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Abstract

Positive excursions in the carbon isotopic ratio of marine carbonates (δ13Ccarb) are commonly attributed to an increase in the
burial ratio of organic versus carbonate carbon in the global oceans. Regardless of whether this increased deposition of organic
carbon was oceanographically or biologically induced, the fact that high carbon isotope values are most often attributed to the
sequestration and burial of organic carbon remains. The notion that high δ13Ccarb values should be the result of organic rich
deposition in epeiric sea settings is not surprising considering that the overwhelming majority of organic carbon burial in the
modern oceans occurs in continental shelf and margin settings. What is surprising is that major positive carbon isotope excursions
during the Silurian are recorded in clean carbonate successions with little to no appreciable black shale deposition in epeiric seas. In
fact, Silurian δ13Ccarb excursions occurred during intervals of prolific reef development and an overall expansion of carbonate
platform environments globally.

This discrepancy has sparked considerable debate among Silurian carbon isotope specialists but has offered a valuable
opportunity to re-examine the intricate connections among nutrients, primary productivity, carbonate sedimentology, and the global
carbon cycle in the lower Paleozoic. Here, we consider several sedimentological and geochemical features of one of these Silurian
positive carbon isotope (δ13Ccarb) excursions and discuss the broader implications of current Silurian δ13Ccarb models to the
interpretation of lower Paleozoic carbonate sequences.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Models of the global carbon cycle during positive
excursions in the carbon isotopic ratio of marine waters
have historically concentrated on the importance of
sequestration and burial of 12C in the form of organic
matter as the driving factor in positive carbon isotope
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excursions (Arthur et al., 1987; Kump andArthur, 1999).
This model driven approach has been supported by the
frequent recognition of close stratigraphic associations
between transient positive carbon isotope excursions and
widespread organic rich black shale deposition in epeiric
sea settings. The conclusion that positive excursions are
the result of these epicontinental black shales is sup-
ported by the relatively large isotopic fractionation be-
tween dissolved inorganic carbon (DIC) in the oceans
and organic matter produced during photosynthesis and
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the relatively fast response time of marine productivity
and the “biological pump” (e.g. Hotinski et al., 2004)
compared to changes in the riverine δ13C input to the
oceans (cf. Kump et al., 1999). Simply put, the se-
questration and burial of 12C in epicontinental black
shales should leave an isotopically enriched watermass
in epeiric sea settings. However, as high-resolution car-
bon isotope stratigraphy has become available for excur-
sions throughout the Paleozoic, it has become clear that
in many instances where individual isotopic excursions
were previously attributed to specific intervals of epi-
continental black shale deposition the peak in carbon
isotope values significantly post-dates the end of black
shale deposition in epeiric seas (e.g. Racki and Wignall,
2001; Cramer et al., in press).

Epicontinental seaways have long been considered
the most likely place for high enough organic carbon
burial to produce a positive excursion, considering that
the vast majority of organic carbon burial in the modern
oceans takes place in continental shelf and margin
settings (Berner and Canfield, 1989). However, many
major Paleozoic positive carbon isotope excursions have
been found to occur during intervals of increased car-
bonate production rather than organic carbon burial in
epeiric seas (Bickert et al., 1997; Kump et al., 1999;
Saltzman, 2001, 2002; Munnecke et al., 2003; Cramer
and Saltzman, 2005). Nowhere is this better demonstrat-
ed than in the Silurian, where all of the currently known
major positive carbon isotope excursions took place dur-
ing intervals of prolific reef development and an ex-
pansion of carbonate platform environments throughout
the low-mid latitudes (Brunton et al., 1998; Calner et al.,
2004).

Here, we discuss an oceanographic model developed
to account for these Silurian excursions in the context of
the early Wenlock “Ireviken” Excursion, and demon-
strate that an explanation for this positive carbon isotope
excursion involving high organic carbon burial in
epeiric seas is entirely inconsistent with available data.
We still consider high organic carbon burial the driving
mechanism of the excursion however we suggest that
epeiric sea black shale production immediately preceded
the positive carbon isotope excursion, and that the
positive δ13Ccarb excursion was coincident with an
expansion of carbonate platform environments through-
out epeiric seas while increased organic carbon burial
was restricted to deep basins and the deep ocean. We
suggest that the sequestration and burial of 12C in the
deep ocean that drove the Silurian positive carbon iso-
tope excursions was the result of a perturbation in global
oceanography triggered by fluctuations between global
climate states.
2. Geologic background

The Silurian System has long been considered an
interval of relative climatic stability within a greenhouse
interval (Fischer, 1983; Bassett and Edwards, 1991). In
contrast, recent investigations of Silurian carbon isotope
stratigraphy indicate that fundamental changes in the
global carbon cycle, and consequently the global ocean–
atmosphere system, were more frequent during the Silu-
rian (four excursions>+4‰ in 30 million years) than
any other System of the Phanerozoic (Samtleben et al.,
1996; Bickert et al., 1997; Azmy et al., 1998; Saltzman,
2001, 2002; Calner et al., 2004).

Brunton et al. (1998) demonstrated the presence of
alternating periods of prolific reef development and
diminished carbonate production in low-mid latitude
epeiric sea settings during the Silurian. This variability in
carbonate production corresponds with alternations be-
tween global climate states, termed Primo and Secundo
(P and S states) by Jeppsson (1990). S episodes, as we
will discuss later, were conducive to expansion of carbon-
ate platform environments. Detailed carbon isotope and
conodont biostratigraphy (Samtleben et al., 1996; Jepps-
son, 1997a; Saltzman, 2001, 2002; Calner et al., 2004) has
further demonstrated that the major positive carbon iso-
tope excursions in the Silurian occurred during these
intervals of prolific carbonate production. Here, we use
the Ireviken Excursion as a type example for positive
δ13Ccarb excursions that occurred during a transition from
icehouse to greenhouse climate states (P–S transition).

2.1. Timing of the Ireviken Excursion

The Ireviken δ13Ccarb excursion takes its name from
the protracted extinction interval known as the Ireviken
Event (Jeppsson, 1987). The δ13Ccarb excursion begins
during the interval of extinction, and continues well
above the last extinction datum. Correlation of the
Llandovery–Wenlock boundary global stratotype sec-
tion and point (GSSP) at Leasows in Britain, with the
highest resolution biostratigraphic information available
indicates that the Ireviken Excursion took place entirely
within the Wenlock (Mabillard and Aldridge, 1985;
Jeppsson, 1997b; Munnecke et al., 2003).

2.2. Early Silurian glaciation

The well-documented late Ordovician icehouse
interval did not end with the demise of the Hirnantian
glaciation, but rather, extended well into the Silurian
(Grahn and Caputo, 1992; Díaz-Martínez, 1997, 1998;
Caputo, 1998; Jeppsson and Calner, 2003; Díaz-



Fig. 1. Timing of the Ireviken Excursion in relation to epicontinental stratigraphy, glaciation, and eustatic sea level change. Note that the figure is not
scaled to time in order to properly display the extinction datums within the Ireviken Event. The interval represented by the Ireviken Event is
substantially shorter than the interval of time represented by the Ireviken Excursion (Jeppsson, 1997b). Biostratigraphic correlation after Calner et al.
(2004). See text for discussion of the timing of glaciation with respect to the Ireviken Excursion. The 3rd order sea level curve shown is after Cramer
and Saltzman (2005). It should be noted that rarely do we see an individual section with black shales in the late Llandovery and carbonate platforms
during the early Wenlock. What we do see is an unconformity or calcareous siltstones and grey shales below carbonate platforms in the interior of
cratons, or black shales below grey shales on continental margin where primary productivity was intense. Widespread black shale deposition
immediately precedes the carbon isotope excursion, which occurs in expanded carbonate sequences throughout the low-mid latitudes.
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Martínez and Grahn, 2006-this volume). The Llandov-
ery in particular experienced several intervals of
glaciation with at least 4 major ice advances recognized
(Grahn and Caputo, 1992; Caputo, 1998). Stratigraphic
evidence of glaciation provides important constraints on
the timing of climatic events, and also offers non-
chemical, primary evidence of global climate change
during this interval of the Silurian.

In Brazil, the youngest diamictite confidently identi-
fied as glacial in origin occurs in the Nhamunda For-
mation, which interfingers with the shaley Lower Pitinga
Formation. This suite of rocks has been assigned to the
Llandovery through early Wenlock using graptolite and
chitinozoan biostratigraphy (Grahn and Caputo, 1992).
The chitinozoan Margachitina magaritana, which is
indicative of the earliest Wenlock (Verniers et al., 1995;
Grahn, 1998), occurs in the Nhamunda–Lower Pitinga
suite, first appearing above the youngest tillite with a first
occurrence in the late Telychian (pers. comm. Grahn,
2003). Thus, the youngest tillite occurs in theAngochitina
longicolis chitinozoan biozone (sensuGrahn, 1998) and
predates the Ireviken excursion, with the subsequent
deglaciation beginning in the latest Llandovery and con-
tinuing into the Wenlock.
Similarly, in Bolivia, a thin carbonate unit (Sacta
Member) immediately overlies the Cancañiri Formation,
which contains glacially derived deposits, and has been
confidently identified as earliest Wenlock in age by the
occurrence of the conodontO. s. rhenana (Díaz-Martínez,
1997). This cosmopolitan species occurs exclusively
during the Ireviken Excursion (Jeppsson, 1997b; Calner
et al., 2004). Therefore, the glaciation represented by the
Cancañiri Formation also immediately preceded the
Ireviken Excursion. The presence of the Sacta Member,
a short-lived carbonate deposit higher than 60°S paleo-
latitude and stratigraphically above glacigenic sediments
has been difficult to explain (Díaz-Martínez, 1997, this
volume), however clearly represents pronounced climate
change at the poles during the early Wenlock.

2.3. Llandovery–Wenlock boundary stratigraphy

In the low-mid latitudes, transitions from argillaceous
to relatively pure carbonate sequences across the
Llandovery–Wenlock boundary are known from section
globally (Jeppsson et al., 1995; Brunton et al., 1998).
The limited high latitude data in the literature comes
from the northern margin of Gondwana as well as a few



Fig. 2. Paleoceanographic reconstruction for the late Llandovery (A) and the early Wenlock (B) modified from Cramer and Saltzman (2005).
Diagrams originally after Jeppsson (1990), Witzke (1987), and Bickert et al. (1997). Black shales in (A) are the result of local anoxia from high rates
of primary production on the shelf. Black shales in (B) are the result of deep ocean anoxia from a change in the site of deep water formation to low
latitudes; warm saline bottom water (WSBW). There is considerable debate whether or not the Silurian deep ocean was permanently anoxic. As a
result, we are uncertain if a strong pycnocline essentially caps the ocean in B, or if WSBM travels to the bottom of the ocean. Either way, due to
halothermal circulation dynamics, epeiric seas are progressively disconnected from the return leg of the deep ocean biological pump.
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intra-cratonic basins therein. The northern margin of
Gondwana was ideally located with respect to the
southern westerlies to induce surface upwelling (Parrish,
1982; Moore et al., 1993). As a result of the high nutrient
availability along the continental margin brought about
by upwelling, shale deposition dominated this region
(Lüning et al., 2000a,b). An exhaustive review of global
stratigraphy is beyond the scope of this paper and the
reader is referred instead to Landing and Johnson (1998,
2004). Below we discuss a few important observations
from geographically widespread areas.

A major unconformity near the Llandovery–Wenlock
boundary has beenwell documented throughout Laurentia.
The “late Llandovery unconformity” of Murphy et al.
(1979) is present from Nevada to New York, and has been
interpreted as either a major eustatic sea level fall, a tec-
tonically induced shallowing, or some combination thereof
(Goodman and Brett, 1994; Witzke and Bunker, 1996;
Barrick, 1997). The fact that this unconformity is seen far
into the interior of the craton and over so wide an area
(Nevada to Wisconsin to Tennessee) indicates that a
tectonic origin is unlikely. Furthermore, the coincident
glacial deposits in South America strongly support a
glacio-eustatic sea level fall during the late Telychian. The
δ13Ccarb shift to heavier values indicative of the Ireviken
Excursion occurs immediately above this unconformity
throughout North America (Saltzman, 2001; Cramer and
Saltzman, 2005). The expansion of carbonate platform
environments throughout Laurentian epeiric seas that re-
cord the Ireviken Excursion indicates that transgression
continued during the rising limb of the excursion (Cramer
and Saltzman, 2005).

Llandovery black shales represent the single most
important petroleum source rock throughout North Africa
and Arabia (Lüning et al., 2000a,b). Organic rich “hot
shale” (>200 API) deposition during the late Telychian–
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early Wenlock ended during theM. firmus graptolite zone
(Lüning et al., 2000a). Based on the most recent cor-
relation of biostratigraphy and event stratigraphy (Calner
et al., 2004), the Ireviken Excursion only begins during
the M. firmus graptolite zone. Therefore, the interval of
high primary productivity along the northern margin of
Gondwana represented by these organic rich shales
largely preceded and is only coincident with the very
onset of the Ireviken Excursion.

The above discussion highlights the difficulty of
explaining the Ireviken Excursion by invoking increased
organic carbon burial in epeiric seas (Fig. 1). Glaciation
during the late Llandovery induced vigorous thermoha-
line circulation during relatively low sea level. Organic-
rich deposits formed in epicontinental seas and continen-
tal margins during this time were the result of increased
primary productivity resulting from high nutrient avail-
ability in shallow waters. The positive carbon isotope
excursion began during the demise of these organic-rich
deposits and took place during an interval of prolific
carbonate production throughout the low-mid latitudes.
Therefore, how was the Ireviken Excursion produced if it
appears to be associated with a decrease in organic carbon
burial in shallow water globally?

3. Ireviken oceanography

Due to the lack of preservation of Paleozoic deep-sea
sediments, Silurian oceanographic reconstructions must
rely primarily upon oceanographic proxies. Below, we
will consider several important indicators of changing
oceanographic patterns world-wide during the lower
Silurian and relate them to an oceanographic model for
the Silurian first developed by Jeppsson (1990).

The Silurian has been divided into over 20 alternating
climate states (P and S), with intervening biotic events
(Jeppsson, 1998). The Ireviken Extinction Event consid-
ered herein took place during the transition from a P state
(Snipklint Primo Episode) to an S state (Vattenfallet Secun-
do Episode). P states experienced icehouse conditions, with
Fig. 3. Detailed application of the model shown in Fig. 2 to Llandovery–
Wenlock Boundary times across a hypothetical craton. ESTS: Epeiric sea
trophic state. This base of this zone is a constant horizon with respect to
the craton. The shading represents trophic state: dark grey=eutrophic,
grey=mesotrophic, light grey=oligotrophic. ML: mixed layer. Note the
impingement of the mid-water oxygen minimum zone onto the craton
during transgression (B and C). The transition to anti-estuarine
circulation during highstand promotes warm saline bottom water
production inducing deep ocean anoxia (D and E). The sequestration
and burial of organic carbon in the deep ocean during highstand drove the
Ireviken Excursion. Note the difference in timing and location of the two
periods of anoxia and consequent black shale deposition: Transgressive
black shales in epeiric seas resulting from primary productivity induced
anoxia vs. highstand black shales in the deep ocean resulting from
sluggish poorly oxygenated bottomwater production (oceanographically
induced anoxia). See text for detailed description of each time slice.
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polar cooling, high nutrient availability in epeiric seas, and
vigorous thermohaline circulation. Climatic optima during
S states produced polar warming, low nutrient availability
in epeiric seas, diminished thermohaline circulation, and
occasionally induced salinity-driven halothermal circula-
tion. Cramer and Saltzman (2005) refined the P and S
model to account for the δ13Ccarb changes during the Ire-
viken Excursion (Fig. 2). That work is expanded below to
account for a broader range of observations.

During the Cancañiri glaciation (Fig. 3A), the late
Llandovery unconformity across the Laurentian craton
was developed. During the onset of transgression during
deglaciation (Fig. 3B and C), continued, yet ever-dimini-
shing, thermohaline circulation provided ample nutrients
to the shallow waters now just beginning to flood the
continents. As sea level rose, individual basins and broad
continental margins became anoxic due to increased pri-
mary productivity. That these black shaleswere associated
with intense deep ocean upwelling and consequent high
nutrient availability is supported by the massive chert unit
at the base of the Roberts Mountains Formation in
Nevada. Saltzman (2001) demonstrated that the Ireviken
Excursion begins immediately above the cherts, which
most likely represent intense deep-ocean upwelling along
the western Laurentian margin. Furthermore, the deposi-
tional model for North African hot shales developed by
Lüning et al. (2000b) suggests that the interval of hot shale
production in the late Llandovery–early Wenlock took
place in topographic lows during the very onset of
transgression. At this time, sea level had just begun to rise,
and the mid-continent of Laurentia was yet to be flooded.
This was immediately prior to the Ireviken Excursion.

As transgression began to approach highstand (Fig. 3D),
the vigorous thermohaline circulation driven by intense
polar downwelling was beginning to falter due to warming
conditions at the poles. Furthermore, the flooding of low-
mid latitude cratons provided extensive areas for the
production of saline water masses. As a result, epeiric sea
circulation in low-mid latitudes began to shift to an anti-
estuarine mode (Bickert et al., 1997, quasi-estuarine
circulation, Witzke, 1987) with downwelling saline waters
limiting nutrient availability in continental interiors. This
decrease in nutrient conditions allowed a healthy carbonate
factory to begin to develop (e.g. Hallock, 1988, 2001) and
induced an expansion of carbonate platform environments
throughout the low-mid latitudes (Brunton et al., 1998). As
epicontinental platforms were progressively disconnected
from their deep ocean source of isotopically light carbon
(12C) due to changing epeiric sea oceanography, δ13Ccarb

values began to increase due a diminished return leg of the
“biological pump” (Hotinski et al., 2004; Cramer and
Saltzman, 2005).
During peak highstand (Fig. 3E) epeiric seas were
dominated by salinity driven downwelling and the de-
velopment of expansive reef systems in warm saline
seas. The proliferation of saline water masses down-
welling off of low-mid latitudes cratons coupled with
the decline of polar downwelling would have had the
effect of changing the location of the site of deep water
formation from high to low latitudes. By moving the site
of deep water formation to low-mid latitudes, the deep
ocean would have been quickly driven anoxic (Bralower
and Thierstein, 1984; Herbert and Sarmiento, 1991;
Cramer and Saltzman, 2005). This produced a juxtapo-
sition of lithologies with expansive carbonate platforms
in epeiric seas correlating with organic rich deposits in
foreland basins and the deep ocean. Therefore, the
organic carbon sequestration and burial responsible for
the Ireviken Excursion did not take place in shallow
epeiric seas, but rather in deep waters (Bickert et al.,
1997).

The high global organic carbon burial in the deep
ocean during the Ireviken Excursion began to have a
negative effect on global temperatures. The intense or-
ganic carbon burial began to lower atmospheric CO2

concentrations (Berner and Kothavala, 2001).The low-
ering of global temperatures helped re-establish polar
downwelling as sea level began to fall during late high-
stand (Fig. 3F). Anti-estuarine circulation continued to
dominate epeiric sea settings as sea level began to fall.
Salinity would only have increased as epicontinental
seaways became restricted during regression. Eventual-
ly, the re-establishment of thermohaline circulation and
the shift of deep water formation back to high latitudes
progressively oxygenated the deep ocean ending the
Ireviken Excursion.

4. Summary and conclusions

Positive δ13Ccarb excursions have often been attrib-
uted to increased organic carbon burial in epeiric seas
during intervals of high primary productivity produced by
intense nutrient upwelling often associated with gla-
ciation. The above discussion has highlighted the failure
of this explanation for the Ireviken Excursion, which is
associated with an expansion of carbonate platform en-
vironments throughout low-mid latitude epeiric seas and a
decrease in organic carbon burial along high latitude
continental margins. The intense organic carbon burial
responsible for the IrevikenExcursionwas restricted to the
deep ocean and the deepest of intra-cratonic basin settings.

This conclusion still relies on increased organic carbon
burial as the driving mechanism for the carbon isotope
excursion, however suggests that the lithologic record of
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this event will be carbonate platforms in epeiric seas, not
black shales. Glaciation and intense nutrient delivery to
shallow waters immediately precedes the Ireviken Ex-
cursion, which is in fact associated with a decrease in
primary production demonstrated by the proliferation of
oligotrophic environments throughout low-mid latitude
epicontinental seas. This connection between high δ13Ccarb

values and low marine primary productivity is not limited
to the Ireviken Excursion, and has recently been
documented during the Silurian (Ludlow) Lau Excursion
(Stricanne et al., 2006). Although the Ireviken Excursion is
the best studied δ13Ccarb excursion in the Silurian, other P–
S excursions follow a similar pattern. For instance, the late
Silurian Lau Excursion (>+8‰) has been shown to have
taken place during diminished primary productivity
(Stricanne et al., 2006) and shares many features with the
Ireviken Excursion (Bickert et al., 1997; Munnecke et al.,
2003; Calner et al., 2004). As first suggested byMunnecke
et al. (2003), these features are not limited to the Silurian
and have been demonstrated elsewhere in the Paleozoic
(Munnecke et al., 2003; Young et al., 2005; Cramer et al.,
in press).

Variations in δ18O during the Silurian have been more
difficult to interpret. The brachiopod calcite data of
Bickert et al. (1997) demonstrate a positive corres-
pondence between δ18O and δ13C. Although the variabil-
ity in δ13C is a factor of 2.5 greater, the range of δ18O
values of Silurian brachiopods is nearly 4‰. Evenwith an
initial δ18O value of −2.5‰, this would indicate an
unrealistic tropical sea surface temperature change of
12 °C (Bickert et al., 1997). Likewise, changes in salinity
alone are unlikely to produce such large δ18O shifts
(Wenzel and Joachimski, 1996; Wenzel et al., 2000). One
explanation of these observations is that brachiopods
calcified out of equilibrium with sea water during the
Silurian (Wenzel et al., 2000).

Coeval brachiopod calcite and conodont apatite δ18O
samples show similar trends, but a large offset in values
between the two proxies and a reduced variability in δ18-

Ophosphate (Wenzel et al., 2000). It has been suggested that
such a disequilibrium in calcite precipitation could be
caused by changes in [CO3

2−] (Spero et al., 1997; Zeebe,
1999). For instance,Wenzel et al. (2000) proposed that the
lower δ18Ocarb values of Silurian brachiopods compared to
conodont values could be the result of increased [CO3

2−].
Therefore, the positive shifts in δ18O duringmajor positive
carbon isotope excursions could be responding to the
increased carbonate production in epeiric seas. Increased
production and burial of carbonate carbon in epeiric
settings would decrease [CO3

2−] (e.g. Ridgwell et al.,
2003), producing the observed increasing δ18O trends.
However, due to the lack of detailed δ18Ophospate data
through the critical intervals and the current inability to
determine the relative importance of each of the controls of
δ18O (temperature, salinity, ice volume, alkalinity, etc.),
we are unable to fully incorporate this proxy into the
oceanographic model at present.

We have attempted to highlight the need for a re-
evaluation of what we expect positive δ13Ccarb excur-
sions to look like in the stratigraphic record of epeiric
seas, and the need to perhaps abandon if not seriously
reconsider the epicontinental black shale model for
positive carbon isotope excursions. Only through the
application of this model to other intervals of the strat-
igraphic column can we begin to determine if these are
features limited to a small interval of the Paleozoic or
apply to a much larger portion of the geologic record.

Acknowledgements

We would like to thank H. Westphal and T. Bickert for
thorough and insightful reviews of this manuscript. This
work represents a contribution to the IGCP503 project.We
would also like to thank the organizers of the IGCP 503
meeting in ErlangenGermany fromwhich this paper arose.
References
Arthur, M.A., Schlanger, S.O., Jenkyns, H.C., 1987. The Cenomanian–
Turonian oceanic anoxic event. II. Palaeoceanographic controls on
organic matter production and preservation. In: Brooks, J., Fleet, A.J.
(Eds.), Marine Petroleum Source Rocks. Geological Society of
London Special Publication, vol. 26, pp. 401–420.

Azmy, K., Veizer, J., Bassett, M.G., Copper, P., 1998. Oxygen and
carbon isotopic composition of Silurian brachiopods: implications
for coeval seawater and glaciations. Geological Society of America
Bulletin 110 (11), 1499–1512.

Barrick, J.E., 1997. Wenlock (Silurian) depositional sequences,
eustatic events, and biotic change on the southern shelf of North
America. In: Klapper, G., Murphy, M.A., Talent, J.A. (Eds.),
Paleozoic Sequence Stratigraphy, Biostratigraphy, and Biogeogra-
phy: Studies in Honor of J. Granville (“Jess”) Johnson. Geological
Society of America Special Paper, vol. 321, pp. 47–65.

Bassett, M.G., Edwards, D. (Eds.), 1991. The Murchison Symposium -
Proceedings of an International Conference on the Silurian System.
Special Papers in Palaeontology, vol. 44, p. 397.

Berner, R.A., Canfield, D.A., 1989. A model for atmospheric oxygen
over Phanerozoic time. American Journal of Science 289, 333–361.

Berner, R.A., Kothavala, Z., 2001. GEOCARB III: a revised model of
atmospheric CO2 over Phanerozoic time. American Journal of
Science 301, 182–204.

Bickert, T., Pätzold, J., Samtleben, C., Munnecke, A., 1997. Paleoenvir-
onmental changes in the Silurian indicated by stable isotopes in
brachiopod shells from Gotland, Sweden. Geochimica et Cosmochi-
mica Acta 61, 2717–2730.

Bralower, T.J., Thierstein, H.R., 1984. Low productivity and slow
deep-water circulation in mid-Cretaceous oceans. Geology (Boul-
der) 12, 614–618.



44 B.D. Cramer, M.R. Saltzman / Palaeogeography, Palaeoclimatology, Palaeoecology 245 (2007) 37–45
Brunton, F.R., Smith, L., Dixon, O.A., Copper, P., Kershaw, S., Nestor,
H., 1998. Silurian reef episodes, changing seascapes, and
paleobiogeography. In: Landing, E., Johnson, M.E. (Eds.), Silurian
Cycles: Linkages of Dynamic Stratigraphy with Atmospheric,
Oceanic and Tectonic Changes. New York State Museum Bulletin,
vol. 491, pp. 265–282.

Calner, M., Jeppsson, L., Munnecke, A., 2004. The Silurian of
Gotland. Part 1: review of the stratigraphic framework, event
stratigraphy, and stable carbon and oxygen isotope development.
Erlanger Geologische Abhandlungen. Sonderband 5, 113–131.

Caputo, M.V., 1998. Ordovician–Silurian glaciations and global sea-level
changes. In: Landing, E., Johnson, M.E. (Eds.), Silurian Cycles: Link-
ages ofDynamic StratigraphywithAtmospheric, Oceanic andTectonic
Changes. New York State Museum Bulletin, vol. 491, pp. 15–25.

Cramer, B.D., Saltzman, M.R., 2005. Sequestration of 12C in the deep
ocean during the early Wenlock (Silurian) positive carbon isotope
excursion. Palaeogeography, Palaeoclimatology, Palaeoecology
219, 333–349.

Cramer, B.D., Saltzman, M.R., Day, J.E., Witzke, B.J., in press.
Lithological expression of global positive carbon isotope excur-
sions in epeiric sea settings: carbonate production, organic carbon
burial, and oceanography during the late Famennian. In: Holmden,
C., Pratt, B.R, (Eds.), Dynamics of Epeiric Seas: Sedimentological,
Paleontological and Geological Perspectives. Geological Associ-
ation of Canada Special Publication.

Díaz-Martínez, E., 1997. Latest Ordovician–Early Silurian glaciation
and carbonate deposition in the Bolivian Central Andes, V
Reunión Internacional del Proyecto 351 del PICG, La Coruña.
Libro de Resúmenes y Excursiones, pp. 51–53.

Díaz-Martínez, E., 1998. Silurian of Peru and Bolivia: recent advances
and future research. Temas Geológico-Mineros ITGE 23, 69–75.

Díaz-Martínez, E., 2006-this volume. The Sacta Limestone Member
(early Wenlock): cool-water, temperature carbonate deposition at
the distal foreland of Gondwana's active margin, Bolivia Palaeo-
ge ogr ap hy, P al ae oc lima t o l ogy, Pa l a eoe c olog y. do i:10 .10 16/ j.
palaeo.2006.02.028.

Díaz-Martínez, E., Grahn, Y., 2006-this volume. Early Silurian
glaciation along the western margin of Gondwana (Peru,
Bolivia, and northern Argentina): palaeogeographic and geody-
namic setting. Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy. doi:10.1016/j.palaeo.2006.02.018.

Fischer, A.G., 1983. Long-term climate oscillations recorded in
stratigraphy. In: Berger, W.H. (Ed.), Climate in Earth History.
National Academy of Sciences, pp. 97–104.

Goodman, W.M., Brett, C.E., 1994. Roles of eustasy and tectonics in
development of Silurian stratigraphic architecture of the Appala-
chian foreland basin. In: Dennison, J.M., Ettensohn, F.R. (Eds.),
Tectonic and Eustatic Controls on Sedimentary Cycles. Concepts
in Sedimentology and Paleontology, vol. 4. SEPM, pp. 147–169.

Grahn, Y., 1998. Lower Silurian (Llandovery–Middle Wenlock)
Chitinozoa and biostratigraphy of the mainland of Sweden. GFF
120, 273–283.

Grahn, Y.G., Caputo, M.V., 1992. Early Silurian glaciation in Brazil.
Palaeogeography, Palaeoclimatology, Palaeoecology 99, 9–15.

Hallock, P., 1988. The role of nutrient availability in bioerosion:
consequences to carbonate buildups. Palaeogeography, Palaeocli-
matology, Palaeoecology 63, 275–291.

Hallock, P. 2001. Coral reefs, carbonate sediments, nutrients, and
global change. In: Stanley, G.D. (Ed.), The history and sedimen-
tology of ancient reef systems. New York, Kluwer Academic and
Plenum Publishers, 387-427.
Herbert, T.D., Sarmiento, J.L., 1991. Ocean nutrient distribution and
oxygenation: limits on the formation of warm saline bottom water
over the past 91 m.y. Geology (Boulder) 19, 702–705.

Hotinski, R.M., Kump, L.R., Arthur, M.A., 2004. The effectiveness of
the Paleoproterozoic biological pump: a δ13C gradient from platform
carbonates of the Pethei Group (Great Slave Lake Supergroup,
NWT). Geological Society of America Bulletin 116, 539–554.

Jeppsson, L., 1987. Lithological and conodont distributional evidence
for episodes of anomalous oceanic conditions during the Silurian.
In: Aldridge, R.J. (Ed.), Palaeobiology of Conodonts. Ellis
Horwood Ltd, Chichester, pp. 129–145.

Jeppsson, L., 1990. An oceanic model for lithological and faunal
changes tested on the Silurian record. Journal of the Geological
Society (London) 147, 663–674.

Jeppsson, L., 1997a. The anatomy of the Mid–Early Silurian Ireviken
event and a scenario for P–S events. In: Brett, C.E., Baird, G.C.
(Eds.), Paleontological Events: Stratigraphic, Ecological and
Evolutionary Implications, pp. 451–492.

Jeppsson, L., 1997b. A new latest Telychian, Sheinwoodian, and Early
Homerian (Early Silurian) standard conodont zonation. Transactions
of the Royal Society of Edinburgh. Earth Sciences 88, 91–114.

Jeppsson, L., 1998. Silurian oceanic events: summary of general
characteristics. In: Landing, E., Johnson, M.E. (Eds.), Silurian
Cycles: Linkages of Dynamic Stratigraphy with Atmospheric,
Oceanic and Tectonic Changes. New York State Museum Bulletin,
vol. 491, pp. 239–257.

Jeppsson, L., Calner, M., 2003. The Silurian Mulde Event and a
scenario for secundo–secundo events. Transactions of the Royal
Society of Edinburgh. Earth Sciences 93, 135–154.

Jeppsson, L., Aldridge, R.J., Dorning, K.J., 1995. Wenlock (Silurian)
oceanic episodes and events. Journal of the Geological Society
(London) 152, 487–498.

Kump, L.R., Arthur, M.A., 1999. Interpreting carbon-isotope excur-
sions: carbonates and organic matter. Chemical Geology 161,
181–198.

Kump, L.R., Arthur,M.A., Patzkowsky,M.E., Gibbs,M.T., Pinkus,D.S.,
Sheehan, P.M., 1999. Aweathering hypothesis for glaciation at high
atmospheric pCO2 during the Late Ordovician. Palaeogeography,
Palaeoclimatology, Palaeoecology 152, 173–187.

Landing, E., Johnson, M.E. (Eds.), 1998. Silurian Cycles: Linkages of
Dynamic Stratigraphy with Atmospheric, Oceanic, and Tectonic
Changes. New York State Museum Bulletin, vol. 491. 327 pp.

Landing, E., Johnson, M.E. (Eds.), 2004. Silurian Lands and Seas:
Paleogeography Outside of Laurentia. New York State Museum
Bulletin, vol. 493. 400 pp.

Lüning, S., Loydell, D.K., Sutcliffe, O., Ait Salem, A., Zanella, E.,
Craig, J., Harper, D.A.T., 2000a. Silurian–Lower Devonian black
shales in Morocco: which are the organically richest horizons?
Journal of Petroleum Geology 23, 293–311.

Lüning, S., Craig, J., Loydell, D.K., Storch, P., Fitches, B., 2000b. Lower
Silurian “hot” shales inNorthAfrica andArabia: regional distribution
and depositional model. Earth Science Reviews 49, 121–200.

Mabillard, J.E., Aldridge, R.J., 1985. Microfossil distribution across
the base of the Wenlock series in the type area. Palaeontology 28
(part 1), 89–100.

Moore, G.T., Hayashida, D.N., Ross, C.A., 1993. Late early Silurian
(Wenlockian) general circulation model-generated upwelling, grap-
tolitic black shales, and organic-rich source rocks — an accident of
plate tectonics? Geology (Boulder) 21, 17–20.

Munnecke, A., Samtleben, C., Bickert, T., 2003. The Ireviken Event in
the Lower Silurian of Gotland, Sweden — relation to similar

http://dx.doi.org/10.1016/j.palaeo.2006.02.028
http://dx.doi.org/10.1016/j.palaeo.2006.02.018


45B.D. Cramer, M.R. Saltzman / Palaeogeography, Palaeoclimatology, Palaeoecology 245 (2007) 37–45
Palaeozoic and Proterozoic events. Palaeogeography, Palaeocli-
matology, Palaeoecology 195, 99–124.

Murphy, M.A., Dunham, J.B., Berry, W.B.N., Matti, J.C., 1979. Late
Llandovery unconformity in central Nevada. Brigham Young
University Geology Studies 26, 21–36.

Parrish, J.T., 1982. Upwelling and petroleum source beds, with
reference to the Paleozoic. American Association of Petroleum
Geologists Bulletin 66 (6), 750–774.

Racki, G., Wignall, P., 2001. Eutrophication by decoupling of the marine
biogeochemical cycles of C, N, and P: a mechanism for the Late
Devonianmass extinction: comment.Geology (Boulder) 29, 469–470.

Ridgwell, A.J., Kennedy, M.J., Caldeira, K., 2003. Carbonate
deposition, climate stability, and Neoproterozoic ice ages. Science
302, 859–862.

Saltzman, M.R., 2001. Silurian δ13C stratigraphy: a view from North
America. Geology (Boulder) 29, 671–674.

Saltzman, M.R., 2002. Carbon isotope δ13C stratigraphy across the
Silurian–Devonian transition in North America: evidence for a
perturbation of the global carbon cycle. Palaeogeography, Palaeo-
climatology, Palaeoecology 187, 83–100.

Samtleben, C., Munnecke, A., Bickert, T., Pätzold, J., 1996. The Silurian
of Gotland (Sweden): facies interpretation based on stable isotopes in
brachiopod shells. Geologische Rundschau 85, 278–292.

Spero, H.J., Bijma, J., Lea, D.W., Bemis, D.E., 1997. Effect of
seawater carbonate concentration on foraminiferal carbon and
oxygen isotopes. Nature 390, 497–500.

Stricanne, B., Munnecke, A., Pross, J., 2006. Assessing mechanisms
of environmental change: palynological signals across the late
Ludlow (Silurian) positive isotope excursions (δ13C, δ18O) on
Gotland, Sweden. Palaeogeography, Palaeoclimatology, Palaeoe-
cology 230, 1–31.
Verniers, J., Nestor, V., Paris, F., Dufka, P., Sutherland, S., VanGrootel, G.,
1995. A global chitinozoan biozonation for the Silurian. Geological
Magazine 132, 651–666.

Wenzel, B., Joachimski, M.M., 1996. Carbon and oxygen isotopic
composition of Silurian brachiopods (Gotland/Sweden): paleoceano-
graphic implications. Palaeogeography, Palaeoclimatology, Palaeoe-
cology 122, 145–166.

Wenzel, B., Lécuyer, C., Joachimski, M.M., 2000. Comparing oxygen
isotope records of Silurian calcite and phosphate — δ18O com-
positions of brachiopods and conodonts. Geochimica et Cosmochi-
mica Acta 64, 1859–1872.

Witzke, B.J., 1987. Models for circulation patterns in epicontinental seas
applied to Paleozoic facies of North American craton. Paleoceano-
graphy 2, 229–248.

Witzke, B.J., Bunker, B.J., 1996. Relative sea-level changes during
Middle Ordovician through Mississippian deposition in the Iowa
area, North American Craton. In: Witzke, B.J., Ludvigson, G.A.,
Day, J. (Eds.), Paleozoic Sequence Stratigraphy: Views from the
North American Craton. Geological Society of America Special
Paper, vol. 306, pp. 307–330.

Young, S.A., Saltzman, M.R., Bergström, S.M., 2005. Upper
ordovician (Mohawkian) carbon isotope (δ13C) stratigraphy in
eastern and central North America: regional expression of a
perturbation of the global carbon cycle. Palaeogeography,
Palaeoclimatology, Palaeoecology 222, 53–76.

Zeebe, R.E., 1999. An explanation of the effect of seawater carbonate
concentration on foraminiferal oxygen isotopes. Geochimica et
Cosmochimica Acta 63, 2001–2007.


	Fluctuations in epeiric sea carbonate production during Silurian positive carbon isotope excurs.....
	Introduction
	Geologic background
	Timing of the Ireviken Excursion
	Early Silurian glaciation
	Llandovery–Wenlock boundary stratigraphy

	Ireviken oceanography
	Summary and conclusions
	Acknowledgements
	References


