographic events such

as a carbon isotope excursion (e.g., Patzkowsky et

al., 1997). This is important because local water

mass differences in y13C can provide information

regarding nutrient cycling, which influences the

strength of the biological pump, atmospheric CO2

levels, and global climate (e.g., Sigman and Boyle,

2000).

The shallow epeiric seas that covered most of

eastern and central North America during the Late

Ordovician record a significant positive carbon

isotope excursion of ~+3x (Hatch et al., 1987;

Ludvigson et al., 1996; Patzkowsky et al., 1997;

Simo et al., 2003). This excursion was first

documented in organic matter from the Guttenberg

Limestone Member of the Decorah Formation in

the Upper Mississippi Valley (Hatch et al., 1987)

and is here referred to as the Guttenberg carbon

isotope excursion (GICE). The GICE has since

been documented at many sections in the Mohaw-

kian (Chatfieldian Stage) Guttenberg Limestone

Member of the Decorah Formation in the Upper

Mississippi Valley (Ludvigson et al., 1996, 2000,

2004) and in the Salona Formation of Pennsylvania

(Patzkowsky et al., 1997) as well as time equiv-

alent carbonates worldwide (Ainsaar et al., 1999).

The correlation of the GICE worldwide is facili-

tated by its occurrence above several widespread K-

bentonite horizons deposited during extensive

explosive volcanism associated with the Taconic

Orogeny (Kolata et al., 1996; Simo et al., 2003).

Apart from the well known Hirnantian (latest

Ordovician) positive excursion, which is associated

with widespread glaciation and mass extinction

(Brenchley et al., 1994, 2003), the GICE is the

most significant y13C excursion documented in the

Ordovician.

While the GICE is known to coincide with biotic

and paleoceanographic changes that in North America
led to a fundamental shift in the style of platform

sedimentation from tropical-type to temperate-type

carbonates with associated chert and phosphate (Hol-

land and Patzkowsky, 1996; Kolata et al., 2001; Pope

and Steffen, 2003), the cause(s) of the inferred high

organic carbon burial remain uncertain. Patzkowsky et

al. (1997) suggested that a relative deepening in the

Taconic foreland basin (Taconic baquafaciesQ) of

eastern Laurentia, led to enhanced burial of isotopi-

cally light (13C-depleted) organic matter in poorly

oxygenated deep water masses. Increased nutrient

fluxes from the Taconic highlands may have con-

tributed to locally high organic carbon burial by

stimulating surface ocean production (Holmden et al.,

1998).

A role for upwelling as a source of increased

nutrients to the Taconic aquafacies has also been

considered. However, because the observed offset of

~2.0x in y13Ccarb values between the isotopically

light Midcontinent water mass (affected by upwelling)

and the heavier Taconic aquafacies remained constant

before and during the GICE, this suggests that the

intensity of upwelling changed little during the

Middle to Late Ordovician (Patzkowsky et al., 1997;

Holmden et al., 1998). The importance of the onset of

vigorous upwelling in platform margin settings such

as Oklahoma (e.g. Pope and Steffen, 2003) has not

been examined as a source of nutrients and enhanced

productivity that influenced regional and global

y13Ccarb values during the Chatfieldian. Examining

the evidence for upwelling and y13C values in

platform margin settings (e.g. Oklahoma) could

document any potential relation of upwelling to the

GICE.

The purpose of this paper is to integrate high

resolution carbon isotope (y13C) data from several

Late Ordovician (Chatfieldian Stage) carbonate

sections from widely separated basins across eastern

Laurentia as well as a platform margin section in

Oklahoma. These data are then used to establish

relations of this positive y13C excursion (~+3.0x)

to previously established aquafacies and changing

paleoceanography during the Late Ordovician.

Carbon isotope data from these sections are

correlated across North America based upon rela-

tions of the GICE to the established Ordovician

biostratigraphy, sequence and K-bentonite event

stratigraphy.
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2. Geologic background

Most of eastern and central North America during

the Late Ordovician was situated between 158 and

308 S (Fig. 1). Four sections in this region are

particularly suitable for comparison with previously

published y13C data from the Midcontinent and

Taconic Foreland Basin of North America. The

sections include (1) the Bromide and Viola Springs

Formations in the Arbuckle Mountains of south-

central Oklahoma (Alberstadt, 1973; Sweet, 1983);

(2) the Eggleston and Trenton Limestones in south-

western Virginia (Fetzer, 1973; Hall, 1986; Leslie,

1995); (3) the Tyrone and Lexington Limestones of

north-central Kentucky (Sweet et al., 1974; Sweet,

1979); and (4) the Nealmont and Dolly Ridge

Formations in West Virginia (Perry, 1972; Keith

and Hall, 1989; Keith, 1989). These sections were

chosen because they represent thick carbonate

sequences, where biostratigraphy (conodonts and/or

graptolites), sequence stratigraphy and/or K-benton-

ite event stratigraphy have been previously inves-

tigated. Coupling biostratigraphic, sequence and

event stratigraphic data, with chemostratigraphic data

allows for a unique view into Earth’s history during

this particular perturbation of the global carbon

cycle.
Laurentia

Iapetus Ocean

0 1000 km

North American δ13C sample localities

Peviously studied δ13C localities

Land Area

Panthalassic Ocean

Fig. 1. Late Middle Ordovician paleogeographic reconstruction (modified f

of sections in Oklahoma, Kentucky, Virginia, and West Virginia, along wit

al., 1996; Patzkowsky et al., 1997; Ainsaar et al., 1999).
2.1. Conodont and graptolite biostratigraphy

Conodont biostratigraphy is well established

(Sweet, 1984a; Hall, 1986; Haynes, 1994; Leslie,

1995; Richardson and Bergström, 2003) for the study

interval in the Upper Ordovician in North America. In

the Mohawkian there are six conodont zones in the

Midcontinent of North America, in ascending order,

the Plectodina aculeata, Erismodus quadridactylus,

Phragmodus undatus, Plectodina tenuis, and Belo-

dina confluens Zones. Although first defined by

graphic correlation techniques (Sweet, 1984a), for

practical purposes these zones have been recognized

by the first appearance of the zonal index species. The

GICE begins near the top of the P. undatus Zone and

ends within the P. tenuis Zone.

Graptolite biostratigraphy is established for the

Middle and Upper Ordovician in North America. In

the North American Middle Ordovician, there are six

graptolite zones, in stratigraphic order; the Nema-

graptus gracilis, Climacograptus bicornis, Climacog-

raptus americanus, Orthograptus ruedemanni, and

Climacograptus spiniferus Zones. Previously, the

y13C excursion had not been documented from

sections containing good graptolite biostratigraphy,

but it could be inferred to occur within the C.

americanus Zone. The Fittstown, Oklahoma section,
Baltica

Mountains

EQUATOR

rom Witzke, 1990; Scotese and McKerrow, 1991) showing positions

h previously studied sections in Baltica and Laurentia (Ludvigson et
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described in this study, offers one of the thickest

and most complete sections of Chatfieldian carbo-

nates in the Arkhoma Basin, where a good

graptolite and conodont biostratigraphy is available.

The y13C excursion occurs above the C. bicornis

Zone and below the first appearance of the

graptolite C. spiniferus, thus placing the excursion

within the C. americanus and O. ruedemanni Zones

(Saltzman et al., 2003).

2.2. Sequence and K-bentonite event stratigraphy

Ordovician K-bentonites constitute nearly isochro-

nous rock units useful in precise correlations and are

applicable to biogeographic, paleogeographic, paleo-

ecologic, and sedimentologic investigations on both

local and regional scales (Kolata et al., 1996; Simo et

al., 2003). A chemical fingerprinting technique, based

on the relative proportions of rare earth elements

present in the altered volcanic ash beds, has been used

to correlate K-bentonites across eastern North Amer-

ica. A section at Hagan, Virginia, described in this

study, offers one of the thickest and most complete

sequences of Turinian through Chatfieldian carbo-

nates from the Taconic foreland basin, and contains

the Hockett, Ocoonita, Deicke, Millbrig, V-7, and

bHouse SpringsQ K-bentonites (Kolata et al., 1998).

The y13C excursion begins anywhere from 3–5 m
Fig. 2. (A) Map of North America showing an outline of Oklahoma (OK).

position of the isotope sampling locality near Fittstown.
above the Millbrig K-bentonite bed in North America.

The Millbrig K-bentonite is correlated with the

Kinnekulle K-bentonite in Baltoscandia based on

biostratigraphic and geochemical data (Huff et al.,

1992; Bergström et al., 1995, 2004; Saltzman et al.,

2003), and the GICE also occurs ~3–8 m above the

Kinnekulle K-bentonite in Baltoscandian sections.

A sequence stratigraphic framework for the Middle

and Upper Ordovician has been defined by Holland

and Patzkowsky (1996), in which they recognized six

depositional sequences in the Mohawkian (M1

through M6). Holland and Patzkowsky (1996) also

recognized a major sea level rise (bTrenton Trans-

gressionQ) across the M4–M5 sequence boundary,

during which carbonates shift from a tropical-type to a

temperate-type. Tropical-type carbonates prior to the

M5 sequence display a wide variety of carbonate

lithofacies ranging from skeletal carbonates to lime

mudstones, but the dominant lithofacies were fine-

grained. Above the M5 sequence boundary, a more

limited variety of temperate-type carbonates were

deposited, composed of skeletal grainstones and

packstones, with widespread phosphatization. Patz-

kowsky et al. (1997) suggested that the GICE in

Pennsylvania coincides with the M4–M5 sequence

boundary which indicates that sea-level rise and

oceanographic changes are associated with major

perturbations of the carbon cycle.
(B) Locality map showing Ordovician outcrops in Oklahoma and the
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Fig. 3. Stratigraphic column, lithologic legend, and y13C plots from the Fittstown section, Arbuckle Mountains, Oklahoma. Conodont zonation

based on Sweet (1983) and graptolite occurrences based on Finney (1986).
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3. Methods

In this paper, high-resolution y13C curves were

constructed from 296 samples run from the upper part

of the P. undatus Zone through the lower part of the B.

confluens Zone (late Turinian–Chatfieldian Stages).

y13C curves have been generated from a range of

carbonate (fine to coarse-grained) lithologies collected

from four sections in eastern and central North

America where conodont biostratigraphy and/or K-
Table 1

Stable isotope data, Fittstown, Oklahoma

MetersT y13C y18O Conodont zone St

0.0 0.06 �4.41 undatus T

5.0 0.02 �3.68 undatus T

9.0 �0.28 �3.35 undatus T

11.0 0.81 �4.13 undatus C

13.0 �0.15 �4.69 undatus C

15.0 �1.11 �4.84 undatus C

19.0 �0.66 �4.21 undatus C

21.0 0.20 �4.10 undatus C

22.0 �0.01 �4.37 undatus C

23.0 �1.64 �4.73 undatus C

25.0 �0.06 �4.85 undatus C

26.0 0.54 �4.45 tenuis C

27.0 �0.25 �4.74 tenuis C

30.0 0.36 �4.65 tenuis C

31.0 �0.21 �4.58 tenuis C

32.0 �0.13 �4.51 tenuis C

33.0 0.15 �4.94 tenuis C

34.0 0.13 �5.18 tenuis C

35.0 0.11 �4.37 tenuis C

36.0 0.10 �4.82 tenuis C

39.0 0.32 �4.63 tenuis C

42.0 0.49 �4.81 tenuis C

44.0 0.91 �5.01 tenuis C

45.0 0.87 �4.89 tenuis C

45.5 0.48 �5.01 tenuis C

47.0 0.97 �4.36 tenuis C

49.0 1.22 �4.38 tenuis C

51.0 1.38 �4.60 tenuis C

53.0 1.33 �4.80 tenuis C

55.0 1.34 �4.71 tenuis C

57.0 1.49 �4.04 tenuis C

59.0 0.93 �4.79 tenuis C

61.0 1.09 �4.55 tenuis C

63.0 1.11 �4.71 tenuis C

65.0 1.04 �4.33 tenuis C

67.0 �0.33 �5.27 tenuis C

69.0 �0.12 �4.75 tenuis C

71.0 �0.62 �5.00 tenuis C

73.0 0.38 �4.62 tenuis C

T Section begins 10 m below the Viola Springs/Bromide Contact, which
bentonite event stratigraphy have previously been

established. Micritic components were preferentially

sampled by using a drill assembly on polished thin-

section billets. In samples where micritic components

were limited, a portion of the sample that was

representative of the entire carbonate sample was

drilled.

Carbonate powders from this study were ana-

lyzed at labs at the University of Michigan, Texas

A and M University, and University of Saskatch-
age Formation Lithology

urinian Bromide lime mudstone

urinian Bromide lime mudstone

urinian Bromide lime mudstone

hatfieldian Viola Springs lime mudstone

hatfieldian Viola Springs wackestone/bedded chert

hatfieldian Viola Springs wackestone/bedded chert

hatfieldian Viola Springs packstone/bedded chert

hatfieldian Viola Springs packstone/bedded chert

hatfieldian Viola Springs packstone/bedded chert

hatfieldian Viola Springs grainstone/bedded chert

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal grainstone

hatfieldian Viola Springs skeletal packstone

hatfieldian Viola Springs skeletal packstone

hatfieldian Viola Springs skeletal packstone

hatfieldian Viola Springs skeletal packstone

hatfieldian Viola Springs skeletal packstone

hatfieldian Viola Springs skeletal packstone

hatfieldian Viola Springs skeletal packstone

hatfieldian Viola Springs skeletal packstone

hatfieldian Viola Springs skeletal packstone

hatfieldian Viola Springs lime mudstone

hatfieldian Viola Springs wackestone/ bedded chert

hatfieldian Viola Springs wackestone/ bedded chert

hatfieldian Viola Springs lime mudstone

hatfieldian Viola Springs skeletal wackestone

hatfieldian Viola Springs skeletal wackestone

is sharp and an unconformable contact.



Fig. 4. (A) Map of North America showing an outline of Kentucky (KY). (B) Locality map showing Ordovician outcrops in the Cincinnati Arch

region of Kentucky, Indiana, and Ohio and carbon isotope sampling localities at Boonsborough, Frankfort, and the Minerva drill core site.
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ewan. Carbonate samples were heated for 1 h at

380 8C and then reacted with 100% H3PO4 at 72

8C in a Finnigan Kiel extraction system coupled

directly to a Finnigan mass spectrometer. All

isotope ratios are reported in per mil relative to

the VPDB standard.
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Fig. 5. A composite plot of y13C of carbonates from Boonsborough, Frankf

Votaw (1971), Sweet et al. (1974), and Sweet (1979).
Carbonate rocks are rarely homogeneous and are

more commonly mixtures of skeletal (i.e. brachio-

pods, bryozoans, trilobites, echinoderms) and non-

skeletal grains (i.e. ooids, pellets, intraclasts). Calcite

from brachiopods is considered by some (Marshall et

al., 1997; Azmy et al., 1998; Mii et al., 1999) to be the
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Table 2

Stable isotope data, Kentucky composite section (Frankfort, Boonsborough, Minerva core)

Meters y13C y18O Conodont zone Stage Formation Section

0 0.16 �3.70 undatus Turinian Tyrone Boonsborough

0.5 0.28 �4.46 undatus Turinian Tyrone Boonsborough

1 0.37 �4.87 undatus Turinian Tyrone Boonsborough

2 0.96 �5.09 undatus Turinian Tyrone Boonsborough

3 0.96 �5.22 undatus Turinian Tyrone Boonsborough

3.5 1.15 �4.08 undatus Turinian Tyrone Boonsborough

4 1.02 �4.04 undatus Turinian Tyrone Boonsborough

5 1.19 �3.49 undatus Turinian Tyrone Boonsborough

6 0.93 �4.02 undatus Turinian Tyrone Boonsborough

6.5 0.92 �5.23 undatus Turinian Tyrone Boonsborough

7 0.85 �4.82 undatus Turinian Tyrone Boonsborough

7.5 0.90 �4.83 undatus Turinian Tyrone Boonsborough

8 0.82 �4.39 undatus Turinian Tyrone Boonsborough

9 0.63 �5.60 undatus Turinian Tyrone Boonsborough

10 0.00 �5.45 undatus Turinian Tyrone Boonsborough

11 0.12 �5.06 undatus Turinian Tyrone Boonsborough

12 0.60 �5.76 undatus Turinian Tyrone Boonsborough

13 0.51 �4.53 undatus Turinian Tyrone Boonsborough

13.5 0.55 �5.81 undatus Turinian Tyrone Boonsborough

14 �0.15 �4.63 undatus Turinian Tyrone Boonsborough

14.5 0.51 �4.42 undatus Turinian Tyrone Boonsborough

15 0.86 �4.36 undatus Turinian Tyrone Boonsborough

15.5 1.02 �5.12 undatus Turinian Tyrone Frankfort

16 0.83 �4.57 undatus Turinian Tyrone Frankfort

16.5 1.20 �4.36 undatus Turinian Tyrone Frankfort

17 1.08 �4.31 undatus Turinian Tyrone Frankfort

17.5 0.10 �5.17 undatus Turinian Tyrone Frankfort

18 0.86 �5.28 undatus Turinian Tyrone Frankfort

18.25 0.96 �4.64 undatus Turinian Tyrone Frankfort

18.5 1.51 �4.19 undatus Turinian Tyrone Frankfort

18.75 1.57 �3.98 undatus Turinian Tyrone Frankfort

19 1.13 �4.74 undatus Turinian Tyrone Frankfort

19.25 �0.05 �4.98 undatus Chatfieldian Lexington Limestone Frankfort

19.5 0.88 �5.03 undatus Chatfieldian Lexington Limestone Frankfort

19.75 1.08 �4.54 undatus Chatfieldian Lexington Limestone Frankfort

20 0.72 �5.33 undatus Chatfieldian Lexington Limestone Frankfort

20.25 0.91 �5.46 undatus Chatfieldian Lexington Limestone Frankfort

20.5 1.06 �5.40 undatus Chatfieldian Lexington Limestone Frankfort

20.75 0.74 �6.08 undatus Chatfieldian Lexington Limestone Frankfort

21 0.93 �5.39 undatus Chatfieldian Lexington Limestone Frankfort

21.25 0.81 �5.42 undatus Chatfieldian Lexington Limestone Frankfort

21.5 0.88 �5.72 undatus Chatfieldian Lexington Limestone Frankfort

21.75 0.90 �4.93 undatus Chatfieldian Lexington Limestone Frankfort

22 0.90 �5.35 undatus Chatfieldian Lexington Limestone Frankfort

22.25 0.70 �5.74 undatus Chatfieldian Lexington Limestone Frankfort

22.5 0.80 �4.82 undatus Chatfieldian Lexington Limestone Frankfort

22.75 0.83 �4.79 undatus Chatfieldian Lexington Limestone Frankfort

23 0.58 �5.41 undatus Chatfieldian Lexington Limestone Frankfort

23.25 0.54 �5.42 undatus Chatfieldian Lexington Limestone Frankfort

23.5 0.88 �4.87 undatus Chatfieldian Lexington Limestone Frankfort

23.75 0.65 �5.46 undatus Chatfieldian Lexington Limestone Frankfort

24 0.63 �5.71 undatus Chatfieldian Lexington Limestone Frankfort

24.25 0.90 �4.40 undatus Chatfieldian Lexington Limestone Frankfort
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Table 2 (continued)

Meters y13C y18O Conodont zone Stage Formation Section

24.5 0.60 �5.83 undatus Chatfieldian Lexington Limestone Frankfort

24.75 0.90 �5.07 undatus Chatfieldian Lexington Limestone Frankfort

25 0.51 �5.47 tenuis Chatfieldian Lexington Limestone Frankfort

25.25 0.65 �6.12 tenuis Chatfieldian Lexington Limestone Frankfort

25.5 0.67 �5.52 tenuis Chatfieldian Lexington Limestone Frankfort

25.75 2.45 �5.42 tenuis Chatfieldian Lexington Limestone Frankfort

26 2.67 �4.27 tenuis Chatfieldian Lexington Limestone Frankfort

26.25 2.84 �4.81 tenuis Chatfieldian Lexington Limestone Frankfort

26.5 2.13 �4.84 tenuis Chatfieldian Lexington Limestone Frankfort

27 2.58 �4.91 tenuis Chatfieldian Lexington Limestone Frankfort

29 2.18 �4.87 tenuis Chatfieldian Lexington Limestone Frankfort

29.5 2.01 �5.06 tenuis Chatfieldian Lexington Limestone Frankfort

30.5 1.12 �5.23 tenuis Chatfieldian Lexington Limestone Frankfort

32.5 2.82 �4.76 tenuis Chatfieldian Lexington Limestone Frankfort

33.5 1.31 �5.14 tenuis Chatfieldian Lexington Limestone Frankfort

34 1.93 �6.08 tenuis Chatfieldian Lexington Limestone Frankfort

34.5 1.21 �5.42 tenuis Chatfieldian Lexington Limestone Frankfort

36 1.25 �5.80 tenuis Chatfieldian Lexington Limestone Frankfort

36.5 0.68 �5.90 tenuis Chatfieldian Lexington Limestone Frankfort

37.5 1.56 �5.09 tenuis Chatfieldian Lexington Limestone Frankfort

39 0.13 �5.92 tenuis Chatfieldian Lexington Limestone Frankfort

39.5 0.16 �5.60 tenuis Chatfieldian Lexington Limestone Frankfort

40 0.03 �6.13 tenuis Chatfieldian Lexington Limestone Frankfort

40.7 0.62 �5.92 tenuis Chatfieldian Lexington Limestone Minerva core

41.3 0.70 �5.77 tenuis Chatfieldian Lexington Limestone Minerva core

41.9 0.71 �5.59 tenuis Chatfieldian Lexington Limestone Minerva core

42.5 0.02 �5.06 tenuis Chatfieldian Lexington Limestone Minerva core

42.8 0.64 �5.17 tenuis Chatfieldian Lexington Limestone Minerva core

43.4 0.63 �5.68 tenuis Chatfieldian Lexington Limestone Minerva core

44 0.72 �5.65 tenuis Chatfieldian Lexington Limestone Minerva core

44.6 0.24 �5.99 tenuis Chatfieldian Lexington Limestone Minerva core

45.2 0.19 �5.99 tenuis Chatfieldian Lexington Limestone Minerva core

45.5 0.56 �4.97 tenuis Chatfieldian Lexington Limestone Minerva core

46.1 0.38 �5.60 tenuis Chatfieldian Lexington Limestone Minerva core

46.7 0.69 �5.59 tenuis Chatfieldian Lexington Limestone Minerva core

47.3 0.52 �5.89 tenuis Chatfieldian Lexington Limestone Minerva core

47.9 0.53 �4.65 tenuis Chatfieldian Lexington Limestone Minerva core

48.5 0.43 �5.44 tenuis Chatfieldian Lexington Limestone Minerva core

49.1 0.76 �4.91 tenuis Chatfieldian Lexington Limestone Minerva core

49.7 0.59 �5.58 tenuis Chatfieldian Lexington Limestone Minerva core

50.3 0.75 �5.25 tenuis Chatfieldian Lexington Limestone Minerva core

50.9 1.35 �4.75 tenuis Chatfieldian Lexington Limestone Minerva core

51.2 0.42 �6.03 tenuis Chatfieldian Lexington Limestone Minerva core

51.8 0.41 �5.92 tenuis Chatfieldian Lexington Limestone Minerva core

52.4 0.88 �4.12 tenuis Chatfieldian Lexington Limestone Minerva core

53 0.37 �5.81 tenuis Chatfieldian Lexington Limestone Minerva core

53.6 1.32 �5.18 tenuis Chatfieldian Lexington Limestone Minerva core

55.1 0.75 �5.71 tenuis Chatfieldian Lexington Limestone Minerva core

55.7 0.06 �6.81 tenuis Chatfieldian Lexington Limestone Minerva core

56.9 0.34 �6.43 tenuis Chatfieldian Lexington Limestone Minerva core

59 0.27 �6.57 tenuis Chatfieldian Lexington Limestone Minerva core

59.6 0.25 �4.50 tenuis Chatfieldian Lexington Limestone Minerva core

62 0.34 �5.78 tenuis Chatfieldian Lexington Limestone Minerva core

(continued on next page)
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Table 2 (continued)

Meters y13C y18O Conodont zone Stage Formation Section

63.5 0.21 �5.42 tenuis Chatfieldian Lexington Limestone Minerva core

65 �0.06 �5.98 tenuis Chatfieldian Lexington Limestone Minerva core

65.6 0.10 �5.14 tenuis Chatfieldian Lexington Limestone Minerva core

67.4 0.12 �4.99 tenuis Chatfieldian Lexington Limestone Minerva core

74 �0.89 �5.46 confluens Chatfieldian Lexington Limestone Minerva core

75.8 �0.92 �6.56 confluens Chatfieldian Lexington Limestone Minerva core

76.7 �0.54 �5.03 confluens Chatfieldian Lexington Limestone Minerva core

78.2 �0.65 �5.72 confluens Chatfieldian Lexington Limestone Minerva core

80.3 �0.61 �5.54 confluens Chatfieldian Point Pleasant Minerva core
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most reliable component for stable isotope analysis

because of its original low magnesium calcite

composition. In the studied sections (this paper)

brachiopods are not continuously available for high-

resolution chemostratigraphy. However, micritic (fine-

grained) components are a reproducible, reliable

alternative for y13C analysis (Kump et al., 1999;

Saltzman, 2001; Saltzman et al., 2004). Several

authors (Magaritz, 1983; Banner and Hanson, 1990;

among others) have demonstrated that y13C values are

largely rock-buffered during the diagenetic histories

that commonly affect marine carbonates.

Micrite and brachiopod calcite based y13C curves

yield similar trends that are reproducible across

continents using biostratigraphy and/or event stratig-

raphy (i.e. K-bentonites). This demonstrates that it is

possible to use micritic components for high-resolu-

tion chemostratigraphy. Studies demonstrating this

reliability include work done in the Late Ordovician

(Gao et al., 1996; Ainsaar et al., 1999; Railsback et

al., 2003) as well as other studies throughout the

Paleozoic. Several Paleozoic positive y13C excursions

have been documented in a wide variety of lithologies

from several different continents. For example, the

Upper Cambrian (Steptoean Stage) SPICE of +5.0x
has been recoded on four continents in a variety of

lithologies, including dolomite (Glumac and Walker,

1998; Saltzman et al., 1998, 2000). The Upper

Ordovician (Hirnantian) positive y13C excursion of

+6.0x has also been recorded in a variety of

lithofacies and is widely documented in North

America and Europe (Bergström et al., 2003; Brench-

ley et al., 1994, 1995, 2003; Finney et al., 1999; Kaljo

et al., 2001; Long, 1993). Another example is the

Silurian–Devonian boundary, which is associated with

a large positive y13C excursion on three different
continents (Andrew et al., 1994; Buggisch, 2001;

Hladikova et al., 1997; Saltzman, 2002). Despite the

good potential for reliable micrite based y13C curves,

diagenetic alteration is still a concern, particularly in

heterogeneous carbonates in shallowing-upward suc-

cessions that are capped by subaerial exposure

surfaces. These exposure surfaces have been demon-

strated to show an abrupt, negative y13C shift within a

meter or less of an exposure horizon, apparently due

to influence of meteoric waters that are 13C-poor from

surface organic input (Railsback et al., 2003).

Within our sampled sections that record the GICE

on the carbonate platform of eastern and central North

America, unconformities which could represent expo-

sure surfaces are not common and have only been

documented in Kentucky and Oklahoma (Finney,

1986; Holland and Patzkowsky, 1996). y13C values

appear to be minimally affected by the unconformities

and any associated meteoric waters related to sub-

aerial exposure events in our study sections. Pre-

excursion y13C values that occur above and below the

unconformities do not exceed a variance of VF1.0x
from the established baselines and there are no

subaerial exposure surfaces in post-excursion strata

sampled for this study.
4. Carbon isotope stratigraphy

4.1. Fittstown, Arbuckle Mountains, southern

Oklahoma

A continuous series of samples was collected from

a section exposing Bromide and Viola Springs

Formations along a roadcut 3.3 miles south of

Fittstown, in Pontotoc County, Oklahoma (Fig. 2).
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The Fittstown section (thickness of ~75 m) is well

studied and unique in that it provides both graptolite

biostratigraphy (Finney, 1986) and conodont biostra-

tigraphy (Sweet, 1983). The Bromide and Viola

Springs Formations at Fittstown are within the upper

P. undatus through lower B. confluens Conodont

Zones and within the upper C. bicornis through lower

C. spiniferus Graptolite Zones (Fig. 3). The basal ~10

m of the outcrop expose bioturbated lime mudstone

and wackestones of the Bromide Formation, with an

erosional surface at the top and 0.2 m of tan,

graptolitic shale of the Viola Springs Formation

resting on top of the unconformity.

y13C values (Table 1) in the lower exposed portion

of the Bromide Formation start near 0.0x with little

fluctuation (zF0.5x) up to the top of the formation

(Fig. 3). Above, in the cherty lime mudstones–

packstone facies of the Viola Springs Formation,

y13C values shift to +1.0x and become increasingly

negative to the top of the cherty limestone facies, with

small fluctuations (zF0.5x) reaching low values of

�1.5x. y13C values then swing positive to values of

+0.5x close to the first occurrence of the conodont P.

tenuis, ~26 m above the base of the section. y13C
values become increasingly positive through the

skeletal packstone/grainstone facies, with a peak of
Fig. 6. (A) Map of North America showing an outline of Virginia and West

in the southern and central Appalachian Basin Region with positions of

Ridge, West Virginia.
+1.5x. y13C values then fall back to between 0.0 to

�1.0x in a lime mudstone–skeletal wackestone

facies within the Viola Springs Formation. These

post-excursion values coincide with the first occur-

rence of the conodont B. confluens, ~65 m above the

base of the section.

4.2. Eastern Laurentia sections

4.2.1. Boonsborough, Frankfort, and Minerva core,

north-central Kentucky

Many biostratigraphic (Bergström and Sweet,

1966; Votaw, 1971; Sweet et al., 1974; Sweet, 1979;

Richardson and Bergström, 2003), sequence strati-

graphic (Holland and Patzkowsky, 1996; Pope and

Read, 1997, 1998), and event stratigraphic (Kolata et

al., 1996) studies have been published on the Middle

and Upper Ordovician carbonates of north-central

Kentucky. Upper Turinian through lower Edenian

carbonates and shales were sampled from two roadcut

exposures near the towns of Frankfort and Boons-

borough and one drill core from near the town of

Minerva (Fig. 4). These three sections were compiled

into a ~120 m thick composite section for north-

central Kentucky (Fig. 5). Conodont biostratigraphic

studies of these carbonates (Votaw, 1971; Sweet et al.,
Virginia (VA, WV). (B) Locality map showing Ordovician outcrops

carbon isotope sampling localities near Hagan, Virginia, and Dolly



Table 3

Stable isotope data, Hagan, Virginia

MetersT y13C y18O Conodont zone Stage Formation Lithology

85 0.65 �4.00 undatus Turinian Eggleston skeletal wackestone

85.5 1.39 �3.81 undatus Turinian Eggleston skeletal wackestone

86 0.43 undatus Turinian Eggleston skeletal wackestone

87 0.63 �3.86 undatus Chatfieldian Eggleston skeletal wackestone

87.5 0.27 �3.87 undatus Chatfieldian Eggleston skeletal wackestone

88 0.24 �5.04 undatus Chatfieldian Eggleston skeletal wackestone

88.5 0.47 �4.57 undatus Chatfieldian Eggleston skeletal wackestone

89 0.44 �4.55 undatus Chatfieldian Eggleston skeletal wackestone

89.5 0.41 �5.58 undatus Chatfieldian Eggleston skeletal wackestone

90 0.50 �5.09 undatus Chatfieldian Trenton skelteal packstone

90.5 �0.01 �5.07 undatus Chatfieldian Trenton skelteal packstone

91 0.14 �5.42 undatus Chatfieldian Trenton skelteal packstone

91.5 �0.06 �6.27 undatus Chatfieldian Trenton skelteal packstone

92 0.47 �4.86 tenuis? Chatfieldian Trenton skelteal packstone

92.5 0.03 �6.13 tenuis? Chatfieldian Trenton skelteal packstone

93 0.62 �5.16 tenuis? Chatfieldian Trenton skelteal packstone

93.5 0.32 �5.40 tenuis? Chatfieldian Trenton skelteal packstone

94 0.46 �5.14 tenuis? Chatfieldian Trenton skelteal packstone

94.5 0.56 �5.42 tenuis? Chatfieldian Trenton skelteal packstone

95 0.48 �5.44 tenuis? Chatfieldian Trenton skelteal packstone

95.5 0.53 �5.16 tenuis? Chatfieldian Trenton skelteal packstone

96 0.80 �4.97 tenuis? Chatfieldian Trenton skelteal packstone

96.5 0.55 �5.39 tenuis? Chatfieldian Trenton skelteal packstone

97 0.28 �5.03 tenuis? Chatfieldian Trenton skelteal packstone

97.5 0.61 �4.90 tenuis? Chatfieldian Trenton skelteal packstone

98 0.62 �4.85 tenuis? Chatfieldian Trenton skelteal packstone

98.5 0.46 �5.12 tenuis? Chatfieldian Trenton skelteal packstone

99 0.42 �6.25 tenuis? Chatfieldian Trenton skelteal packstone

99.5 0.70 �5.39 tenuis? Chatfieldian Trenton skelteal packstone

100 0.44 �5.36 tenuis? Chatfieldian Trenton skelteal packstone

100.5 0.56 �5.39 tenuis? Chatfieldian Trenton skelteal packstone

101 0.45 �5.04 tenuis? Chatfieldian Trenton skelteal packstone

101.5 0.30 �5.04 tenuis? Chatfieldian Trenton skelteal packstone

102 0.33 �5.29 tenuis? Chatfieldian Trenton skelteal packstone

102.5 0.66 �4.87 tenuis? Chatfieldian Trenton skelteal packstone

103 0.86 �4.70 tenuis? Chatfieldian Trenton skelteal packstone

103.5 0.71 �5.12 tenuis? Chatfieldian Trenton skelteal packstone

104 0.63 �5.33 tenuis? Chatfieldian Trenton skelteal packstone

104.5 0.58 �4.88 tenuis? Chatfieldian Trenton skelteal packstone

105 0.73 �5.13 tenuis? Chatfieldian Trenton skelteal packstone

105.5 0.67 �4.78 tenuis? Chatfieldian Trenton skelteal packstone

106 0.71 �5.22 tenuis? Chatfieldian Trenton skelteal packstone

106.5 1.18 �4.65 tenuis? Chatfieldian Trenton skelteal packstone

107 0.33 �4.95 tenuis? Chatfieldian Trenton skelteal packstone

107.5 0.82 �5.03 tenuis? Chatfieldian Trenton skelteal packstone

108 1.01 �5.60 tenuis? Chatfieldian Trenton skelteal packstone

108.5 0.75 �5.52 tenuis? Chatfieldian Trenton skelteal packstone

109 0.75 �5.54 tenuis? Chatfieldian Trenton skelteal packstone

109.5 0.10 �5.80 tenuis Chatfieldian Trenton skelteal packstone

110 0.41 �5.32 tenuis Chatfieldian Trenton skelteal packstone

110.5 1.09 �5.11 tenuis Chatfieldian Trenton skelteal packstone

111 0.83 �5.77 tenuis Chatfieldian Trenton skelteal packstone

111.5 0.66 �5.65 tenuis Chatfieldian Trenton skelteal packstone
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Table 3 (continued)

MetersT y13C y18O Conodont zone Stage Formation Lithology

112 1.07 �4.96 tenuis Chatfieldian Trenton skelteal packstone

123 0.75 �6.15 tenuis Chatfieldian Trenton skeletal grainstone

125 2.12 �4.75 tenuis Chatfieldian Trenton skelteal packstone

127 2.14 �4.89 tenuis Chatfieldian Trenton skeletal grainstone

129 1.58 �4.34 tenuis Chatfieldian Trenton skeletal grainstone

131 1.3 �5.4 tenuis Chatfieldian Trenton skeletal wackestone

134 2.38 �5.04 tenuis Chatfieldian Trenton lime mudstone

135 2.79 �4.48 tenuis Chatfieldian Trenton lime mudstone

136 1.96 �4.73 tenuis Chatfieldian Trenton lime mudstone

139 1.51 �4.8 tenuis Chatfieldian Trenton skeletal grainstone

143 1.34 �4.88 tenuis Chatfieldian Trenton skeletal grainstone

147.0 2.01 �5.19 tenuis Chatfieldian Trenton skeletal wackestone

150.5 2.46 �5.21 tenuis Chatfieldian Trenton lime mudstone

155.0 1.71 �4.25 tenuis Chatfieldian Trenton skeletal grainstone

159.0 2.21 �4.48 tenuis Chatfieldian Trenton skeletal grainstone

161.5 2.23 �4.91 tenuis Chatfieldian Trenton skelteal packstone

163.0 2.81 �4.95 tenuis Chatfieldian Trenton lime mudstone

164.5 1.86 �4.74 tenuis Chatfieldian Trenton lime mudstone

167.0 1.25 �4.89 tenuis Chatfieldian Trenton skeletal wackestone

169.5 2.46 �5.28 tenuis Chatfieldian Trenton lime mudstone

171.0 2.46 �4.22 tenuis Chatfieldian Trenton skeletal grainstone

173.5 2.34 �4.63 tenuis Chatfieldian Trenton lime mudstone

175.0 1.19 �5.05 tenuis Chatfieldian Trenton skeletal grainstone

179.0 0.91 �5.74 tenuis Chatfieldian Trenton skeletal grainstone

182.5 1.86 �3.81 tenuis Chatfieldian Trenton skelteal packstone

184.5 1.38 �5.13 tenuis Chatfieldian Trenton skeletal grainstone

254.0 0.91 �3.84 tenuis Chatfieldian Trenton skeletal wackestone

258.0 0.08 �4.28 tenuis Chatfieldian Trenton skeletal wackestone

262.0 0.22 �4.04 tenuis Chatfieldian Trenton lime mudstone

268.0 0.31 �3.91 tenuis Chatfieldian Trenton lime mudstone

272.0 �1.01 �4.44 confluens Chatfieldian Trenton skelteal packstone

276.0 �1.11 �4.81 confluens Chatfieldian Trenton skelteal packstone

280.0 �1.27 �4.81 confluens Chatfieldian Trenton skeletal grainstone

284.0 �0.51 �4.55 confluens Chatfieldian Trenton skelteal packstone

T Section begins 86 m below the Millbrig K-bentonite bed in the Eggleston Limestone.
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1974; Sweet, 1979; Richardson and Bergström, 2003)

demonstrate that the upper Tyrone through lower

Kope Formations are within the P. undatus through

B. confluens Zones. The upper Tyrone Formation

consists of bioturbated lime mudstones, skeletal

wackestones, and occasional pelletal grainstones

and is referable to the P. undatus Zone. An erosional

surface marking the top of the Tyrone Formation is

overlain by skeletal grainstones of the Lexington

Limestone.

y13C values (Table 2) in the upper Tyrone

Formation begin near 0.0x and trend towards

+1.0x just below the Deicke K-bentonite bed (Fig.

5). Above the Deicke y13C values are 0.0x and

trending to +1.0x through the Tyrone/Lexington
Limestone contact. Values within skeletal grainstones

of the Curdsville Member rise gradually with fluctua-

tions of y13C zF1.0x near the P. undatus/P. tenuis

zonal boundary. In the overlying interbedded shales

and skeletal wackestones and packstones of the

Logana Member, y13C values quickly shift towards

heavier, reaching as high as +2.8x within the P.

tenuis Zone. The skeletal packstones and grainstones

of the lower Grier, Macedonia, and upper Grier

members have y13C values ~+1.0x with fluctuations

of zF1.0x. y13C values gradually fall back to pre-

excursion values through the upper Logana, lower

Grier, and Macedonia members of the Lexington

Limestone. Within the upper Grier Member, near the

P. tenuis/B. confluens zonal boundary, y13C values
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shift from near 0.0x to pre-excursion values of

�1.0x.

4.2.2. Hagan, Southern Appalachians, southwestern

Virginia

In Lee County, Virginia, Middle to Upper

Ordovician strata exposed in a railroad cut at Hagan

(Fig. 6) have been very well studied (Fetzer, 1973;

Hall, 1986; Bergström et al., 1988; Haynes, 1992,

1994; Leslie, 1995; Kolata et al., 1996; Mitchell et

al., 2004). Samples for y13C analyses were collected

from the upper Eggleston Limestone to the top of

the Trenton Limestone (~220 m). Studies by Fetzer

(1973), Hall (1986), and Bergström et al. (1988)

show that the Upper Ordovician Eggleston and

Trenton Limestones in this section are within the

P. undatus through P. tenuis Conodont Zones.
-2
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V-7 K-bent.
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Fig. 7. y13C plots from the Hagan section, southern Appalachians, Virginia

running average was plotted (line drawn between data points) to reflec

biostratigraphy based on Bergström et al. (1988) and Leslie (1995). K-ben

(2004).
Haynes (1992, 1994), Kolata et al. (1996), and

Mitchell et al. (2004) have studied the K-bentonites

at Hagan extensively and the Deicke, Millbrig, V-7,

and House Springs K-bentonites are present within

this sampled section. The Eggleston Limestone is

predominantly bioturbated lime mudstones and

wackestones. The Trenton Limestone is mainly

thin-medium bedded skeletal packstones/grainstones

with thin shale interbeds.

In the Eggleston, y13C values (Table 3) start at

+0.9x but fall to near ~0.0x 3 m above the Millbrig

K-bentonite in the Trenton Limestone. y13C values in

the Trenton become increasingly positive through the

packstone/grainstones (although there are high fre-

quency y13C fluctuations (zF1.0x)), with peak

values +2.8x in the P. tenuis Zone, ~76 m above

the Millbrig K-bentonite bed (Fig. 7). The heavy y13C
-1 0 1 2 3

δ13C (‰ VPDB)

”

-1 0 1 2 3

M4
M5

 m

0

. Due to the high frequency fluctuations of y13C values a three point

t the overall trend of y13C values through this section. Conodont

tonite event stratigraphy from Kolata et al. (1996) and Mitchell et al.
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values in the Trenton interval are fluctuating between

1.8x and 2.8x possibly because of the heteroge-

neous nature (skeletal grainstones) of the samples.

The lower Trenton samples fluctuate on a smaller

frequency (z0.5x), possibly due to the greater

presence of micritic components (wackestones, pack-

stones) in the samples relative to the upper Trenton

Limestone. Just below a large covered interval, y13C
values at ~93 m above the Millbrig are 1.4x and

possibly returning to pre-excursion values. Above the

covered, predominantly shale interval, is the P. tenuis/

B. confluens zonal boundary. y13C values are at

+1.0x and trend more negative toward the Trenton/
-1

Deicke K-b

Millbrig K-

V-7 K-bent.

-1
StageSeries

Cono-
dont
Zone
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M

Fig. 8. y13C plots from the Dolly Ridge section, central Appalachians, Wes

Keith and Hall (1989). K-bentonite event stratigraphy plotted from Perry
Reedsville Shale contact with the uppermost Trenton

y13C values of �0.5 to �1.5x.

4.2.3. Dolly Ridge, Central Appalachians, West

Virginia

The type section for the Dolly Ridge Formation

was sampled from an outcrop along a farm road on

Dolly Ridge 0.8 miles southeast of Riverton, in

Pendleton County, West Virginia (Fig. 6). The ~180

m thick exposure of Nealmont Limestone through

lower Reedsville Formation (Fig. 8) was first

described by Perry (1972). Perry (1972) also

documented 14 K-bentonites within this section,
40 m

0

0 1 2 3 4

ent.

bent.

0 1 2 3 4

δ13C (‰ VPDB)

4
5

t Virginia with conodont biostratigraphy based on Keith (1989), and

(1972), and Haynes (personal communication).
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the lower two being the thickest and these are most

likely the Deicke and Millbrig K-bentonites, respec-

tively (Haynes, personal communication). Because

of the limited biostratigraphic studies done so far on

the Dolly Ridge Formation from nearby sections in

German Valley (Keith, 1989; Keith and Hall, 1989),

fourteen samples were collected from the Dolly

Ridge section and processed for conodonts as part

of this study. These samples show that most of the

Dolly Ridge Formation lies within the upper P.

undatus and the P. tenuis Zones with the uppermost

beds of the Dolly Ridge Formation representing the

basal B. confluens Zone (Keith, 1989; Keith and

Hall, 1989). The Nealmont Limestone consists of

predominantly bioturbated lime mudstones and

wackestones, with occasional skeletal packstones/

grainstones. The Dolly Ridge Formation consists of
Table 4

Stable isotope data, Dolly Ridge, West Virginia

Meters y13C y18O Conodont zone

0 1.26 �4.45 undatus

5.1 0.96 �5.74 undatus

15.1 0.92 �5.33 undatus

21.1 0.36 �5.63 undatus

27.1 0.82 �5.92 undatus

35.6 0.88 �5.93 undatus

41 0.49 �6.07 undatus

47.5 0.98 �6.12 tenuis?

52.5 1.01 �5.81 tenuis?

58.5 1.61 �5.88 tenuis

64.5 2.05 �5.78 tenuis

72.5 2.58 �6.02 tenuis

80.5 2.75 �6.03 tenuis

89.5 2.90 �5.95 tenuis

99.5 3.09 �5.71 tenuis

107.5 2.76 �5.89 tenuis

115.5 3.02 �5.99 tenuis

121.5 2.75 �6.24 tenuis

128.2 2.48 �6.32 tenuis

134.2 2.79 �6.16 tenuis

140.2 2.74 �5.65 tenuis

148.2 2.87 �6.56 tenuis

151.2 2.17 �6.21 tenuis

154.2 2.32 �6.26 tenuis

156.2 1.39 �6.28 tenuis

164.2 1.44 �7.02 tenuis

168.2 0.50 �6.82 tenuis

172.2 0.62 �6.13 tenuis

176.2 �0.37 �6.66 confluens?

180.2 1.29 �7.43 confluens?
interbedded dark gray–black bioturbated lime mud-

stones and shales, with an occasional skeletal

packstone.

The y13C values (Table 4) in the Nealmont Lime-

stone, in the P. undatus Zone and just below the

Deicke K-bentonite bed, begin at +1.0x. Above the

Millbrig K-bentonite bed y13C values stay between

0.0x and +0.8x through the crinoidal packstones at

the top of the Nealmont but shift towards +1.0x
across the Nealmont/Dolly Ridge Formation contact.

y13C values in the lower Dolly Ridge continue to rise

with the heaviest values reaching +3.2x in the P.

tenuis Zone, ~87 m above the Millbrig K-bentonite

bed. y13C values are between +3.2x to +2.7x for

~48 m, within the Dolly Ridge Formation, and then

fall back to pre-excursion values. y13C values shift

from +2.0x to �0.4x in the uppermost Dolly Ridge
Stage Formation Lithology

Turinian Nealmont skeletal packstone

Turinian Nealmont lime mudstone

Turinian Nealmont skeletal packstone

Chatfieldian Nealmont skeletal wackestone

Chatfieldian Nealmont lime mudstone

Chatfieldian Nealmont lime mudstone

Chatfieldian Nealmont skeletal packstone

Chatfieldian Dolly Ridge lime mudstone

Chatfieldian Dolly Ridge lime mudstone

Chatfieldian Dolly Ridge lime mudstone

Chatfieldian Dolly Ridge lime mudstone

Chatfieldian Dolly Ridge lime mudstone
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Formation near the gradational contact with the

Reedsville Formation and the P. tenuis/B. confluens

zonal boundary.
5. Discussion

All four Mohawkian successions examined

record the Guttenberg y13C excursion (GICE) and

confirm the regional significance of this paleoceano-

graphic event. However, the excursion in Oklahoma

does not reach peak y13C values as high as in the

eastern Laurentian sections. These peak y13C values

in Oklahoma also follow lithologic evidence for

upwelling. Here we interpret the observed local

variations in y13C and lithofacies shifts in the

context of the regional aquafacies model of

Holmden et al. (1998). We then focus on the

implications of the new y13C curves presented for

oceanographic models of organic carbon production

and burial, as well as sea-level, during the Late

Ordovician.
0 1000km

New δ13C sample localities

Mountains

Land AreaPeviously studied δ13C localities

Aquafacies boundaries

Sandstone,

Green shale

Wackestone

Land Area

?

Fig. 9. Late Middle Ordovician paleogeographic reconstruction of eastern L

al., 1998), and the respective baseline and heaviest y13C values of the GI
5.1. Local variations in the d13C excursion

The N1.0x offset in the GICE values from

Fittstown, Oklahoma to the Appalachian Foreland

Basin could reflect a combination of biological

(nutrient dependent) and thermodynamic (temperature

dependent) processes that govern the variance of y13C
of dissolved inorganic carbon (Kroopnick, 1985;

Gruber et al., 1999). The modern tropical–subtropical

open oceans only differ by ~0.5x (Gruber et al.,

1999), and the largest marginal sea, the South China

Sea, only differs from the adjacent Pacific ocean by

V0.5x (Lin et al., 1999). However, the observed

regional variations in y13C among the Upper Ordo-

vician aquafacies are comparable to modern carbonate

platforms of the Bahamas and Florida Bay (Patterson

and Walter, 1994), where there is as much as a 4.0x
offset in y13C values relative to the open ocean.

Holmden et al. (1998) defined three different aquaf-

acies for Mohawkian seas: the Midcontinent aquafa-

cies, Taconic aquafacies, and Southern aquafacies.

The GICE in the Midcontinent aquafacies has pre-
Iapetus Ocean

 claystone

, packstone

, packstone

Dark calcareous shale, wackestone

Dark shale, bedded chert

Lime mudstone with chert

aurentia showing lithofacies, aquafacies (modified from Holmden et

CE for the aquafacies.
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GICE values �2x and peak values at +1.5–2.0x
(Ludvigson et al., 1996; Simo et al., 2003) (Fig. 9). In

the Southern and Taconic aquafacies the pre-GICE

values are ~0.0x and peak values are ~z+3.0x
(Fig. 9). Distribution of different water masses

(aquafacies) is the result of thermohaline (density)

and wind-driven (wind friction in the surface mixed

layer) factors in the Ordovician seas (Wilde, 1991).

Surface circulation will transport water masses from

areas of formation until a different water mass is

encountered, the denser water mass then sinks below

the lighter one, thus forming a boundary between the

two water masses (Wilde, 1991). Nutrient dependent

biological processes are the most likely control on

these local y13C variations in the epeiric sea carbo-

nates presented here, which formed in subtropical to

tropical waters with a relatively narrow temperature

range (12–23 8C)(Railsback, 1989).
In south-central Oklahoma pre-excursion values

based on the three Bromide samples are 0.0x, which

are different than base lines in the Midcontinent
0 1000km

Land Area

Mountains

Utica Shales

Fig. 10. Late Middle Ordovician paleogeographic reconstruction of easter

margin of Laurentia, and ocean circulation patterns that were affecting the

Midcontinent of North America (modified from Kolata et al., 2001).
aquafacies (�1.0x to �2.0x) and closer to the

Southern aquafacies (~0.5x to ~1.0x). The Trenton

transgression (sea-level rise), resulted in the initial

deposition of the Viola Springs Formation in Okla-

homa, and brought the thermocline up onto the shelf,

which allowed for the cool, dense, nutrient-rich (i.e.

phosphate, silica), bottom waters to begin upwelling.

In addition, or alternatively, global cooling may have

altered the thermohaline circulation and promoted

more vigorous upwelling in platform margin locations

worldwide (Pope and Steffen, 2003). Regardless of

the cause, upwelling began during the latest Turinian

to earliest Chatfieldian along the southern margin of

Laurentia in Oklahoma and adjacent areas (Pope and

Steffen, 2003) and in the Sebree Trough where cool

waters entered near central Arkansas (Kolata et al.,

2001) (Fig. 10). These cool, phosphate and silica-rich

waters also brought isotopically lighter carbon up

from depth, resulting in lower chert rich Viola Springs

Formation y13C values between 0.0x and �1.5x.

This upwelling effect can also be observed in the
Cold, PO4, Si-rich water
from subpolar currents

Warm water, surface currents

being deposited in the Sebree Trough

Iapetus Ocean

n Laurentia showing Taconic Mountains forming along the eastern

different water masses in the shallow epeiric seas that covered the
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modern seas where in the tropical Pacific isotopically-

light deep waters (~0.5x lighter than waters 158 to

the south) are brought to the surface (Gruber et al.,

1999). However unlikely, it is not possible to

completely rule out incorporation of light carbon

through organic matter oxidation during diagenesis.

The Viola Springs Formation contains abundant

chert (up to 70% chert) and graptolites, which are

further evidence for upwelling in this continental

margin setting (Finney and Berry, 1997; Pope and

Steffen, 2003). Both primary biogenic and secondary

silica are present in the interbedded chert and lime

mudstone and wackestones of the lower Viola Springs

Formation (Galvin, 1983; Candelaria and Roux,

1997). Chert at the Fittstown, Oklahoma section

appears in interbedded discontinuous elongate lenses

and irregular nodules, and is interpreted to be primary

depositional and early diagenetic chert by Pope

(2004). Pope (2004) also interpreted chert from an

Interstate 35 outcropping of the Viola Springs

Formation to be early diagenetic and this is consistent

with our interpretations of chert from the Fittstown

section, which is a stratigraphically more complete

section of the Viola Springs Formation.

The heaviest values (+1.5x) of the GICE are

recorded in the skeletal packstones and grainstones

which lack chert in the upper Viola Springs For-

mation. A likely explanation for this lithofacies

change and higher y13C values was a decrease in

nutrient (phosphate, silica) delivery, which produced

coarser carbonates with no chert and heavier y13C
values. Hallock and Schlager (1986) documented that

carbonate platforms and associated reef communities

thrive in nutrient poor (oligotrophic) waters, and

increased nutrient availability (via upwelling, turn-

over, or runoff from land) decreases water trans-

parency, temperature, and ultimately carbonate

production on the platform. Increased nutrient avail-

ability, resulting in mesotrophic to eutrophic waters,

also increases bioerosion on the carbonate platform

resulting in predominantly mud dominated carbonates

and hardgrounds forming on the platform (Hallock,

1988). Conversely, oligotrophic waters promote the

production of skeletal carbonates and limit the

production of carbonate muds (Hallock, 1988). There-

fore, we infer that the lower chert and lime mudstone

dominated Viola Springs Formation formed in mes-

otrophic to eutrophic waters, while the (isotopically
heavier) skeletal packstones and grainstones of the

upper Viola Springs formed in oligotrophic waters.

Similar changes in carbonate lithologies, nutrient

availability, as well as faunal changes, have been

documented in the Silurian, and an oceanic model

involving alternating oceanic episodes (P and S

episodes) was proposed by Jeppsson (1990). P

episodes are periods where upwelling and terrestrial

weathering are prevalent on the carbonate platform,

resulting in mesotrophic to eutrophic waters produc-

ing argillaceous, finer grained carbonates and shales

being deposited on the platform, which may apply to

the chert-rich lower Viola Springs. S episodes

represent periods of oligotrophic waters on the

carbonate platform resulting in deposition of reefal

and other skeletal carbonates (Jeppsson, 1990), such

as what we observe in the middle part of the Viola

Springs Formation that records the GICE.

The GICE in Oklahoma appears to be a net shift of

+1.5x in magnitude, which is half the magnitude of

the GICE in the Taconic and Southern aquafacies

(+3.0x) (Figs. 5, 7, 8, 11). We attribute this differ-

ence in magnitude of the GICE in Oklahoma to the

effects of upwelling on local y13C values in carbo-

nates on the Oklahoma ramp. Broecker and Maier-

Reimer (1992) discussed an analogous nutrient and

carbon isotope relationship in the modern oceans,

where surface waters of the Antarctic contain high

(1.6 Amol/kg ) PO4 and are 1.5x lighter in y13C than

tropical surface waters containing lower (~0.2 Amol/

kg) PO4. In summary, the GICE in Oklahoma is

recorded in a coarsening-upward succession after a

period of enhanced nutrient delivery through upwell-

ing in this continental margin setting (Fig. 11).

5.2. Upwelling and nutrient flow into the Taconic

aquafacies

The deep, cooler, isotopically lighter oceanic

waters that began upwelling in Oklahoma and other

regions (e.g. Sebree Trough) were likely the source of

the nutrients and cause of the enhanced primary

productivity during the GICE (Fig. 10). The isotopi-

cally light carbon brought to the surface in Oklahoma

was sequestered in the Viola Springs Formation, and

in the deeper water deposits of the upper Womble

Shale and lower Bigfork Chert (Finney, 1986), and

was also sequestered in the Utica Shale of the Sebree
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Trough (Kolata et al., 2001). The resulting 13C-

enriched waters were then transported eastwards to

the region of the Taconic aquafacies. The GICE is

thus recorded with heavier y13C values (~+1.0x
heavier) in the nearby Lexington Limestone in

Kentucky, Trenton Limestone in Virginia, and the

Hermitage Limestone in Tennessee (Railsback et al.,

2003). The heaviest values are recorded in sections in

Pennsylvania (+0.5x to +1.0x heavier; Patzkowsky

et al., 1997) that were furthest from the source of

upwelled waters and were increasingly nutrient

depleted.

Upwelling as a source of nutrients for the

enhanced organic carbon burial that caused the

GICE is consistent with cherty units in Oklahoma,

which are correlated with other Upper Ordovician

cherty units along the southern margins of Laurentia.
These units are thought to record a long-lived,

widespread upwelling event in a Late Ordovician

period of more vigorous deep ocean circulation

produced by the onset of cooling and glaciation of

Gondwana (Pope, 2004). The record of sea level in

the Oklahoma region is consistent with this model.

In Oklahoma the major eustatic rise in sea-level (the

Trenton Transgression of Holland and Patzkowsky

(1996)) is shown by the abrupt contact between the

shallow water, tropical-type carbonates of the upper

Bromide Formation and the overlying deeper water,

temperate-type carbonates of the lower Viola Springs

Formation. After this major transgressive event, sea-

level appeared to fall, as indicated by a coarsening

and increase of skeletal grains upwards through the

Viola Springs Formation (Finney, 1986). In addition,

conodont faunas support this change in water depths
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in that the lower parts of the Viola Springs

Formation (Sweet, 1983) are dominated by P.

undatus, which indicates a deeper water biofacies

(Sweet, 1984b; Sweet and Bergström, 1984). Higher

up in the Viola Springs Formation P. tenuis and B.

confluens appear/or become more abundant, indicat-

ing a shallower water biofacies (Sweet, 1983). Based

upon these data it appears that sea-level was falling

through the GICE, which would be consistent with

sea-level changes during this y13C excursion in

Estonia (Ainsaar et al., 1999). Saltzman and Young

(2005) interpret a major eustatic Chatfieldian sea-

level fall in the passive margin sequence of the

western margin of Laurentia (Nevada), and correlate

it with regressive events in Baltica (Nielsen, 2004).

However, Patzkowsky et al. (1997) interpret the

GICE in eastern Laurentia to be associated with a

sea-level rise, but this rise in sea-level is likely a

local effect due to flexural subsidence in response to

the nearby Taconic Orogeny. A sea-level lowering is

also consistent with climatic cooling related to

enhanced organic carbon burial and a pCO2 draw-

down associated with the GICE (Patzkowsky et al.,

1997). Recent models for the Late Ordovician

(Herrmann et al., 2004) have shown that drops in

sea level, continental drift, atmospheric pCO2, and

changing paleoceanography were necessary condi-

tions for long-term cooling and glaciation in the Late

Ordovician.
6. Conclusions

The Guttenberg y13C excursion (GICE) is recog-

nized in the Viola Springs Formation in Oklahoma

(maximum y13C values of +1.5x), the Lexington

Limestone in Kentucky (maximum y13C values of

+2.8x), the Trenton Limestone in Virginia (max-

imum y13C values of +2.8x), and the Dolly Ridge

Formation in West Virginia (maximum y13C values

of +3.2x). The magnitude (z+3.0x) and timing

(beginning in the upper P. undatus and heaviest

values within the P. tenuis Conodont Zones) of this

y13C excursion have been demonstrated to be the

same in all three previously established aquafacies.

The excursion occurs above the Millbrig K-bentonite

bed, and within the M5 depositional sequence of

Holland and Patzkowsky (1996). In this study
variations of heavy y13C values from +1.5x, to

+2.8x, to +3.2–3.5x are shown to occur over the

carbonate platform of eastern Laurentia. The N1.0x
offset in the GICE values from Fittstown, Oklahoma

to the Appalachian Foreland Basin does reflect the

different water-masses present across the shallow

epeiric seas of Laurentia during this time. We

interpret the lighter y13C values in Oklahoma

compared to other sections as resulting from nutrient

rich, isotopically light waters upwelling which

caused increased primary productivity along the

southern margin of Laurentia and extended into the

Sebree Trough. Subsequently, isotopically light

carbon was sequestered in these areas, resulting in

heavier y13C values in waters that were further

circulated onto the carbonate platform. This global

perturbation of the carbon cycle thus appears to have

regional expression, which is linked to changes in

paleoceanography (i.e. upwelling, ocean circulation),

organic carbon production, and burial, and as well as

sea-level fluctuations.
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