The Ordovician System
Introduction

The Ordovician System was proposed by Charles Lapworth in 1879 as a compromise to resolve the conflict between Adam Sedgwick and Roderick Murchison over the interval of overlap of their Cambrian and Silurian systems.  The Ordovician System was based on fossiliferous rock units (Arenig, Bala, Llandeilo, and Caradoc) long-established in Wales and the Welsh Borderlands, and by 1900 it was widely used in Britain and elsewhere in the world (Fig. 1).  However, as late as 1976 (Williams et al, 1976), the upper and lower boundaries of the system were subject to substantially different interpretations among Ordovician stratigraphers, and, over time, the traditional British Ordovician series were revised substantially (Fortey et al, 1995).  Although the British series became the lingua franca for global correlation, such correlation was greatly hindered by the high level of biogeographic and ecologic differentiation of Ordovician biotas.  Accordingly, regional series and stages were established for Ordovician successions on many different paleoplates (Fig. 2). 

System Boundaries

Green Point, Newfoundland and Dob’s Linn, Scotland GSSPs


The base of the Arenig Series, which until recently was recognized as the base of the Ordovician System in Britain, is remarkably unfossiliferous and bounded below by an unconformity (Williams et al, 1976; Fortey et al., 1991, 1995, 2000).  Nevertheless, the base of the Tetragraptus approximatus graptolite Biozone had long been “taken” as the base of the Arenig Series and the Ordovician System (Williams et al, 1976).  Surprisingly, this graptolite zone, which is found in Scandinavia, North America, Australia, and elsewhere, does not occur in the Anglo-Welsh type area nor elsewhere in the British Isles.  There was in Britain “general agreement” that this graptolite zone correlated with the base of the type Arenig (Skevington, 1963; Fortey et al., 1995, 2000), but this meant that the base of the Ordovician System in its type area was defined lithologically and that it was globally correlated on the basis of a graptolite succession best developed in Scandinavia.  


In Scandinavia, however, the base of the Ordovician System was placed at the base of the Dictyonema Shales, which correlated with the base of the Tremadoc Series - the upper series of the Cambrian System in Britain (Fig. 1).  The appearance of the first planktic graptolite Dictyonema flabelliforme (now Rhabdinopora flabelliformis) was found to be particularly useful for recognizing this base of the Ordovician System worldwide.  Nevertheless, in North America a substantially lower level - the base of the Ibexian Series - was taken as the base of the Ordovician System (Fig. 2) and was defined on the Cordylodus proavus conodont Zone.  


Given the greatly different definitions of the base of the Ordovician System, the Cambrian-Ordovician Boundary Working Group, founded in 1974 and reconstituted in 1992, was faced with a most difficult task.  After study of sections worldwide (e.g. Bassett and Dean, 1982; a special 1998 issue of Geological Magazine, v. 125, no. 4) and much debate (Cooper et al., 2001), decisions were made to adopt a boundary at or near the base of the Tremadoc Series and to select conodonts as the primary guide fossils for a horizon close to but below the first appearance of planktic graptolites, i.e. Rhabdinopora flabelliformis and associates (Webby, 1998).  Work initially focused on the conodont Corylodus lindstromi, but taxonomic problems necessitated a change to species of Iapetognathus.  The Dayancha section in China, the Lawson Cove section in Utah, and the Green Point section in Newfoundland were given the most serious consideration as stratotype sections.  The level at 101.8 m, within Bed 23, in the measured section (Lower Broom Point Member, Green Point Formation) at Green Point, Newfoundland, coinciding with the first appearance of the conodont Iapetognathus fluctivagus and 4.8 m below the earliest planktic graptolites was selected as the Global Stratotype Section and Point for the base of the Ordovician System by the Working Group in January 1999 (Fig. 3).  This decision was approved by the Subcommission on Ordovician Stratigraphy in September 1999, by the International Commission on Stratigraphy (ICS) in November 1999, and by the International Union of Geological Sciences (IUGS) in January 2000.  The GSSP description was published in Cooper et al. (2001).  Selection of this GSSP was controversial.  Nevertheless, the Green Point GSSP was favored by substantial majorities because, among other considerations, the taxonomy of the conodont genus Iapetognathus is well documented and stable, the species I. fluctivagus is widespread, and the level is below but close to the first appearance of the earliest planktic graptolites.  


The top of the Ordovician System was long taken as the base of the Normalograptus persculptus graptolite zone because 1) the uppermost Ordovician and lowest Silurian strata in the type area of the lowest Silurian Llandovery Series are poorly exposed and lack diagnostic fossils, and 2) in the type area of the terminal Ordovician Hirnantian Stage, shales with N. persculptus overlie mudstones with the distinctive Hirnantia shelly fauna (Williams et al, 1976).  The Ordovician/Silurian Boundary Working Group was founded in 1974 and evaluated sections worldwide.  In 1984, the International Commission on Stratigraphy approved the decision by the boundary working group for the GSSP for the base of the Silurian System, and thus the top of the Ordovician System, as a point 1.6 m above the base of the Birkhill Shale Formation in the stratotype section at Dob’s Linn, near Moffat, Scotland.  The boundary point coincides with the base of the graptolite zone of Parakidograptus acuminatus, marked by the first appearance of P. acuminatus itself together with Akidograptus ascensus.  The GSSP description is published in Cocks (1985).  The Dob’s Linn section was favored as the stratotype because it is the location of Lapworth’s (1878) classic upper Ordovician to lower Silurian graptolite zonal succession.  However, the boundary was placed at the base of the P. acuminatus Zone because the underlying N. persculptus Zone is poorly developed there, N. persculptus does not occur in the section, and elsewhere N. persculptus has been found to co-occur with elements of the Hirnantia fauna (Cocks, 1985).  More recently, it has been discovered that P. acuminatus sensu stricto does not appear at the base of the P. acuminatus Zone at Dob’s Linn.  Accordingly, the biostratigraphic framework of the boundary interval is being revised, but this will not change the level of the boundary nor seriously affect its global correlation (Melchin, 2003).

Global Standard Series and Stages


In the British correlation chart of 1976, the Ordovician System was divided into, in ascending order, the familiar and widely used Arenig, Llanvirn, Llandeilo, Caradoc, and Ashgill series. Subsequently, the Ordovician System was extended downwards to include the Tremadoc Series (Henningsmoen, 1973; Norford, 1988). The Llandeilo Series was abandoned with its stratigraphic interval distributed to expanded Llanvirn and Caradoc series (Fortey et al., 1995), and the boundaries of most series were redefined to correlate with boundaries of graptolite zones (Fortey et al., 1991,1995, 2000) (Fig. 1).  The British series are subdivided into numerous stages (Williams et al., 1976; Fortey et al., 1995, 2000), most of which have proved to be of value only for local correlation.  The revisions of the British series were made in part to promote them as standards for global correlation (Fortey et al., 1991, 1995), yet these series remained the focus of continual debate and received little acceptance from the voting members of the Subcommission on Ordovician Stratigraphy. 


The Ordovician world included a relatively large number of widely dispersed small continents and microcontinents distributed from northern low latitudes to the southern pole.  Benthic faunas were highly endemic, planktic graptolites developed strong latitudinal provincialism, and nektobenthic conodont faunas were differentiated into distinct warm water (generally shallow water or tropical) and cool water (generally deep water or high latitude) provinces.  Because of this strong ecological and provincial differentiation of Ordovician faunas, independent and completely different sets of regional series and stages were developed for the Baltic region, northern Gondwana, North America, Australasia, and China (Fig. 2; Webby, 1998: Fig. 4).  It has been argued that the British series have historical priority (Fortey et al., 1991), and they are commonly used as a de facto global nomenclature placed on the left-hand margin of correlation charts.  Yet, their constituent faunas in type areas are highly endemic, preventing their use for high-resolution global correlation.  The best sections for defining most of the series boundaries, as the series have been redefined, are in sections outside the British Isles.  And the historical precedence of the British series has been lost by the fact that they have been substantially revised while many of the other regional series have a more stable history.  Given this situation, the Subcommission on Ordovician Stratigraphy, after many years of deliberation and debate, abandoned the adoption of any set of existing regional series and stages as global standards and instead pursued a new approach.  


In spite of the marked provincialism of Ordovician faunas, several key graptolite and conodont defined biohorizons were known to have considerable potential for global correlation.  Accordingly, the Subcommission decided to further evaluate these biohorizons for global correlation potential and then to select global stratotype sections for series and stage boundaries defined by the biohorizons and sections.  The goal was to use the boundaries to divide the Ordovician System into three global standard series termed Lower Ordovician Series, Middle Ordovician Series, and Upper Ordovician Series and to further subdivide each series into two stages.  Tentative names taken from existing, approximately equivalent stages and series were given to the stages (Webby, 1998:Fig. 4), but these names have since been discarded and replaced by positional numbering, e.g. Second Stage, Third Stage, etc.  At this date, two of the Stages have been formally defined by GSSPs and given names taken from equivalent, existing regional series and stages (Fig. 3), but it appears that other stages, once defined, will be given new names.  


For twenty years following the founding of the Ordovician Subcommission, little progress was made on defining global standard subdivisions for the Ordovician System.  By 1995, the new strategy of focusing on boundaries with great potential for global correlation was approved by a poll of the voting members, and considerable progress has since been made.  A GSSP for the Darriwilian Stage, the upper stage of the Middle Ordovician Series, was approved by the Subcommission in 1996 (Fig. 3).  With the approval of the Green Point GSSP for the base of the Ordovician System in 1999, the lower boundaries of the Lower Ordovician Series and the Tremadocian Stage were also formally defined.  Soon thereafter, GSSPs were approved for the base of the Second Stage (upper stage of Lower Ordovician Series) and the base of the Upper Ordovician Series and its lower stage.  As the result of discussions at the 9th International Symposium on the Ordovician System in San Juan, Argentina, the goal of subdividing the Upper Ordovician Series into two stages was change to a three fold subdivision (Fig. 3).  Today, GSSP proposals are being considered for two additional boundaries, the base of the Middle Ordovician Series and the base of the Hirnantian Stage, and the Subcommission will soon be considering a GSSP proposal for the last remaining boundary.  


Given this history, the status of the global standard series and stages of the Ordovician System are as follows:

Lower Ordovician Series and Tremadocian Stage

As with the Ordovician System, the Lower Ordovician Series and the Tremadocian Stage are defined by the Green Point GSSP approved by the Ordovician Subcommission and ICS in 1999 and ratified by IUGS in 2000.  The GSSP is described in Cooper et al. (2001).  At the time that the GSSP was approved by the Subcommission, it seemed likely that the base of the second stage would be defined on the FAD of the graptolite Tetragraptus approximatus.  With such a definition the extent of the first stage would be equivalent to that of the British Tremadoc Series.  Accordingly, the Tremadocian Stage was proposed and approved as the name of the first global standard stage of the Ordovician System.  

Second Stage

The Subcommission considered the FAD of the graptolite Tetragraptus approximatus as the biohorizon on which to define the base of the second global standard stage.  Two candidate stratotype sections were given careful consideration, the Ledge in western Newfoundland, proposed by Williams et al. (1994), and Diabasbrottet in southern Sweden, proposed by Maletz et al. (1996).  In 2000, the Diabasbrottet GSSP was selected and approved by the Subcommission.  It was approved by ICS in 2001 and ratified by IUGS in 2002.  At the time that the GSSP was approved, the upper boundary of the second global standard stage was still uncertain.  This boundary, the base of the Middle Ordovician Series, presented special problems for the Subcommission as discussed below.  Accordingly, the second stage will not be formally named until its upper boundary is determined.  It is likely that it will be given a new name rather than the name of an exiting regional stage or series.  The GSSP for the base of the Second Stage is defined just above the E bed in the lower Toyen Shale, about 2 m above the top of the Cambrian, in the inactive Diabasbrottet quarry at the base of the northeast slope of the Hunneberg Mountain, Province of Västergötland, southern Sweden.  This level coincides with the first appearance of the graptolite Tetragraptus approximatus and associated fauna. The GSSP description is published in Bergström et al. (in press).  

Middle Ordovician Series and Third Stage

The base of the Tripodus laevis conodont Zone was seriously considered as the biohorizon on which to define the base of the Middle Ordovician Series and its lower stage, the Third Stage of the Ordovician System.  This biohorizon defined the base of the North American Whiterockian Series and was shown to correlate with the base of the Isograptus victoriae lunatus graptolite Zone.  It corresponded to an interval that included a major turnover in conodont faunas worldwide, the diversification of the globally widespread and rapidly evolving isograptid graptolite lineage and the “Great Ordovician Biodiversification Event” recorded in shelly faunas.  The tie between key conodont and graptolite biohorizons was considered by Bergström (1995) to provide an “extraordinary reference level for global correlations.” However, during a Subcommission field excursion to the Whiterock Narrows section, the stratotype for the base of the Whiterockian Series and the primary candidate global stratotype section for the base of the Middle Ordovician Series, graptolites discovered in the section indicated that the base of the T. laevis conodont Zone and the FAD of T. laevis were diachronous between inboard and outboard sections in the Great Basin.  Accordingly, consideration of the FAD of T. laevis and the Whiterock Narrows section ended, and the Subcommission began a search for new candidate biohorizons and stratotype sections for defining the boundary.


Two GSSP proposals are now under consideration by the Subcommission, and full proposals are posted on the Subcommission website (URL: http://seis.natsci.csulb.edu/ord3/default.htm).  G. Albanesi and colleagues have proposed the FAD of the conodont Cooperignathus aranda in the Niquivil section in Argentina.  This level is below that of the FAD of Tripodus laevis and is within the upper part of the North American Ibexian Series and the Baltoscandian Latorpian Superstage.  Wang Xiaofeng and colleagues have proposed the FAD of the conodont Baltoniodus triangularis in the Huanghuachang section in China. This level correlates with the base of the Baltoscandian Volkhov Stage and the North American Whiterockian Series.  


Although the upper boundary of the Third Stage is defined by the lower boundary of the Darriwilian Stage, the full extent of the Third Stage, as well as that of the Second Stage, will not be known until a GSSP has been selected for the base of the Middle Ordovician Series because it will also define the upper boundary of the Second Stage and the lower boundary of the Third Stage.  Until that time, these stages will remain un-named.

Darriwilian Stage

The Darriwilian Stage was the first subdivision of the Ordovician System to be formally defined by a GSSP.  The base of the Darriwilian Stage is fixed at the base of the Undulograptus austrodentatus graptolite Zone, which is coincident with the FAD of U. austrodentatus at the base of Bed AEP 184 in a section through the Ningkuo Shale exposed at Huangnitang, Changshan County, Zhejiang Province, southeast China.  The FAD of U. austrodentatus in the Huangnitang section is within a densely sampled succession of graptolite first occurrences that facilitate precise global correlation of the boundary.  The FAD of U. austrodentatus is within a thin stratigraphic interval in which the highly diverse, distinctive isograptid graptolite fauna is replaced by biserial, diplograptid graptolite faunas.  Conodonts in the stratotype section indicate that the base of the Darriwilian Stage correlates with the lower part of the Microzarkodina parva conodont Zone of the North Atlantic conodont zonal succession.  The name Darriwilian derives from the Darriwilian Stage of the Australian Ordovician succession, where it has long been used for the interval from the base of the U. austrodentatus Zone to the base of the Nemagraptus gracilis Zone.  When the Huangnitang GSSP was approved, it was certain that the upper boundary of the new global stage would also be the base of the N. gracilis Zone. Thus, the Australian regional stage name was applied to the global standard stage encompassing the same biostratigraphic interval.  


The Huangnitang GSSP was approved by the Ordovician Subcommission and by ICS in 1996 and ratified by IUGS in 1997.  The GSSP description is published in Mitchell et al. (1997).  Chen and Bergström (1995) provide extensive, detailed descriptions of the stratotype section and other nearby sections and document the graptolite and conodont faunas.

Upper Ordovician Series and Fifth Stage

The base of the Upper Ordovician Series and the Fifth Stage is defined by the Fågelsång GSSP.  The biohorizon that defines the boundary at the stratotype section is the FAD of the graptolite Nemagraptus gracilis.  This biohorizon also defines the base of the Nemagraptus gracilis graptolite Zone, which is globally widespread and considered to be one of the most reliable correlation horizons in the Ordovician System (Finney and Bergström, 1986).  In fact, the British Caradoc Series was substantially redefined (and the Llandeilo Series eliminated) so that its lower boundary corresponded to the base of the zone (Fortey et al, 1995).  The boundary working group considered four sections as candidate stratotype sections: the Lower Wood Brook section in Shropshire, Britain (Bettley et al., 2001); the Calera section in Alabama, USA (Finney et al., 1996); the Dawangou section, Tarim Basin (Xinjiang Autonomous region), China (Bergström et al., 1999); and the Fågelsång section in southern Sweden (Bergström et al., 1998).  The British section did not receive serious consideration because it is thick with few collection levels, poorly exposed, and lacks a diverse graptolite fauna and conodonts.  In contrast, the other three sections are characterized by 1) being continuously exposed, 2) being sampled at high density, 3) having diverse graptolite faunas in the boundary interval with the FAD of N. gracilis occurring in a matrix of first and last occurrences of several other species, and 4) having the FAD of N. gracilis occur a short stratigraphic distance above the boundary between the conodont zones of Pygodus serra and P. anserinus.  After careful consideration, the Dawangou section was eliminated because of its remote location and difficult access, and the Calera section was eliminated because, being an active quarry on private land, its future access and preservation were uncertain.  The Fågelsång section in contrast is readily accessible and in a nature preserve, ensuring its long-term preservation.   


As defined by the Fågelsång GSSP, the base of the Upper Ordovician Series, and the Fifth Stage of the Ordovician System, is exposed in outcrop E14b located on the south bank of Sularp Brook at the locality known as Fågelsång in the Province of Scania, Sweden, at 1.4 m below the Fågelsång Phosphorite marker bed in the Dicellograptus Shale, coinciding with the first appearance of the graptolite Nemagraptus gracilis (Hall).  A description of the GSSP is published in Bergström et al., (2000).


Because the upper boundary and thus the stratigraphic extent of the Fifth Stage are still uncertain, the stage remains un-named.  In 1995, the Subcommission approved a classification in which the Upper Ordovician Series was divided into two stages with the top of the Fifth Stage at the level of first appearance of the graptolite Dicellograptus complanatus or the conodont Amorphognathus ordovicicus.  However, those levels have been abandoned because of failure to identify any candidate stratotype sections.  The Subcommission has now approved a three-fold subdivision of the Upper Ordovician Series with the upper boundary of the Fifth Stage (that is, the lower boundary of the Sixth Stage) at the level of first appearance of the graptolite Diplacanthograptus caudatus. 

Sixth Stage

In 2003, the Ordovician Subcommission decided that the Sixth Stage of the Ordovician System (the middle stage of the Upper Ordovician Series) would have its lower boundary at the FAD of the graptolite Diplacanthograptus caudatus and its upper boundary at the base of the Hirnantian Stage.  The FAD of D. caudatus appears to have a consistent position in graptolite successions worldwide, occurring at the level of disappearance of most elements of the highly diverse, cosmopolitan fauna of the Climacograptus bicornis graptolite Zone and the incoming of several new, both long- and short-ranging, graptolite species.  At least two sections have potential as candidate stratotype sections, and a GSSP proposal is presently being prepared for one of them - the Black Knob Ridge section in the Ouachita Mountains of southeastern Oklahoma, USA.  The Sixth Stage will not be given a formal name until the GSSP for its lower boundary has been approved by the Subcommission.

Hirnantian Stage

In 2003, The Ordovician Subcommission approved the Hirnantian Stage as the uppermost of three stages composing the Upper Ordovician Series.  Previously, Chen et al. (1999) had proposed it as a global standard substage. It is based on the British regional stage of the same name.  The British Hirnantian Stage is unique among British stages in that its distinctive Hirnantia shelly fauna is recognized and correlated globally.  The term Hirnantian has been used widely because the stage corresponds to a dramatic time in Earth history - a time of rapid climatic change, extensive glaciation, worldwide sea-level fall, a great positive carbon-isotope excursion, extensive exposure of cratons, and mass extinction.  Thus, although the global standard Hirnantian Stage may prove to be the Phanerozoic stage of shortest duration (< 2 my), it records dramatic perturbations in Earth systems that are represented by distinctive stratigraphic successions worldwide, which can be correlated with great precision and high resolution. 


The shelly fauna on which the Hirnantian Stage was defined in its type area has a diachronous distribution worldwide, occurring across three graptolite zones.  The type area in Wales is unsuitable as a stratotype for the lower boundary of the stage (Fortey et al., 1995).  The British regional Hirnantian Stage has been correlated with the upper Pacificograptus pacificus, Normalograptus extraordinarius, and N. persculptus graptolite zones (Fortey et al., 1995, 2000).  But the Hirnantian has more recently been used to refer specifically to the interval coinciding with the glaciation, which is the interval of the N. extraordinarius and N. persculptus zones (Brenchley, 1989).  The graptolite succession of the Hirnantian Stage is represented in many sections in China, is unusually diverse, and has been well documented (Chen et al., 2000, in press).  The Wangjiawan North section is presently under consideration by the Subcommission as the global stratotype section for the base of the Hirnantian Stage with the boundary placed at the FAD of N. extraordinarius.  Besides its outstanding graptolite succession, the Wangjiawan North section also includes the Hirnantia shelly fauna.  The formal GSSP proposal is posted on the web site for the Ordovician Subcommission (URL:  http://seis.natsci.csulb.edu/ord2/default.htm).
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