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Abstract

Carbon isotope (N13C) analyses of marine carbonates spanning the Silurian^Devonian transition are compared
from three richly fossiliferous, well-dated sequences in North America. The three sections, in the central Appalachian
Mountains (West Virginia), Great Basin (Nevada), and the southern Mid-continent (Oklahoma), reveal positive N13C
shifts beginning in the late Pridoli and reaching peak values as heavy as +5.8x in the earliest Lochkovian following
the first occurrence of the conodont species Icriodus woschmidti and the graptolite Monograptus uniformis. A positive
shift in N13C is also recorded at this time in Gondwanan regions, including the global stratotype section and point for
the Silurian^Devonian boundary at Klonk in the Czech Republic, as well as in sections in the Carnic Alps of Austria
(Cellon), and Queensland, Australia. The available data from Euramerica and Gondwana are consistent with a
scenario linking seawater N13C enrichment to a eustatic drop during the Silurian^Devonian transition. Seawater N13C
likely increased as a result of enhanced carbonate weathering during exposure and erosion of older Silurian platform
deposits. In addition, the fall in sea level appears to have enhanced nutrient delivery to the oceans and triggered an
increase in organic carbon burial rates at or near the Silurian^Devonian boundary, as indicated by organic-rich
deposition in Gondwanan basins. In terms of its magnitude, the Silurian^Devonian N

13C excursion of v+5x
appears to be among the largest well-documented events in the Paleozoic, comparable to the shifts in the Late
Ordovician and Early Mississippian.
? 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Silurian^Devonian boundary was the ¢rst
systemic boundary to be subject to intensive
worldwide scrutiny using modern stratigraphic

methods and procedures (Chlupac and Kukal,
1977a,b; Cowie et al., 1986; Chlupac and Hladil,
2000). Beginning with the First International
Symposium held in Prague, Czechoslovakia in
1958 and culminating with the ¢nal meeting of
the International Union of Geological Sciences
Silurian^Devonian Boundary Committee in Mon-
treal in 1972, the search for the stratotype has
provided an extensive literature for all regions of
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signi¢cant outcrop area and important fossil
groups worldwide (e.g. Berdan et al., 1969; Flugel
et al., 1977). Following the selection of the base of
the Monograptus uniformis graptolite zone at
Klonk in the Prague Basin of the Czech Republic
as the global stratotype section and point (GSSP),
numerous studies have continued to re¢ne the
biostratigraphic and sedimentologic context of
the Silurian^Devonian (Pridolian^Lochkovian)
boundary in successions both within the strato-
type area and in di¡erent biogeographic realms
(Berry and Murphy, 1975; Klapper and Murphy,
1975; Denkler and Harris, 1988; Jeppsson, 1989;
Hladil, 1991). This work has provided the essen-
tial framework for more recent investigations
aimed at characterizing the chemical stratigraphy
(i.e. stable isotopic and trace elemental) of the
Silurian^Devonian transition as a means of recon-
structing dynamics of ocean circulation, climate
and carbon cycling (Schonlaub et al., 1994; Hla-
dikova et al., 1997; Porebska and Sawlowicz,
1997; Buggisch, 2001). However, to this point,
detailed geochemical studies have been conducted

only for Gondwanan basins and not the Euramer-
ican realm that lay opposite the Rheic Ocean
(Fig. 1; Witzke, 1990; Scotese and McKerrow,
1990), and thus the global signi¢cance of observed
trends is uncertain.
The purpose of this paper is to present high-

resolution carbon isotope (N13C) data from widely
separated basins of the ancient Euramerican land
mass that can be used to evaluate the signi¢cance
of stable isotopic (N13C) trends from the Silurian^
Devonian transition at the GSSP in the Prague
Basin and other regions of Gondwana (Fig. 1).
The N13C trends identi¢ed at Klonk by Hladikova
et al. (1997) and Buggisch (2001), along with the
section at Cellon in the Carnic Alps (Schonlaub et
al., 1994), show a substantial positive shift of
V+4x across the Silurian^Devonian boundary
which the authors relate to enhanced surface^
ocean productivity and high rates of organic mat-
ter burial. Further insight into the processes that
generated this positive N

13C excursion, which is
similar in magnitude to several events recently
documented from lower down in the Silurian

Fig. 1. Locality map (after Witzke, 1990; including part of Gondwana after Scotese and McKerrow, 1990) showing positions of
sections in central Nevada, eastern West Virginia, and southern Oklahoma sampled for N13C, along with previously studied local-
ities in Europe (Czech Republic and Austria) discussed in text. Shading is land, triangle pattern mountains.
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(Azmy et al., 1998; Saltzman, 2001), can come
only with a more complete knowledge of the
N
13C record worldwide and its relationship to or-
ganic-rich deposition, shifting facies patterns and
changes in sea level. Three North American suc-
cessions presently stand out as particularly suit-
able for comparison with the N

13C trends ob-
served in Gondwana because they occur in
carbonate depositional regimes and contain either
conodont or graptolite species that mark the po-
sition of the boundary within a relatively narrow
stratigraphic interval, including: (1) the Roberts
Mountains Formation in the Roberts Mountains
of central Nevada (Berry and Murphy, 1975;
Klapper and Murphy, 1975); (2) the Helderberg
Group in the central Appalachian Mountains of
eastern West Virginia (Denkler and Harris, 1988);
and (3) the Hunton Group in the Arbuckle
Mountains of south-central Oklahoma (Barrick
and Klapper, 1992). These results from integrated
biostratigraphic, sedimentologic and chemostrati-
graphic studies of the Silurian^Devonian transi-
tion o¡er a unique opportunity to reconstruct
Earth history for a single, well-de¢ned time slice,
and represent an ideal framework within which to
observe the global scope and signi¢cance of the
N
13C record.

2. Regional setting

The Silurian^Devonian transition is known to
be preserved in a limited number of localities in
North America that represent either rapidly sub-
siding portions of foreland basins (central Appa-
lachians; Dorobek and Read, 1986; Denkler and
Harris, 1988) and aulacogens (Arbuckle region;
Barrick and Klapper, 1992; Johnson, 1993), or
relatively deep-water outer shelf to slope environ-
ments (Great Basin region; Matti and McKee,
1977; Poole et al., 1977; Sheehan and Boucot,
1991). This spotty record of continuous sedimen-
tation re£ects a period of extensive pre-Middle
Devonian erosion associated with the drop in
sea level that formed Tippecanoe^Kaskaskia
megasequence boundary of Sloss (1963), ulti-
mately removing much of the latest Silurian and
early Devonian from Nevada to New York (Den-

nison and Head, 1975; Johnson and Murphy,
1984; Witzke and Bunker, 1996).

2.1. Appalachian Basin

In the Appalachian Mountain region, the Silu-
rian^Devonian transition (late Pridolian and early
Lochkovian) is best developed near the axis of the
Appalachian Foreland Basin in the Valley and
Ridge Province of the Virginia^West Virginia^
Maryland region where it occurs within the Hel-
derberg Group (Denkler and Harris, 1988). The
Helderberg Group is a heterogeneous succession
of open-marine, mixed carbonate and siliciclastic
facies that formed during a period of relative tec-
tonic quiescence between the major developments
of the Taconic and Acadian clastic wedges (Dor-
obek and Read, 1986). To the north of the axis of
the Helderberg Basin in New York and New Jer-
sey, the precise location of the Silurian^Devonian
transition is less well known due a thinner, more
restricted succession that includes evaporite de-
posits, and quartzose and mud-cracked dolomites
of the Rondout Formation and associated units
(Head, 1969; Denkler and Harris, 1988). Other
areas of the Appalachian region in which the Si-
lurian^Devonian boundary interval has not been
removed by pre-Middle Devonian erosion (Wall-
bridge Discontinuity of Dennison and Head,
1975) include more clastic-rich sections to the
north on the Gaspe¤ Peninsula of Quebec (Gas-
cons and West Point formations; Borque and
Lesperance, 1977), and the Arisaig area of Nova
Scotia and eastern Maine (Stonehouse Forma-
tion; Berdan et al., 1969).

2.2. Great Basin and Rocky Mountains region

In the western United States, the Silurian^De-
vonian boundary interval is known within a rela-
tively narrow, north^south oriented strip of richly
fossiliferous, outer shelf sediments in central Ne-
vada included within the Roberts Mountains For-
mation and equivalents (Berry and Murphy,
1975; Matti and McKee, 1977). To the east (land-
ward) of this favorable depositional setting in cen-
tral Nevada, large areas of eastern Nevada and
Utah are dominated by unfossiliferous to sparsely
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fossiliferous dolomite (Lone Mountain Dolomite)
and restricted peritidal to supratidal facies (Lake-
town Dolomite) that obscure the identi¢cation of
the boundary interval and may represent a major
sedimentary hiatus spanning much of the Prido-
lian and lower Lochkovian (Johnson and Mur-
phy, 1984; Sheehan and Boucot, 1991). In the
present day Northern Rocky Mountain region,
vast areas of Wyoming, northern Arizona, eastern
Utah and Colorado have been stripped of Silurian
rocks entirely, displaying a major unconformity
with Middle to Upper Devonian strata in strati-
graphic contact with underlying Cambrian or Or-
dovician units (Poole et al., 1977; Sheehan and
Boucot, 1991).

2.3. USA mid-continent

The Silurian^Devonian transition in the USA
mid-continent is well developed in the southern
Oklahoma region of the Arbuckle Mountains
where a relatively thick (V40 m) sequence of pre-
dominantly ¢ne-grained, argillaceous limestones
was deposited within the Oklahoma aulacogen
to form parts of the Henryhouse and Haragan
formations of the Hunton Group (Amsden,
1962, 1988; Barrick and Klapper, 1992; Johnson,
1993). Elsewhere, in the more northerly parts of
the mid-continent region, the Upper Silurian suc-
cession is dominated by restricted carbonate facies
that remain poorly dated. For example, in central
Iowa, tens of meters of laminated and mounded
dolomites (Gower Formation) can only be con¢-
dently assigned an age no younger than Wenlock-
ian (Witzke and Bunker, 1996). Similarly re-
stricted and sparsely fossiliferous reef facies,
indicative of hypersaline environments, are devel-
oped in the upper Silurian of the Michigan Basin
and adjacent regions of Wisconsin, Illinois and
Indiana (Shaver, 1996). Only to the south of
this dolomitic, reef-dominated facies belt is anoth-
er reasonably well-dated transition from the Silu-
rian to the Devonian recorded within a patch of
¢ne-grained, shelf-edge limestones and graptolitic
shales in southeastern Missouri (Bainbridge fa-
cies; Berry and Satter¢eld, 1972).
The three North American successions targeted

for stable isotopic investigation are complementa-

ry in that the central Nevada succession repre-
sents one of the thickest Siluro^Devonian sequen-
ces worldwide in which both conodont and
graptolite faunas have been described (Berry and
Murphy, 1975; Klapper and Murphy, 1975);
south-central Oklahoma contains one of the
most densely sampled and integrated conodont
and macrofossil successions in North America
(Amsden, 1962, 1988; Barrick and Klapper,
1976, 1992); and sections in West Virginia are
the best documented from a perspective of se-
quence stratigraphy and basin analysis (Head,
1969; Dorobek and Read, 1986). Taken together,
the biostratigraphic and lithostratigraphic frame-
works in place in the three regions a¡ord a rela-
tively high level of con¢dence in making direct
comparisons of N13C trends and sea-level curves
derived from Euramerica with the previously ex-
amined GSSP succession at Klonk in the Prague
Basin and other Gondwanan regions (Fig. 1).

3. Methods

In order to generate high-resolution curves,
N
13C values were derived from a range of ¢ne-
grained to coarse-grained lithologies that make
up the individual Siluro^Devonian sections
sampled in West Virginia, Nevada and Oklaho-
ma. Micritic components were preferentially
drilled from fresh rock surfaces, although most
samples included heterogeneous admixtures of
skeletal components (i.e. brachiopod, crinoid
and bryozoan fragments) and minor calcite ce-
ments. Despite potential pitfalls (e.g. organic mat-
ter oxidation, ‘vital e¡ects’), there is good reason
to believe that primary seawater N13C values are
commonly obtained from what are essentially
bulk-rock analyses. Several authors have demon-
strated that N13C values are largely rock-bu¡ered
(i.e. the carbon of the new mineral phase is de-
rived from the old mineral phase) during the dia-
genetic histories that typically a¡ect marine car-
bonates (Magaritz, 1983; Banner and Hanson,
1990). For example, an Upper Cambrian (Step-
toean Stage) N13C excursion of +5x has been
recorded in a widely varied set of lithofacies on
four separate continents (SPICE excursion; Saltz-
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man et al., 1998, 2000a), including dolomite facies
(Glumac and Walker, 1998). Preservation of sec-
ular trends in N13C from dominantly micritic lime-
stones of Late Cambrian (Gao and Land, 1991;
Ripperdan et al., 1992), Late Ordovician (Finney
et al., 1999; Kump et al., 1999), Late Devonian
(Joachimski and Buggisch, 1993; Wang et al.,
1996) and Early Mississippian age (Saltzman,
2002) has also been demonstrated between widely
separated stratigraphic sections. This relative im-
mobility of N

13C contrasts with N
18O, which is

easily reset because of the water-dominated nature
of the diagenetic reactions.
Brachiopod shells made up of low-Mg calcite

are often considered the most reliable component
for chemostratigraphic investigations and indeed
have yielded consistent N13C results from strati-
graphic intervals on separate continents (e.g. car-
boniferous studies in Mii et al., 1999; Bruckschen
et al., 1999). However, brachiopods are not avail-
able for the construction of continuous, high-res-
olution N

13C curves in signi¢cant portions of the
Siluro^Devonian transition targeted in this study,
particularly the Roberts Mountains Formation of
Nevada. It is encouraging that N13C values from

Silurian micritic limestones generally overlap the
ranges of brachiopod calcite analyzed from the
same formations. For example, micrites and
bulk-rock analyses from Silurian sections in
northern Europe (Kaljo et al., 1997; Wigforss-
Lange, 1999) faithfully record the major positive
N
13C excursions that have been recognized in bra-
chiopod calcite (Wenzel and Joachimski, 1996;
Azmy et al., 1998), and these events have subse-
quently been traced into parts of North America
using ¢ne-grained carbonate components (Saltz-
man, 2001).
All carbonate samples were roasted under vac-

uum at 380‡C for 1 h to remove volatile con-
taminants prior to analysis. Carbonate powders
were reacted with 100% phosphoric acid at 75‡C
in an online carbonate preparation line (Carbo^
Kiel ^ single sample acid bath) connected to a
Finnigan Mat 251 or 252 mass spectrometer. All
isotope ratios are reported in per mil relative
to the VPDB standard. Measured precision for
N
13C and N

18O was maintained at better than
0.1x.

4. Results

4.1. Smoke Hole, eastern West Virginia

A section of the Helderberg Group was
sampled in a roadcut exposure along the Smoke
Hole River in eastern West Virginia (Fig. 2),
where the succession attains near its maximum
thickness of V140 m (Dorobek and Read, 1986).
At Smoke Hole, the Keyser Limestone marks the
lowest formation within the Helderberg and con-
formably overlies the Tonoloway Limestone, a se-
quence of sparsely fossiliferous, laminated lime
mudstones (Fig. 3). The Keyser is made up pri-
marily of argillaceous, nodular wackestone and
skeletal packstone facies (V70-m thick) that are
further subdivided into upper and lower limestone
members and a middle, clastic-dominated unit
(Big Mountain Shale). The position of the Siluri-
an^Devonian boundary is constrained to the
Upper Keyser Limestone (Fig. 3) by conodont
collections containing the last occurrence of
Oulodus elegans at V10 m below the top of the

Fig. 2. Silurian^Devonian outcrop map and position of the
Smoke Hole section sampled for carbon isotopes in West
Virginia, after Helfrich (1978).
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formation, and a collection yielding the ¢rst oc-
currence of Icriodus woschmidti at V3 m below
the top (Helfrich, 1978; Denkler and Harris,
1988). The contact between the Keyser and New
Creek Limestone is gradational at Smoke Hole
and drawn at the base of the lowest interval of
thick-bedded crinoidal packstone to grainstone.
The New Creek grades into cherty wackestones
of the overlying Corriganville Limestone, and
sampling of carbonates was halted at the top of
the Corriganville where the siliceous facies of the
Shriver Chert begin to dominate.
Carbon isotope (N13C) values rise gradually

from a low near 31x in the uppermost Tonolo-
way Limestone, to a peak near +5x in the
Upper Keyser Limestone (Fig. 3; Table 1). N13C
values remain high (v+4x) across the Silurian^
Devonian (Pridolian-Lochkovian) boundary
drawn just above the ¢rst occurrence of the con-
odont I. woschmidti, before beginning to fall to-
ward pre-excursion values 9+1x in the lower
part of the Corriganville Limestone.

Fig. 3. N13C curve and conodont biostratigraphy for the section of the Helderberg Group at Smoke Hole, West Virginia (see Ta-
ble 1). Conodont zonation based on Helfrich (1978) and Denkler and Harris (1988). Position of the eurekaensis zone within the
Helderberg is inferred from Sartain (1981).

Fig. 4. Locality map for the Birch Creek II section sampled
for carbon isotopes in the Roberts Mountains of central Ne-
vada (after Klapper and Murphy, 1975). The Lower Devoni-
an section sampled in the Northern Antelope Range (in-
cluded in Fig. 5) is V70 km to the south of the Birch Creek
section.
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Table 1
Stable isotope data, Smoke Hole, West Virginia

Metera N
13C N

18O Conodont zone Stage Formation

0.0 31.91 38.03 eostein. or detorta Pridolian Tonoloway
2.5 31.11 37.71 eostein. or detorta Pridolian Tonoloway
5.5 0.52 36.59 detorta Pridolian Lower Keyser
6.5 0.23 37.06 detorta Pridolian Lower Keyser
8.0 0.30 37.47 detorta Pridolian Lower Keyser
11.5 30.58 37.21 detorta Pridolian Lower Keyser
13.0 0.00 37.39 detorta Pridolian Lower Keyser
14.5 0.13 37.32 detorta Pridolian Lower Keyser
16.0 30.07 37.26 detorta Pridolian Lower Keyser
17.0 30.09 37.18 detorta Pridolian Lower Keyser
18.5 30.16 37.39 detorta Pridolian Big Mtn. Shale
23.0 0.21 36.79 detorta Pridolian Big Mtn. Shale
27.0 2.21 34.87 detorta Pridolian Big Mtn. Shale
35.0 0.40 36.58 detorta Pridolian Upper Keyser
37.7 2.51 36.02 detorta Pridolian Upper Keyser
39.7 2.32 36.25 detorta Pridolian Upper Keyser
43.2 3.58 36.80 detorta Pridolian Upper Keyser
44.2 3.85 36.95 detorta Pridolian Upper Keyser
46.2 4.10 36.21 detorta Pridolian Upper Keyser
47.7 4.21 36.36 detorta Pridolian Upper Keyser
49.2 4.76 35.47 detorta Pridolian Upper Keyser
50.7 4.60 36.00 detorta Pridolian Upper Keyser
51.2 4.67 35.74 detorta Pridolian Upper Keyser
52.2 4.92 36.23 detorta Pridolian Upper Keyser
55.2 4.96 36.50 detorta Pridolian Upper Keyser
56.7 4.90 35.75 detorta Pridolian Upper Keyser
57.7 4.47 36.41 detorta Pridolian Upper Keyser
59.2 4.09 34.90 detorta Pridolian Upper Keyser
60.2 5.07 35.39 detorta Pridolian Upper Keyser
61.7 4.71 36.44 detorta Pridolian Upper Keyser
62.7 4.61 35.84 detorta Pridolian Upper Keyser
64.2 4.46 36.71 detorta Pridolian Upper Keyser
65.2 4.57 36.98 detorta Pridolian Upper Keyser
66.7 4.64 36.52 detorta Pridolian Upper Keyser
67.7 3.72 36.50 hesperius (woschm.) Pridolian Upper Keyser
69.7 4.06 36.54 hesperius (woschm.) Pridolian Upper Keyser
71.7 3.69 36.25 hesperius (woschm.) Pridolian Upper Keyser
76.0 4.08 36.43 hesperius (woschm.) Lochkovian New Creek
76.5 3.73 36.68 hesperius (woschm.) Lochkovian New Creek
77.0 4.05 36.61 hesperius (woschm.) Lochkovian New Creek
79.0 4.09 36.04 hesperius (woschm.) Lochkovian New Creek
80.0 3.42 36.31 hesperius (woschm.) Lochkovian New Creek
83.0 3.10 36.34 hesperius (woschm.) Lochkovian New Creek
87.0 3.13 36.37 hesperius (woschm.) Lochkovian New Creek
88.5 1.43 36.24 hesperius (woschm.) Lochkovian New Creek
89.0 3.40 36.13 hesperius (woschm.) Lochkovian New Creek
92.0 2.56 36.14 hesperius (woschm.) Lochkovian Corriganville
99.0 30.03 36.29 eurekaensis Lochkovian Corriganville
103.0 0.31 35.90 eurekaensis Lochkovian Corriganville
105.0 1.72 35.43 eurekaensis Lochkovian Corriganville
a Section begins 3.3 meters below the top of the Tonoloway Limestone.
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4.2. Roberts Mountains and Northern Antelope
Range, central Nevada

An upper Pridolian through lowermost Loch-
kovian section of the Roberts Mountains Forma-
tion is exposed along Birch Creek in the Roberts
Mountains of central Nevada (Fig. 4; Berry and
Murphy, 1975; Klapper and Murphy, 1975). The
upper part of the Roberts Mountains Formation
at the Birch Creek II section (Fig. 5) consists of
alternating marl stone, lime mudstone and wacke-
stone lithologies, with minor intervals of skeletal
packstone and pebbly limestone lithologies. The
position of the Silurian^Devonian boundary is
constrained by conodont collections containing
the last occurrence of Ozarkodina eosteinhornensis
at V170 m above the base of the Birch Creek II

section (indicating a late Silurian age), and the
¢rst occurrence of I. woschmidti at 171 m (Klap-
per and Murphy, 1975). In addition, the ¢rst oc-
currence of the graptolite M. uniformis, which de-
¢nes the Silurian^Devonian boundary at the
Klonk GSSP, is at 173 m above the base of the
Birch Creek II section (Berry and Murphy, 1975).
A signi¢cant covered interval occurs at Birch
Creek V25 m above the Silurian^Devonian
boundary (Fig. 5), and the remainder of the Loch-
kovian samples analyzed come from a section of
the Lone Mountain Dolomite exposed in the
Northern Antelope Range V70 km to the south
of the Roberts Mountains. The Lone Mountain
Dolomite in the Northern Antelope Range con-
sists of an essentially monofacial succession of
dolomicrites that have yielded an upper Lochko-

Fig. 5. N13C curve and conodont biostratigraphy (Klapper and Murphy, 1975) for the Pridolian to Lochkovian Roberts Moun-
tains Formation at the Birch Creek II section in the Roberts Mountains, central Nevada (Matti and McKee, 1977); and the
Lochkovian to Pragian section of the Lone Mountain Dolomite in the Northern Antelope Range of central Nevada (see Table
2). The ¢rst occurrence of the graptolite M. uniformis at Birch Creek II (Berry and Murphy, 1975) marks the Silurian^Devonian
boundary. The top of the sampled portion of the Roberts Mountains Formation at Birch Creek II is a covered interval, and the
precise correlation with the base of the sparsely fossiliferous Lone Mountain Dolomite section sampled in the Northern Antelope
Range is uncertain (Johnson and Murphy, 1984).
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Table 2
Stable isotope data, Central Nevada

Metera N
13C N

18O Conodont zone Section Metera N
13C N

18O Conodont zone Section

9.8 1.22 313.00 ploeckensis BC II 138.7 1.75 37.00 non-diagnostic BC II
12.8 1.11 39.47 ploeckensis BC II 142.0 2.43 37.74 non-diagnostic BC II
15.2 1.34 313.10 ploeckensis BC II 144.8 1.53 36.81 non-diagnostic BC II
15.5 1.52 311.08 ploeckensis BC II 152.4 0.21 37.75 non-diagnostic BC II
15.8 1.47 38.85 ploeckensis BC II 159.1 2.73 35.22 eostein./detorta BC II
18.0 1.17 313.40 ploeckensis BC II 161.8 3.31 310.02 eostein./detorta BC II
26.5 1.26 311.42 non-diagnostic BC II 163.4 3.19 310.24 eostein./detorta BC II
31.4 0.62 310.11 latialata (snajdri) BC II 166.1 2.17 312.76 eostein./detorta BC II
32.6 0.78 311.48 latialata (snajdri) BC II 168.6 3.27 38.64 eostein./detorta BC II
33.2 0.67 311.83 latialata (snajdri) BC II 172.2 2.61 314.09 hesperius BC II
34.7 0.93 311.05 latialata (snajdri) BC II 175.3 3.52 311.98 hesperius BC II
36.0 0.64 311.15 latialata (snajdri) BC II 179.2 5.08 36.46 hesperius BC II
37.5 1.27 316.37 non-diagnostic BC II 182.6 5.84 34.19 hesperius BC II
39.0 0.55 312.44 non-diagnostic BC II 186.5 5.08 38.43 hesperius BC II
40.5 0.57 310.63 non-diagnostic BC II 189.6 5.52 35.88 hesperius BC II
40.8 0.61 310.52 non-diagnostic BC II 191.1 4.49 313.17 hesperius BC II
42.1 0.66 312.29 non-diagnostic BC II 192.0 5.72 35.04 hesperius BC II
42.4 0.52 312.11 non-diagnostic BC II 217.0 30.15 34.80 non-diagnostic NA I
44.8 0.18 39.94 non-diagnostic BC II 227.0 30.05 32.52 non-diagnostic NA I
46.3 0.16 38.92 non-diagnostic BC II 234.0 0.09 33.08 non-diagnostic NA I
47.9 30.27 310.05 non-diagnostic BC II 242.0 30.01 34.01 non-diagnostic NA I
49.4 0.52 313.28 non-diagnostic BC II 251.0 30.30 32.45 non-diagnostic NA I
51.5 1.05 39.44 non-diagnostic BC II 256.0 30.19 30.20 non-diagnostic NA I
58.5 0.16 37.49 non-diagnostic BC II 262.0 30.23 31.65 non-diagnostic NA I
60.0 1.05 1.11 non-diagnostic BC II 267.0 30.03 30.89 non-diagnostic NA I
67.1 0.86 312.90 non-diagnostic BC II 282.0 30.08 32.77 non-diagnostic NA I
70.1 0.73 312.64 P. index (eostein.) BC II 292.0 30.42 33.01 non-diagnostic NA I
73.8 1.37 317.60 P. index (eostein.) BC II 297.0 30.33 33.43 non-diagnostic NA I
75.3 1.31 313.63 P. index (eostein.) BC II 302.0 0.03 32.93 non-diagnostic NA I
76.8 1.31 312.18 P. index (eostein.) BC II 307.0 30.26 31.93 non-diagnostic NA I
78.3 1.58 311.75 P. index (eostein.) BC II 312.0 30.39 34.33 non-diagnostic NA I
79.9 1.48 311.13 P. index (eostein.) BC II 317.0 30.54 32.54 non-diagnostic NA I
81.7 0.78 38.94 P. index (eostein.) BC II 322.0 0.84 33.51 non-diagnostic NA I
83.2 1.33 312.83 P. index (eostein.) BC II 327.0 0.15 32.19 non-diagnostic NA I
84.4 2.51 37.27 P. index (eostein.) BC II 332.0 0.26 33.00 non-diagnostic NA I
85.3 1.57 311.94 P. index (eostein.) BC II 337.0 0.13 32.11 non-diagnostic NA I
87.2 0.74 315.12 P. index (eostein.) BC II 342.0 30.02 32.22 non-diagnostic NA I
88.7 1.01 39.88 P. index (eostein.) BC II 352.0 30.39 33.64 non-diagnostic NA I
93.0 0.06 35.28 P. index (eostein.) BC II 357.0 0.02 31.82 non-diagnostic NA I
94.5 30.45 310.92 P. index (eostein.) BC II 362.0 30.20 32.28 non-diagnostic NA I
111.3 2.34 36.67 P. index (eostein.) BC II 367.0 30.20 33.56 non-diagnostic NA I
112.8 0.97 310.85 P. index (eostein.) BC II 377.0 30.23 32.98 non-diagnostic NA I
117.3 1.18 37.36 P. index (eostein.) BC II 382.0 0.05 0.01 non-diagnostic NA I
118.9 1.79 37.48 P. index (eostein.) BC II 387.0 0.55 0.39 delta or pesavis NA I
120.4 0.77 38.71 P. index (eostein.) BC II 397.0 0.09 32.61 delta or pesavis NA I
121.0 0.95 314.07 P. index (eostein.) BC II 402.0 30.12 33.03 delta or pesavis NA I
123.4 1.26 36.74 P. index (eostein.) BC II 407.0 30.35 33.26 delta or pesavis NA I
126.5 0.95 36.12 P. index (eostein.) BC II 412.0 30.69 33.28 pesav. or sulcat. NA I
132.6 0.32 36.97 P. index (eostein.) BC II 427.0 0.10 30.59 sulcatus NA I
a Section at Birch Creek (BC II) begins at base of the Roberts Mountains Formation (see Klapper and Murphy, 1975); sec-

tion at Northern Antelope Range (NAI) begins 209 meters below the top of the Lone Mountain Dolomite (see Trojan, 1978;
Johnson and Murphy, 1984).
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vian (delta or pesavis zone) conodont fauna from
33.5 m below the top of the formation (Johnson
and Murphy, 1984).

N
13C values begin near +1x in the lower part

of the Roberts Mountains Formation at Birch
Creek II (Fig. 3; Table 2) and rise gradually to
heavier values through a series of higher-fre-
quency £uctuations (v S2x), ultimately reach-
ing a distinct peak of +5.8x at the top of the
section, V20 m above the level of the Silurian^
Devonian boundary. The Lochkovian succession
of the Lone Mountain Dolomite from the North-
ern Antelope Range shows relatively uniform
N
13C values near 31x.

4.3. Arbuckle Mountains, south-central Oklahoma

The I-35 roadcut and supplementary section at
Highway 77 in the Arbuckle Mountains of south-
central Oklahoma (Fig. 6; Saltzman, 2001) pro-
vide nearly complete exposures of Silurian^Devo-
nian transition in the upper Henryhouse and low-
er Haragan formations of the Hunton Group.
Both the Henryhouse and Haragan are comprised
of similar marl stone and lime mudstone to
wackestone-dominated sequences, and the forma-
tional contact is drawn based on biostratigraphic
evidence at the I-35 section (Amsden, 1962, 1988).
However, in other parts of the Oklahoma Basin,
evidence exists for relief on the Henryhouse^Har-
agan surface, and Amsden (1988) has suggested
that a substantial sedimentary hiatus may be
present. The Silurian^Devonian boundary at the
I-35 section can be narrowed to within a thin,
zonally indeterminate interval (V0.5 m) based
on collections containing Oulodus elegans detorta
from near the top of the Henryhouse Formation
(sample 2BB, Fig. 7), and Icriodus postwoschmidti
just above the base of the Haragan Formation
(sample 2E; eurekaensis zone of Barrick and
Klapper, 1992). The lack of evidence for the
diagnostic conodont I. woschmidti (which occurs
within meters of the ¢rst occurrence of the grap-
tolite M. uniformis and the Silurian^Devonian
boundary at the GSSP at Klonk and the Birch
Creek II section in Nevada; Fig. 5) in this interval
is consistent with the notion of a hiatus corre-
sponding to the hesperius (woschmidti) conodont

zone (uppermost Pridoli and lowermost Lochko-
vian).

N
13C values rise from +1x in the middle and

upper portions of the Henryhouse Formation at
the Highway 77 section (eosteinhornensis and de-
torta zones; Saltzman, 2001) to a maximum near
+2x at the top of the formation and V0.5 m
above the sample containing a latest Pridolian
conodont fauna (Fig. 7 Table 3). N13C values in
the basal Haragan Formation reach a maximum
of v+3x in the eurekaensis zone, before falling
gradually to a pre-excursion baseline ofV0x at
the top of the Haragan.

5. Discussion

5.1. Correlation of the Silurian^Devonian N
13C

excursion

The Silurian^Devonian transition is marked by
a positive N

13C shift in the three Euramerican
sections investigated (Figs. 3, 5, 7). The maximum
N
13C value reached is +5.8x within the lower-
most Lochkovian hesperius conodont zone at the
Birch Creek II section in central Nevada. The
carbon isotope trends in Euramerica can be cor-

Fig. 6. Locality map for the I-35 and Highway 77 sections
sampled for carbon isotopes in the Arbuckle Mountains of
southern Oklahoma after Barrick and Klapper (1992).
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related using conodont and graptolites with a
N
13C shift spanning the Silurian^Devonian bound-
ary in several Gondwanan sections, including the
GSSP at Klonk in the Czech Republic (Fig. 8;
Hladikova et al., 1997; Buggisch, 2001) and the
well-dated section at Cellon in the Carnic Alps
(Schonlaub et al., 1994). In addition, N13C data
from strata of the hesperius zone in the Jack
Limestone of Queensland, Australia (Andrew et
al., 1994) also show a large positive anomaly
(v+6x), and argue against the N13C shift being
purely an artifact of diagenesis, which is unlikely
to shift N13C to such heavy values simultaneously
in distant paleotectonic and paleogeographic set-
tings (Fig. 1). The results of this study provide the
¢rst evidence for a global scale perturbation in
carbon cycling during the Silurian^Devonian
transition, signaled by one of the largest N

13C
peaks known thus far in the Paleozoic (e.g. com-
pare with a shift of v+6x known from the Late

Ordovician in Kump et al., 1999; and v+5x for
the Upper Cambrian in Saltzman et al., 2000a).
The biostratigraphic basis for correlation of

N
13C peaks between Euramerica and Gondwana,
including the Klonk GSSP, is most ¢rmly estab-
lished in the Birch Creek II section (Fig. 5) of
Nevada, where a sequence of shared and indepen-
dent faunal events delineate the Silurian^Devoni-
an boundary interval (Klapper and Murphy,
1975). These events include the overlap in the
range of the conodonts Ozarkodina remsheidensis
eosteinhornensis and O. remsheidensis remsheiden-
sis, indicating a latest Silurian age, and the ¢rst
occurrences of the conodont I. woschmidti and the
graptolite M. uniformis V2 m higher in the sec-
tion. Correlation of the N13C peak at the Smoke
Hole section in the Appalachian Basin (Fig. 3) is
based on strata that record the ¢rst occurrence of
the cosmopolitan conodont I. woschmidti above
the last occurrence of O. elegans, although it

Fig. 7. Integrated N
13C and conodont biostratigraphy (Barrick and Klapper, 1976, 1992) for the Pridolian Henryhouse and Loch-

kovian Haragan formations in the Arbuckle Mountains, south-central Oklahoma (see Table 3). Fossil horizons are plotted for
the I-35 section and numbered for key collections used to delineate the Silurian^Devonian boundary and inferred hiatus which
removes the hesperius zone (see Barrick and Klapper, 1992), and thus likely a portion of the larger (v+5x) N13C excursion
seen in Nevada and West Virginia. The abrupt change in brachiopod faunas between the Henryhouse and Haragan formations
(see Amsden, 1988) is from Barrick and Klapper (1992).
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Table 3
Stable isotope data, Arbuckle Mountains, Oklahoma

Metera N
13C N

18O Conodont zone Section (#)b Stage Formation

0.0 0.82 34.13 eosteinhornensis Highway 77 Pridolian Henryhouse
0.1 0.88 34.53 eosteinhornensis Highway 77 Pridolian Henryhouse
0.3 1.10 34.10 eosteinhornensis Highway 77 Pridolian Henryhouse
0.6 1.05 34.34 eosteinhornensis Highway 77 Pridolian Henryhouse
1.2 1.11 34.03 eosteinhornensis Highway 77 Pridolian Henryhouse
1.8 0.78 34.37 eosteinhornensis Highway 77 Pridolian Henryhouse
2.4 0.87 34.19 eosteinhornensis Highway 77 Pridolian Henryhouse
3.0 0.85 33.72 eosteinhornensis Highway 77 Pridolian Henryhouse
3.6 0.76 34.44 eosteinhornensis Highway 77 Pridolian Henryhouse
4.2 0.78 34.13 eosteinhornensis Highway 77 Pridolian Henryhouse
4.8 1.18 34.21 eosteinhornensis Highway 77 Pridolian Henryhouse
5.4 0.68 34.24 eosteinhornensis Highway 77 Pridolian Henryhouse
6.0 0.96 34.01 eosteinhornensis Highway 77 Pridolian Henryhouse
6.6 0.88 34.10 eosteinhornensis Highway 77 (338a) Pridolian Henryhouse
7.2 0.93 34.29 eosteinhornensis Highway 77 Pridolian Henryhouse
7.8 0.58 33.82 eosteinhornensis Highway 77 Pridolian Henryhouse
8.4 0.75 34.56 eosteinhornensis Highway 77 Pridolian Henryhouse
9.0 0.99 34.11 eosteinhornensis Highway 77 (342) Pridolian Henryhouse
9.6 0.84 34.40 eosteinhornensis Highway 77 (343) Pridolian Henryhouse
9.9 1.64 34.66 eosteinhornensis Highway 77 Pridolian Henryhouse
10.2 0.82 33.81 eosteinhornensis Highway 77 Pridolian Henryhouse
10.8 0.69 34.02 eosteinhornensis Highway 77 Pridolian Henryhouse
11.4 0.64 34.40 eosteinhornensis Highway 77 Pridolian Henryhouse
12.0 0.83 33.85 detorta Highway 77 Pridolian Henryhouse
12.6 1.06 34.27 detorta Highway 77 Pridolian Henryhouse
13.8 1.06 33.78 detorta Highway 77 Pridolian Henryhouse
14.4 0.81 34.48 detorta Highway 77 Pridolian Henryhouse
15.0 0.96 34.21 detorta Highway 77 Pridolian Henryhouse
15.6 1.07 34.01 detorta Highway 77 Pridolian Henryhouse
15.9 0.83 34.23 detorta Highway 77 Pridolian Henryhouse
16.8 0.92 34.49 detorta Highway 77 (40 a) Pridolian Henryhouse
17.0 1.36 33.80 detorta I-35 Pridolian Henryhouse
17.6 0.97 33.53 detorta I-35 Pridolian Henryhouse
17.9 1.36 34.11 detorta I-35 Pridolian Henryhouse
18.5 1.53 33.72 detorta I-35 Pridolian Henryhouse
19.4 0.84 32.89 detorta I-35 (2BB) Pridolian Henryhouse
19.6 1.92 33.56 non-diagnostic I-35 (2C) Lochkovian? Henryhouse
20.1 3.22 33.40 postwoschmidti I-35 (2E) Lochkovian Haragan
20.2 2.70 33.28 postwoschmidti I-35 (3) Lochkovian Haragan
20.6 3.12 33.48 postwoschmidti I-35 Lochkovian Haragan
21.0 2.00 33.35 postwoschmidti I-35 Lochkovian Haragan
21.5 2.18 33.03 postwoschmidti I-35 (4) Lochkovian Haragan
23.5 1.26 33.01 postwoschmidti I-35 Lochkovian Haragan
24.5 0.92 32.98 postwoschmidti I-35 Lochkovian Haragan
25.5 0.63 33.04 postwoschmidti I-35 Lochkovian Haragan
26.5 0.41 33.33 postwoschmidti I-35 Lochkovian Haragan
27.5 0.67 32.91 postwoschmidti I-35 Lochkovian Haragan
27.5 30.14 33.20 postwoschmidti I-35 Lochkovian Haragan
28.5 30.14 33.38 postwoschmidti I-35 Lochkovian Haragan
a Section begins at 7.6 meters above the base of the Henryhouse Formation at Highway 77 (see Barrick and Klapper, 1976;

Saltzman, 2001).
b Numbers are from Barrick and Klapper (1992) for I-35 section; and Barrick and Klapper (unpublished) for Highway 77 sec-

tion.
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should be noted that peak N13C values are reached
V5 m below the top of the latest Pridolian detor-
ta zone here, which is somewhat older than at
Birch Creek II (V20 m above the base of the ¢rst
occurrence of the Lochkovian graptolite M. uni-
formis) or Klonk (V7 m above the base of the
¢rst occurrence of M. uniformis). This o¡set in
N
13C peaks between Smoke Hole and Birch Creek
II could be explained if the conodont species
O. elegans ranged into the earliest Lochkovian
in the Appalachian Basin.
At the I-35 section in south-central Oklahoma,

the Silurian^Devonian transition contains a sig-
ni¢cant hiatus between the last occurrence of
O. elegans and the ¢rst occurrence of I. post-
woschmidti (which can be tied into the middle
part of the uniformis graptolite zone at Klonk),
corresponding to at least a part of the hesperius
zone and possibly including parts of the under-
lying and overlying zones (Barrick and Klapper,
1992). Consistent with the conodont biostratigra-

phy, the beginning of the positive N
13C shift is

truncated at the top of the Henryhouse Forma-
tion (Fig. 7), and only a portion of the falling
limb of the excursion (from maximum values of
+3x to a baseline near 0x) can be seen in the
lowermost few meters of the Haragan Formation
of eurekaensis zone age. Alternatively, it may be
that a condensed interval at the top of the Henry-
house Formation in the Oklahoma Basin has ob-
scured the complete record of the +5x N

13C ex-
cursion recorded elsewhere in North America,
although no evidence for condensation (i.e.
phosphatized grains or glauconite) has been ob-
served.

5.2. Mechanisms for Silurian^Devonian N
13C

excursion

Fluctuations in the N13C of marine carbonates
that persist on time scales longer thanV105 years
provide a record of changes in the burial ratio of

Fig. 8. Plot of N13C (from Hladikova et al., 1997) and conodont biostratigraphy (Jeppsson, 1989; Chlupac and Hladil, 2000) for
the Klonk GSSP in the Czech Republic. The Silurian^Devonian boundary is de¢ned by the ¢rst occurrence of the graptolite M.
uniformis, and the occurrence of I. woschmidti is projected from a nearby section in the Prague Basin (Jeppsson, 1988, 1989;
Chlupac and Hladil, 2000).
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organic carbon to carbonate carbon, and may
also re£ect changes in carbonate weathering rates
or the sensitivity of the photosynthetic carbon
isotope e¡ect to changes in pCO2 (Kump and
Arthur, 1999). The steady-state carbon isotopic
mass^balance equation most often used to inter-
pret changes in N

13C of marine carbonates can be
represented as:

f org ¼
N w3N carb

v B

Using this expression (Kump and Arthur,
1999), the organic carbon burial fraction (forg)
can be calculated directly from the N13C of marine
carbonates (Ncarb) by assuming constant values for
the riverine weathering £ux (Nw) and the magni-
tude of the photosynthetic carbon isotope e¡ect
(vB). Using the Phanerozoic average values of
Nw =35x and constant vB = 30x from Kump
and Arthur (1999), a shift from +1x to +6x
across the Silurian^Devonian boundary corre-
sponds to an V83% increase in forg. It is also
possible to calculate that V8.3U1018 moles of
excess carbon had to be buried somewhere in
the global oceans during the estimated 1-million-
year duration of this 83% increase in forg by sub-
stituting average values for the carbon £uxes that
make up the long-term carbon cycle at steady-
state (values in Kump and Arthur, 1999 as fol-
lows: 5U1019 moles C/Myr for the riverine input,
and 0.2 for forg). The magnitude of the change in
forg is, however, very much dependent upon
whether pCO2 (and thus vB) changed signi¢cantly
during the course of the N13C excursion. For ex-
ample, if the burial of organic carbon caused a
reduction in pCO2 and a decrease in vB (Kump
and Arthur, 1999), the N

13C of organic matter
would record a larger positive excursion (and later
in time) than Ncarb and lead to an underestimation
of the magnitude of the increase in forg by using
the record of Ncarb alone.
As an alternative to the carbon burial hypoth-

esis, it is possible to generate +6x peak in Ncarb

by increasing the N13C of the riverine weathering
input (Nw). This may be accomplished by increas-
ing the fraction derived from carbonate weather-
ing (versus isotopically light organic-rich shales)

as explored by Kump et al. (1999). These authors
have argued that the +6x N

13C shift in Late
Ordovician carbonates was due to the e¡ects of
global regression on carbonate weathering rates,
which increased from 72% to 88% of the total
weathering £ux during the event (assuming the
magnitude of the photosynthetic carbon isotope
e¡ect, vB, also increased by V7x in the Late
Ordovician). The excess carbonate eroded from
exposed platforms during a V25% increase in
the fraction of carbonate weathered is 8U1018

mol C, using the steady-state value of 3.6U1019

mol C/Myr for the carbonate weathering £ux
(Kump et al., 1999; Kump and Arthur, 1999).
The record of global organic carbon burial

rates and the nature of eustatic sea level changes
through the Silurian^Devonian transition are not
yet known in su⁄cient detail to rule out possible
scenarios for increasing seawater N

13C values.
This is due in part to the fact that many of the
published paleogeographic reconstructions and
particularly sea level curves for the Silurian and
Devonian systems do not span the boundary itself
(e.g. Johnson et al., 1985; Johnson, 1996). None-
theless, detailed facies analysis of sections in cen-
tral and southern Europe which have also been
analyzed for N13C indicates that the Silurian^De-
vonian transition is marked by a drop in sea level.
For example, in the Prague Basin, Kriz (1991) has
noted a relatively sharp, regionally persistent con-
tact between deeper-water laminated limestones
and the overlying bioclastic crinoidal and cepha-
lopod limestones of the uppermost Pridoli Forma-
tion. In the Carnic Alps, a similar facies change
from ¢ne-grained nodular limestone to bioclastic
limestone occurs several meters below the Siluri-
an^Devonian boundary as de¢ned by the ¢rst oc-
currences of I. woschmidti and M. uniformis (Flu-
gel et al., 1977). The notion of enhanced
weathering during a fall in sea level that spans
the Silurian^Devonian transition is supported in-
dependently by recent work on magnetosuscepti-
bility at the Klonk GSSP, which shows a positive
change interpreted to re£ect relatively high accu-
mulation rates of iron and other riverine-derived
paramagnetic minerals (Crick et al., 2001).
Evidence that the sea level drop seen in Euro-

pean (Gondwanan) basins during the Silurian^
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Devonian transition may be eustatic comes from
stratigraphic analysis in the three North American
regions that have been investigated for N

13C in
this paper. Among the regions, probably the
most detailed sequence stratigraphic and facies
reconstruction comes from study of the Helder-
berg Group and equivalents in the Appalachian
Basin, where basin restriction and widespread
peritidal to supratidal carbonate deposition dur-
ing latest Pridolian time re£ects regional regres-
sion (LaVale Member of the Keyser Limestone in
northern West Virginia and Pennsylvania, and
time-equivalent Whiteport Dolomite Member of
the Rondout Formation in the New Jersey^New
York region; Head, 1969; Dorobek and Read,
1986; Denkler and Harris, 1988). Maximum re-
gression is marked by laminated, quartzose, mud-
cracked dolomicrite withinV5 m of the Silurian^
Devonian boundary (de¢ned using the ¢rst occur-
rence of I. woschmidti), and is followed by a re-
turn to open-marine, subtidal conditions in the
early Lochkovian (New Creek Limestone and
Coeymans Formation; Denkler and Harris,
1988). A eustatic drop at the Silurian^Devonian
boundary is also consistent with evidence in the
Oklahoma Basin for a signi¢cant biostratigraphic
discontinuity (corresponding to all or part of the
hesperius conodont zone) and regional truncation
of underlying Silurian units as discussed by Ams-
den (1988) and Barrick and Klapper (1992). In
central Nevada, the progradation of shallow-
water bioclastic limestones of the uppermost Rob-
erts Mountains Formation over laminated lime
mudstones and skeletal wackestones of latest Pri-
dolian age may track this same fall in sea level
(Klapper and Murphy, 1975; Matti and McKee,
1977).
A eustatic drop during the Silurian^Devonian

transition would have exposed older Silurian car-
bonate units to low-latitude weathering and likely
increased the N

13C of the riverine £ux (Nw). In
addition, there are indications that the burial frac-
tion of organic carbon (forg) increased at this time
as well. In Gondwana, the development of organ-
ic-rich deposits in the Prague Basin and Carnic
Alps region during the latest Pridolian and early
Lochkovian (Flugel et al., 1977; Schonlaub et al.,
1994) has been interpreted to re£ect enhanced pri-

mary productivity (Hladil, 1991; Buggisch, 2001),
perhaps related to increased weathering rates and
riverine nutrient £uxes (e.g. Crick et al., 2001).
Based on the available evidence, the most plausi-
ble scenario for producing the large positive N13C
excursion in marine carbonates worldwide during
the Silurian^Devonian transition involves a com-
bination of increases in organic carbon burial
rates (related to increased riverine phosphate de-
livery rather than enhanced preservation or up-
welling) and carbonate weathering.

6. Conclusions

The Silurian^Devonian transition is marked by
a signi¢cant positive N13C shift in the three Eur-
american sections investigated in this study. The
maximum N

13C value reached is +5.8x at the
Birch Creek II section in central Nevada, and
this peak can be correlated using conodonts and
graptolites with sections in Gondwana, including
the GSSP at Klonk in the Prague Basin, and the
classical section at Cellon in the Carnic Alps of
Austria. The interpretation of the N13C excursion
at the Silurian^Devonian boundary as recording
primary seawater chemistry and representing a
global oceanographic event is consistent with the
notion of a signi¢cant bio-event at that time, af-
fecting several major groups, including the bra-
chiopods and trilobites (Schonlaub, 1986; Boucot,
1990). In addition, this interpretation is in accord
with the increasing number of published studies in
the Paleozoic that have reported similar carbon
isotopic excursions from widely separated strati-
graphic sequences and using a range of carbonate
components (e.g. Joachimski and Buggisch, 1993;
Saltzman et al., 2000a,b; Wang et al., 1996;
Azmy et al., 1998; Kump et al., 1999). It would
appear that, from a perspective of N13C and car-
bon cycling, the Paleozoic was a particularly vol-
atile period, more like the preceding Neoprotero-
zoic (Kaufman et al., 1991; Ho¡man et al., 1998;
Saylor et al., 1998) than the last 200 million years
of Phanerozoic time. A widely accepted geologic
scenario for generating and sustaining these Pa-
leozoic carbon isotope excursions is still forth-
coming.
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