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Summary

SUMMARY

A critique of magnetostratigraphic coverage for the Phanerozoic is presented. Cambrian to Early
Carboniferous constraints are sparse in the absence of dedicated magnetostratigraphic studies. The Late
Carboniferous and Late Permian boundaries of the Permo-Carboniferous Reverse Superchron (PCRS)
are better constrained from magnetostratigraphic studies, but limited detail is available on possible
normal polarity subchrons in the PCRS. Triassic to Recent constraints are well-established from
dedicated magnetostratigraphic studies with adequate biostratigraphic control, and for the Middle
Jurassic to Recent from calibration against marine magnetic anomalies.
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General introduction

GENERAL INTRODUCTION

Responsibilities

Responsibility for this review of Phanerozoic magnetostratigraphic constraints is shared:

. Cambrian to Silurian: Allan Trench;

. Devonian to Permian: Chris Klootwijk;

. Triassic to Middle Jurassic:  Hervé Théveniaut;

. Middle Jurassic to Recent: Mart Idnurm.

Individual contributions were compiled by Chris Klootwijk into a uniform style of presentation. Various
approaches to data compilation were followed by the four authors. This variety in approach necessarily
reflects variations in data quality and quantity in the Phanerozoic for characteristic events such as the
Permo-Carboniferous Reverse Superchron and the Cretaceous Normal Polarity Superchron. The authors
describe their individual approaches in the introductions to their respective chapters.

Purpose

This review was undertaken as a contribution to AGSO’s Phanerozoic Timescales Project (Young and
Laurie,1994). It aims to document magnetostratigraphic correlation and dating constraints, as a
complement to, perhaps more, established biostratigraphic, lithostratigraphic and chronostratigraphic
correlation and dating tools. Individual authors of the various chapters of AGSO’s Phanerozoic
Timescales Project have taken care to integrate the magnetostratigraphic constraints with the Period
correlation charts, wherever warranted by the available level of detail. Numerical age constraints
documented in the reviewed literature, therefore, have been adjusted to key time points of the AGSO
Phanerozoic Timescales (Jones,1994).

Methods

Four methods to develop magnetic polarity timescales were discussed in a seminal paper by lrving and
Pullaiah (1976): i.e. the direct method, marine method, time-scale method, and stratotype method. The
direct method plots polarities of individual rock units directly against radiometric age of the rocks. The
marine method compiles polarities from successions of marine magnetic anomalies with, age tie-ins
provided by radiometric dating of oceanic basalts or from biostratigraphic control on directly overlying
sediments. The time-scale method plots polarities of individual rock units through conversion of
chronostratigraphic ages into numerical ages according to the preferred timescale of the day. The
stratotype method plots polarity successions against lithostratigraphic and/or biostratigraphic control.

The direct method has limited practical applicability; it is restricted to rocks that can be dated
radiometrically and its resolution is limited by the precision and accuracy of radiometric methods. The
marine method has provided some highly detailed polarity sequences for the Cenozoic and part of the
Mesozoic; its applicability is limited by the resolution of marine magnetic modelling techniques, the
accuracy and precision of the biostratigraphic and radiometric tie-ins, and the absence of pre-Middle
Jurassic ocean floor. The time-scale method is a practical way of integrating results from individual
studies, and can incorporate results from studies often not designed for magnetostratigraphic purposes.
Its applicability is limited, however, because of the absence of unequivocal superposition evidence and,
for earlier results in particular, uncertainties about the primary origin of individual results. The stratotype
method has evolved as the preferred method for development of magnetostratigraphies because highly
sensitive cryogenic magnetometers enable magnetizations of virtually any lithology to be measured. It
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Cambrian to Silurian magnetostratigraphy (Allan Trench)

provides unequivocal superposition control, better control on the primary origin of the magnetizations,
and its time resolution is limited only by litho- and bio-stratigraphic detail of the studied sections.

Development of a reference magnetostratigraphy for the Phanerozoic, and for the Palaeozoic in
particular, is hampered by the limited number of studies to date that are dedicated entirely to
magnetostratigraphy. Data from diverse sources and of diverse quality, reliability, and resolution need
to be integrated therefore, to develop a reference magnetostratigraphy resulting in a record with various
levels of detail and reliability.

In several recent magnetostratigraphic compilations for the early Palaeozoic, Trench and coworkers
(Trench et al.,1991,1993) classified original data and compiled magnetostratigraphies at three quality
levels: fundamental, supplemental and unconstrained:

Fundamental data come from dedicated magnetostratigraphic studies on continuous, well-
controlled stratigraphic sections with a duration of several zones or stages (spanning at least several
million years), and with reversal boundaries that are demonstrated to represent stratigraphic levels;

Supplemental data come from well-dated rocks that cover only a limited stratigraphic interval
and generally display only a single magnetic polarity;

Unconstrained data come from rocks with inadequate biostratigraphic control and indications
for a secondary origin rather than primary origin for the magnetization.

Trench et al's fundamental and supplemental data equate most closely with Irving and Pullaiah’s (1976)
stratotype and time-scale data. Unconstrained data are not useful for magnetostratigraphic application.
The threefold approach to data compilation is equally applicable to the late Palaeozoic, and the essence
of the technique has been followed throughout the Palaeozoic.

Nomenclature

The International Subcommission on Stratigraphic Classification of the International Union of Geological
Sciences proposed a standard magnetostratigraphic nomenclature (Anonymous,1979; Cox in Hariand
et al.,1982,1990; see Hailwood, 1989 for overview). The subcommission recommended against the use
of the terms “event" and “epoch" for description of time derived from geomagnetic polarity, and
proposed instead the terms polarity subchron (1 0%-10° yr) and polarity chron (1 0°-10° yr), with polarity
superchron (106-107 yr) describing a longer polarity interval in time. Corresponding chronostratigraphic
terms for description of rocks formed during these time intervals are: polarity subchronozone, polarity
chronozone and polarity superchronozone. Corresponding lithostratigraphic terms describing maanetic
polarity units within rock units are: polarity subzone, polarity zone and polarity superzone. The term
magnetozone is currently most commonly used for polarity zone, and magnetic chron likewise for
polarity chron.

CAMBRIAN TO SILURIAN MAGNETOSTRATIGRAPHY (Allan Trench)

Introduction

The establishment of a magnetic polarity timescale for the early Palaeozoic remains in its infancy
although significant progress has been made in recent years. Lower Palaeozoic rocks present a number
of problems to magnetostratigraphic work beyond those of younger strata. These difficulties can be
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summarised as follows:

- The absence of preserved Palaeozoic oceanic crust precludes comparison of palaeomagnetic
data with an independent magnetic anomaly pattern from which a high resolution polarity
sequence can be deduced. The Mesozoic-Tertiary marine magnetic anomalies have played a
vital role in the development of polarity time-scales for these periods (Harland et al.,1990).

- The likelihood of magnetic overprinting having completely destroyed the primary magnetic
signature of a rock becomes greater with increasing rock age, given the increasingly complex
geological history affecting the rock. As such, geologically ‘ideal’ sections for
magnetostratigraphic work may preserve no evidence of the palaecomagnetic field at the time
of rock deposition (e.g. Ordovician - Silurian boundary section at Anticosti Island, Quebec; see
Seguin and Petryk,1986; Ripperdan,1990).

- Plate configurations have changed dramatically since the early Palaeozoic, making the
identification of normal and reverse polarities equivocal for many plates and, in particular, for
marginal continental terranes. For example, several competing palaeogeographies exist for late
Precambrian to Cambrian times (e.g. Lin et al.,1985; Piper,1987; Moores,1991; Kirschvink,1992;
McKerrow et al.,1992).

Because of these problems, very few dedicated magnetostratigraphic studies have been attempted on
lower Palaeozoic rocks. Some notable exceptions include the works of Kirschvink and Rosanov (1984)
on Cambrian limestones of the Siberian platform, Ripperdan and Kirschvink (1992) and Ripperdan et al.
(1993) on the Cambrian-Ordovician boundary carbonates of Black Mountain, Australia and Dayangcha,
China, respectively, and Torsvik and Trench (1991) on Lower-Middle Ordovician carbonates from
Sweden.

Despite the lack of dedicated magnetostratigraphic studies of lower Palaeozoic rocks, numerous
palaecomagnetic studies have been undertaken with the aim of deducing continental palaeopoles for
clarifying continental reconstructions. These studies, although designed for other purposes, provide
useful ancillary information from which at least the predominant polarity of the early Palaeozoic magnetic
field can be deduced. Syntheses of the early Palaecozoic magnetic field polarity have been undertaken
by Irving and Pullaiah (1976), Khramov et al.(1965), Khramov and Rodionov (1981), Khramov (1987) and
Trench et al. (1991,1992,1993).

Magnetostratigraphic nomenclature and data quality

Hailwood (1989) has detailed the magnetostratigraphic nomenclature as adopted in studies of Mesozoic,
Tertiary and Recent sections. Given our present rudimentary knowledge of the early Palaeozic magnetic
field, however, Trench et al. (1991,1993) adopted an informal nomenclature for the subdivision of polarity
intervals. In this scheme, reversals were named depending on the stratigraphic interval in which they
occur (e.g. A[R] = Arenig, Reverse; L[N2] = Uanvirn-Llandeilo, Normal interval 2; W[N] = Wenlock
Normal; LL[M] = Uandovery Mixed interval, etc.). On a detailed scale when numerous reversals are
present, Kirschvink and Rosanov (1984) opted to name reversals using a sequential lettering (A - T) and
sign convention ("+" = normal, *-" = reverse). Data quality for early Palaeozoic magnetostratigraphic
purposes has been assessed according to the tripartite division of palaecomagnetic data (after Trench
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Fig.1 Tentative magnetostratigraphy for parts of the Cambrian after Shergold (1989,1994).
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Fig.2 Tentative correlation of magnetostratigraphies for Cambrian-Ordovician boundary sections at Black Mountain, western

Queensland, Australia (Ripperdan and Kirschvink,1992; Ripperdan et al.,1992) and at Xiaoyangqiao near Dayangcha, Jilin
Province, China (Ripperdan et al.,,1993) as proposed in the latter study.

et al., 1991) described in the General introduction.

Cambrian

A detailed compilation of all palaecomagnetic polarity data from Cambrian strata has yet to be carried
out and is beyond the scope of the present summary. Aithough the Precambrian-Cambrian boundary
has now been ratified (Landing,1994) and dated (Bowring et al.,1993), the Cambrian-Ordovician
boundary remains unresolved (Shergold, 1994) introducing uncertainty in dating and correlation of Late
Cambrian- Early Ordovician magnetostratigraphy. Likewise, palaeogeographic uncertainties are greater
in Cambrian time than either Ordovician or Silurian times and preclude unambiguous polarity definition.
For example, Kirschvink (1992) has revised the polarity classification adopted during his previous studies
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Fig3 Sketch section showing magnetic polarity zonations observed from Cambrian and Ordovician sediments of the North China
Block (after Zhao et al.,1992).

of the Cambrian of the Siberian Platform (Kirschvink and Rosanov,1984). In this regard, no attempt has
been made in this summary to reconcile authors’ polarity interpretations for Cambrian time with the
plethora of Cambrian reconstructions presently available. Instead, we reproduce a polarity interpretation
by Shergold (1989,1994) based on magnetostratigraphic studies by Kirschvink (1978a,b) for the base
of the Cambrian and by Ripperdan and Kirschvink (1992) and Ripperdan et al. (1992) for the Cambrian-
Ordovician boundary (Fig.1). Whilst both magnetostratigraphies are well-determined, the Early Cambrian
Amadeus Basin succession suffers from an uncertain global correlation and the correlation potential of
the Cambro-Ordovician Black Mountain succession is hampered by uncertainty about a Cambro-

Ordovician stratotype section (J. Shergold, pers. comm.,1994).

Stratigraphy-parallel polarity reversals within Cambrian rocks have been described as follows:
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Fig4 Magnetostratigraphic correlation of Ordovician fundamental datasets from the South Siberian Platform and southern

Sweden (after Trench et al,1991). Data from the Lleyn Peninsula, Wales (Thomas,1976), and the Juniata (Miller and
Kent,1989), Dunn Point (Van der Voo and Johnson,1985) and Sequatchie Formations (Morrison,1983; Morrison and
Ellwood,1986 of eastern North America are also included as they further constrain the composite stratigraphy. "*" The
inferred polarity for Ashgill time is based on normally magnetized palacomagnetic data from the Dunn Point, Juniata and
Sequatchie Formations. If postulated reversely magnetised sites within the Juniata and Sequatchie Formations are truly
distinguishable from Alleghenian remagnetisations, then a short period (or periods) of reverse polarity may exist within the
Ashgill. Left-hand columns refer to stratigraphic elements of the Ordovician and the adjacent right-hand column represents
the composite magnetostratigraphic record. Faunal sub-divisions are Buropean zones. Sub-divisions of the Arenig series
are taken from Fortey and Owens (1987). Siberian stages are indicated next to the appropriate column. Swedish formations
(lettered) from Torsvik and Trench (1991) are as follows: D, Dalby Limestone; R, Ryd Limestone; G, Gullhogen
Limestone; S, Skovde Limestone; V, Vamb Limestone; H, Holen Limestone; O, Orthoceras Limestone.

Kirschvink et al. (1991) report detailed magnetostratigraphic and carbon isotope results from
postulated Precambrian-Cambrian boundary sections in Morocco, Siberia and South China.

Kirschvink (1978a,b) documents palaeomagnetic results from upper Precambrian and Lower
Cambrian sediments of the Amadeus Basin, Central Australia. Samples were collected at
approximately one metre intervals through an 800 m thick sequence. An “unconformity test"
(Kirschvink,1978b) is argued to support a magnetisation age equivalent to the stratigraphic age
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Composite Ordovician magnetostratigraphy (from Figure 4) with the addition of supplementary datasets. Individual studies
are as follows: Borrowdale Volcanics (Faller et al.,1977), Tramore Volcanics (Deutsch,1980), Builth Volcanics (Briden and
Mullan,1984; Trench et al,1991), Stairway Sandstone (Embleton,1972), Mweelrea Ignimbrites (Deutsch and
Somayajuhu,1973; Morris et al.,1973), Stapeley Volcanic Formation (McCabe and Channell,1990), Hongshiya Formation
(Fang et al.,1990), Moreton’s Harbour Group (Johnson et al.,1991), Moulin de Chateaupanne Formation (Perroud et

al.,1985), Slockenray Formation (Trench et al.,1988), Treffgarne Volcanic Formation (Torsvik and Trench,1991; Trench et

of these rocks. The Early Cambrian interval of the Arumbera Sandstone is represented by mixed
polarities which extend upwards into the Todd River Dolomite and Eninta Sandstone, the former
having a definite Early Cambrian biostratigraphic age (Shergold,1994).

Kirschvink and Rosanov (1984) report numerous magnetozones from upper Precambrian and

10
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Lower Cambrian strata of the Siberian Platform. Stratigraphy-parallel reversals were observed
that could be correlated with archaeocyathid zones. Reliable correlation of these data with
coeval results from Australia remains equivocal.

- Klootwijk (1980) reports magnetic polarity data from Lower Cambrian rocks of the Flinders
Ranges of South Australia and Middle to lower Upper Cambrian rocks of the Amadeus Basin.
Shergold (1989,1994) summarises the polarities with respect to the biostratigraphic record.
Mixed polarities are identified from the Lower Cambrian Ajax Limestone with the possible
correlative section, the Wilkawillina Limestone and Oraparinna Shale, displaying only reverse
polarity. Results from the Moodlatana Formation are reverse with the Middle Cambrian upper
Giles Creek Formation and iower Shannon Formation.

- Ripperdan and Kirschvink (1992) and Ripperdan et al. (1992) report on detailed
magnetostratigraphic and carbon isotope studies of the Black Mountain section in Queensland
and Ripperdan et al. (1993) on the Dayangcha section, Jilin Province, China. Both sections are
proposed as representative of the Cambrian - Ordovician boundary on biostratigraphic grounds.
A tentative correlation of the two magnetostratigraphic sections after Ripperdan et al. (1993) is
shown in Figure 2.

- Zhao et al. (1992) revealed multicomponent magnetisations in Cambrian {and Ordovician)
sedimentary units from several localities in the North China Block. The higher unblocking
temperature components pass field tests and are interpreted to approximate the depositional
age of the sequences. Zhao et al. (ibid.) interpret the Cambrian strata to be predominantly
reversely magnetized with intermittent zones of mixed polarity (Fig.3), despite problems to
unambiguously establish the sign of the polarity.

Ordovician

Magnetic polarity data from Ordovician rocks are summarised in Figures 4 and 5. Fundamental data
(Fig.4) reveal a probable correlation of polarity results between detailed sections of carbonates on the
Baltic (Torsvik and Trench,1991) and south Siberian platforms (Khramov et al.,1965; Rodionov,1966).
The latter section, along the banks of the Lena River, is currently under reinvestigation using
contemporary analytical methods and superconducting magnetometer technology (Torsvik and Tait,
pers. comm.,1993). Supplemental data (Fig.5) are consistent with the results of the detailed platform
successions and yield evidence of the predominant polarity in their own right. An interesting outcome
of this analysis suggests that polarity reversals occurred less frequently in Ordovician times than, for
example, In Cenozoic times (Fig.6, after Trench et al.,1992), although a missing-data problem cannot
be excluded.

The following characteristics of the Ordovician magnetic field are evident (Figs 4,5):

- All Arenig rocks, with exception of the successions described in Farr et al. (1993), thus far have
yielded reverse magnetisations.

- Several reversals of the geomagnetic field occurred during Uanvirn-Uandeilo times.

- The early part of the Caradoc series corresponds to an interval of normal polarity. The later part
of the series is characterised by a reversely-magnetized field.

11
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Fig.6 Comparison of Ordovician reversal pattern with Cenozoic reversal pattern indicating the relative simplicity of Ordovician

polarities as presently determined.

- Ashgill rocks have yielded normal polarities to date, although short reverse polarity zones may
occur that have yet to be unambiguously identified.

- The above observations imply a geomagnetic field of predominantly reverse polarity during Early
Ordovician times (Tremadoc-Llanvirn), succeeded by a predominantly normal polarity field in
Later Ordovician times (Llandeilo-Ashgill).

Magnetic polarity data that have recently become available from Ordovician strata include results from
shales and limestones of the North China block (Zhao et al.,1992), the Bluffer Pond Formation of the
northern Appalachians (Potts et al.,1993), and carbonates and sandstones of the Powell, Everton and
St Peter Formations of northern Arkansas (Farr et al.,1993). The data from the North China Block pass
reversal, baked contact, and fold tests (Mesozoic folding) and demonstrate evidence of an overall
similarity in the magnetic polarity pattern for the stratigraphic sequence between sampled localities
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Fig.7 Comparison of a tentative reversal pattern from Lower to Middle Ordovician rocks from northern Arkansas (Farr et
al.,1993) with compilations by Piper (1987), as modified from Khramov and Rodionov (1981), and Torsvik and Trench

(1991).

(Fig.3). Unfortunately, the apparent polar wander path for the North China Block is poorly constrained
for the early Palaeozoic and Zhao et al. (1992) were unable to unambiguously establish the magnetic
polarity of their data. Comparison of their results (Fig.3) to the composite Ordovician polarity pattern
(Fig.4) points to the North China data displaying the opposite polarity to that put forward by Zhao et al.
(1992). Potts et al. (1993) subsequently presented evidence for normal polarity of the Caradocian (Late
Ordovician) palaeofield, consistent with the synthesis of previous studies presented by Trench et al.
(1991). Farr et al., (1993) present a detailed magnetostratigraphic record of Lower to Middle Ordovician
(Ibexian and Whiterockian) rocks from northern Arkansas (Fig.7). The record is most probably of primary
origin as evidenced from correlations between sampled sections and a positive conglomerate test. The
reversal record is more complex, but may be crudely correlatable to the compiled reversal record from
Piper (1987). It is considerably more complex than the Baltoscandian compilation by Torsvik and Trench
(1991) and the global compilation by Trench et al. (1991,1992, Figs 4,5).

Silurian
Magnetic polarity data for Silurian times are summarised in Figure 8 (after Trench et al.,1993). The

following points of interest are noted:

- Palaecomagnetic data sets of primary origin are not yet available from a continuous Silurian
stratigraphic succession of any great duration (i.e. there are no fundamental data), so a
composite Silurian magnetostratigraphy is still at a much more preliminary stage than that for
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Fig8 Magnetic polarity data for the Silurian. Individual datasets are as follows: Wabash Reef, USA (McCabe et al.,1985); Hemse
Beds, Sweden (Claesson,1979); Laidlaw Volcanics, Australia (Luck,1973); Ainslie Volcanics, Australia (Luck,1973); Douro
Volcanics, Australia (Luck,1973); Slite Beds, Sweden (Claesson,1979), Upper Visby/Hoglint Beds, Sweden (Trench and
Torsvik,1991); Botwood Volcanics and sediments, Canada (Gales et al.,1989); Lower Trap, Tortworth, UK. (Piper,1975);
Red Mountain Formation, USA (Morrison,1983); Salrock, Clare Island and Lough Mask Formation, Ireland (Smethurst
and Briden,1988); King George IV Lake area, Canada (Buchan and Hodych,1989); Bloomsburg Formation, USA
(Kent,1988); Mendip Volcanics, England (Torsvik et al.1993); Rose Hill Formation, USA (French and Van der
V00,1977,1979); Ringerike Sandstone, Norway (Douglass,1988); Yuejiashan, Huixingshao and Baisha sections, South China
(Opdyke et al.,1987).

the Ordovician.

- The majority of the Silurian was characterised by periods of mixed polarity (i.e. intervals of high
reversal frequency).

- Wenlock times were mainly characterised by a magnetic field of normal polarity based upon
single polarity studies of red mudstones from western Ireland (Smethurst and Briden,1988),
andesitic volcanics from southwest England (Torsvik et al.,1993), carbonates and mudstones
from southeast Sweden (Trench and Torsvik,1991) and volcanics from southeast Australia
(Luck,1973; Klootwijk, unpublished data).

Conclusions
When compared with equivalent studies of Cambrian and Silurian rocks, Ordovician strata reveal fewer
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Devonian to Permian magnetostratigraphy (Chris Klootwijk)

reversals of the Earth’s magnetic field. This can be interpreted to indicate a lower reversal frequency
during the Ordovician than either the Cambrian or Silurian. A preliminary estimate of reversal frequency
for the Ordovician is of the order of one reversal per five million years (Trench et al.,1992).

The variation in reversal frequency identified between segments of Cambrian, Ordovician and Silurian
age indicates that magnetostratigraphy will serve as a high precision correlation tool for only part of the
of the early Palaeozoic, during times of rapid reversals of the Earth’s magnetic field (e.g. Precambrian-
Cambrian boundary). Conversely, the comparative simplicity of some segments of the early Palaeozoic
polarity record suggests that correlation of disparate sections with the appropriate magnetozone should
be possible with relative ease. Further refinement of the Cambrian, Ordovician and Silurian
magnetostratigraphic timescale and subsequent correlation of sections should resolve palaeogeographic
uncertainties affecting many early Palaeozoic continental blocks.

DEVONIAN TO PERMIAN MAGNETOSTRATIGRAPHY (Chris Klootwijk)

Data quality

Data quality for the Devonian, Carboniferous and Permian is variable. Considerable progress has been
made over the past five years in defining the base and top of the Permo-Carboniferous Reverse
Superchron (PCRS). Some high-quality magnetostratigraphic profiles for the mid-Carboniferous and the
latest Permian are now available, but the boundaries of the PCRS are as yet not defined within zone
level. The reversal stratigraphy within the PCRS has not yet been studied at the high-resolution standards
that are the current norm. The few earlier reported observations of normal polarity intervals within the
PCRS remain to be confirmed and detailed regarding their primary origin and stratigraphic level. The
magnetostratigraphy of the, pre-PCRS, Early Carboniferous and Devonian is poorly known. A few
isolated studies have provided magnetostratigraphic detail for successions covering limited timespans.
Some magnetostratigraphic compilations have been carried out on available palaecomagnetic data that
were mainly acquired for other purposes. Many of these data were obtained prior to the recognition of
the pervasiveness and wide areal extent of reverse polarity overprints of PCRS origin in Permo-
Carboniferous fold belts and adjacent basins. The primary origin of many of these resuilts, in patticular
the reverse polarity interpretations, remain to be confirmed, so the compilation presented should setve
as no more than a guide to further detailed studies. Extensive and important magnetostratigraphic
studies were carried out by Russian workers on late Palaeozoic stratotype sections in Russia and
Tatarstan. Most of these studies were originally published in the nineteen-seventies and early nineteen-
eighties in Russian literature. Details of the studies and results are not easily accessible, although
subsequent compilations were published more widely. A further impediment to scrutiny of the results
is their acquisition using methods that are largely unfamiliar to workers outside the former USSR. The
studied stratotype sections no doubt have great potential for development of a magnetostratigraphic
timescale, but the extent to which available results can be used must await further evaluation in view of
the well-documented evidence for widespread late Palaeozoic remagnetisation.

Nomenclature: from "Kiaman" to "PCRS"

A long interval of reverse polarity, from about the Middle Carboniferous to the latest Permian, was first
defined by Irving and Parry (1963) and named, in a rather informal way, the "Kiaman Magnetic Interval”,
with the *Kiaman Magnetic Division" as the corresponding “time-rock unit’. They defined the “Kiaman"

15



Devonian to Permian magnetostratigraphy (Chris Klootwijk)

! |
! l
| |
l v -
(m) VAN 1000
[ 2400 :
= Cc
I« |52
[
= REI
o
m | | 5@t
215 ] < — 800
g ‘é L — 2200 } E
= = |
T8 | | o |55
o o ! Wwiegl
E| g | | 3| 8E
" = 85 Maringouin Peninsula
w| s : o NEW BRUNSWICK
= \ | 600
— 2000
l ol
l 8
] w®
o | e
| s
| g
[ g [—40
< < -~ 1800 | 2
2 |z
= | E b g
o ] o
o
% e ‘ 2 _5 Minudie - Joggins
B o | <Ef. 5 NOVA SCOTIA
£ -
0| 3 —160 : Z| 5[ ™ Mauch Chunk
L;“ 8 i = PENNSYLVANIA
| §’ {m}
[ e | m
ANW | 5 s 300
! = Z| %
! | < | E
o
| | ,_"E a0
| | =g
l ' n| 2
| | I:.Il:-l O
>~
] l ol 3 L— 100
=
20-7/227
Fig.9 Composite mid-Carboniferous magnetic polarity sequence based on a tentative correlation of results from the Mauch Chunk

Formation (Pennsylvania) and from the Cumberland Basin (Nova Scotia, New Brunswick), redrawn after DiVenere and

Opdyke (1991a, fig.10,1991b, fig.6).
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Devonian to Permian magnetostratigraphy (Chris Klootwijk)
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Magnetic polarity scale for the late Palacozoic of the former USSR, redrawn after Khramov and Rodionov (1981, fig.1).
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on the basis of earlier observations of a prolonged interval of reverse polarity in Europe, North America,
and in the Permian stratotype sections in Russia and Tatarstan (see Irving and Pullaiah,1976), and in
particular on the basis of their own observations in the Hunter Valley and Sydney Basin. The older
boundary of the "Kiaman Magnetic Interval" was defined as the "Paterson Reversal” (Irving,1966) at the
change from normal polarity in the underlying Paterson Volcanics ('Paterson Toscanite”) to reverse
polarity in the overlying Seaham Formation ("Upper Kuttung Glacial Sediments"). The younger boundary
was defined as the "lllawarra Reversal’, then no better located than above the Gerringong Volcanics
("Upper Marine Latites") and below the Narrabeen Group (Irving,1963)("Narrabeen Chocolate Shales"),
which left its position undefined within the uppermost Permian coal measures of the Sydney Basin.

Two problems soon became apparent to Irving and coworkers. First, they realized that the early practice
of coining new specific names for magnetic intervals would soon clutter the stratigraphical nomenclature
with terms of unclear linkage (Irving,1971). Linkage of such intervals to the existing timescale-
nomenclature was judged preferable. The second problem related to correlation in time of the "Paterson
Reversal" as the base of the "Kiaman" in eastern Australia, with observations on the base of the "Kiaman"
in North America, South America and Eurasia (Irving and Pullaiah,1976). It appeared to them that the
“"Paterson Reversal" might well represent a short normal polarity event within the "Kiaman* and could not
be used, therefore, to define its base. For these reasons Irving (1971) withdrew the term "Kiaman" and
suggested “Late Palaeozoic Reversed Interval' as a more identifiable term. The term "Permo-
Carboniferous Quiet Interval" or "PCR" was introduced subsequently (Irving and Pullaiah,1976).

Terminology for the "Kiaman" has evolved since then, unfortunately without arriving at a single commonly
agreed-upon identifier. So different workers and groups use various terms such as: "Kiaman Hyperzone
(R)" (Khramov and Rodionov,1981; Khramov,1987; Haag and Heller,1991; DiVenere and Opdyke, 1991a),
"Kiaman Superchron" (Molina-Garza et al.,1989; Magnus and Opdyke,1991), "Kiaman Reversed
Superchron” (Ma et al.,1993)," Permo-Carboniferous Reversed Polarity Superchron* (McFadden et al.,
1988), Permo-Carboniferous Reversed Superchron (PCRS) (Magnus and Opdyke,1991; DiVenere and
Opdyke,1981a; Opdyke et al.,1993) or "PC-R Superchron” (Cox in Harland et af.,1990). The International
Subcommission on Stratigraphic Classification (Anonymous,1979) recommended the term Permo-
Carboniferous Reversed Superchron (PCRS). This recommendation is followed herein, albeit slightly
adapted to Permo-Carboniferous Reverse Superchron.

Devonian to Early Carboniferous constraints
The magnetostratigraphy of the Devonain and Lower Carboniferous has not been studied systematically,

other than in Russian studies that are mostly of some vintage. Results from only a few modern studies
of limited stratigraphic coverage have been reported:

Studies on the uppermost Mississipian Mauch Chunk Formation in Pennsylvania, North America
(DiVenere and Opdyke,1991b) show mixed polarities. The upper part of the sequence is
tentatively correlated with the basal part of the polarity sequence in the Maringouin Formation.

(Fig.9).

Hurley and Van der Voo (1987,1990) have interpreted a series of five polarity intervals within a
thin Fruxites stromatolite bed from the Virgin Hills Formation of the Canning Basin, Australia. The
authors followed Druce (1976) in locating the Fruxites beds entirely within the Palmatolepsis
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triangularis conodont subzone and dated the beds accordingly as Frasnian-Famennian in age.
A detailed study by Nicoll and Playford (1993) has now located the Fruxites beds within the
Early Palmatolepsis crepida Zone of early Famennian age.

Smethurst and Khramov (1992) studied middle Palaeozoic successions from the Russian
platform in the Ukraine and observed very petvasive “Kiaman"-type reverse polarity overprinting
which put doubt on the interpretation of the earlier Russian results. Primary magnetization results
were established in Lower Devonian successions for which unfortunatedly only limited
stratigraphic detail is available. This showed the occurrence of reverse polarity in Gedinnian-
Pridolian sections, normal polarity for the Gedinnian, and reverse polarity for the Gedinnian-
Siegenian, in apparent contrast with the established Russian late Palaeozoic magnetic polarity
scale (Fig.10).

Given the absence of recent detailed magnetostratigraphy studies on Devonian and Lower Carboniferous
successions, use of the polarity timescale compiled from earier Russian studies (Khramov and
Rodionov,1981; Khramov,1987; Fig.10) is still appropriate. The recent study by Smethurst and Khramov
(1992) demonstrates that care must be taken, however, with its interpretation as the polarity timescale
was compiled prior to the realisation of widespread "Kiaman"-type overprinting within late Palaeozoic fold
belts and adjacent cratonic basins.

As an adjunct to the Russian polarity timescale (Fig.10) the Global Palaeomagnetic Database (Lock and
McElhinny,1991; McElhinny and Lock,1993) was interrogated for temporal predominance of polarity
during the Devonian and Early Carboniferous. Such a search can provide no more than an indication
of the polarity structure, because such compilations are fraught with problems related to imprecisions
in the age of the rocks and uncertainties about the primary origin of the magnetizations. The search
criterion was for directional results from rocks dated within an Epoch or occasionally Stage, and used
age limits according to the Harland et al. (1990) timescale adopted by the database. The directional
results were interpreted subsequently for polarity and the likelihood of the magnetization being primary.
The information that passed this filtering process is presented in Figure 11 as a profile of the proportion
of normal and reverse results at the Stage or substage level, and is not to be interpreted as a
magnetostratigraphic profile. Comparison of this predominant polarity profile (Fig.11) with the Russian
polarity timescale (Fig.10) underscores the warning sounded in the last paragraph, with for instance
conflicting interpretations for the Tournaisian and Visean, but comparable interpretations for the Eifelian
and Bashkirian.

Middle Carboniferous magnetostratigraphy and base of the PCRS

Determination of the base of the PCRS has come a long way since the original definition of the base of
the "Kiaman" (Irving and Parry,1963; Irving,1966) between the “Paterson Toscanite” (Paterson Volcanics)
of normal polarity and the overlying "Main Glacial Stage" (Seaham Formation) for which reverse polarity
was observed. Recent U-Pb (SHRIMP) dating of zircons (Roberts et al.,1991,1994a) has shown a much
older age for the Paterson Volcanics (328+1.7 Ma; Late Visean) than originally envisaged, while
preliminary findings of an ongoing magnetostratigraphic study (Théveniaut et al.,in preparation) to locate
the base of the PCRS in the Hunter Valley have shown the presence of mixed polarities above the
Paterson Volcanics, up to at least the Mirannie Volcanics which are dated at 321+4.4 Ma (Roberts et
al.,1994b).
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Fig.11 Predominant polarity sequence for the late Palacozoic, based on the frequency of normal and reverse polarity results at
stage or substage level, as obtained from interrogation of the global palacomagnetic database (version 2.2). The database
was interrogated using ages according to Harland et al. (1990), corresponding ages according to the Timescales Project
(Young and Lauric,1994) are shown.

Attempts to compile constraints on the base of the PCRS (e.g. Palmer et al.,1985) have not always been
successful due to biassing of the polarity record by "Kiaman" overprinting The most detailed control
available at the moment comes from North American studies, i.e. the earlier work of Jean Roy and
coworkers (Roy,1977; Roy and Morris,1983) in Nova Scotia and the more recent work of Opdyke and
coworkers in Nova Scotia-New Brunswick (DiVenere and Opdyke,1988,1990,1991a), Pennsylvania
(DiVenere and Opdyke,1991b), and Colorado (Miller and Opdyke,1985; Opdyke,1986; Magnus and
Opdyke, 1991). Roy’s (1977) study of Minudie Point located the base of the PCRS in the top of Riversdale
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Fig.12 Magnetostratigraphic polarity profile for the Upper Permian of the Nammal Gorge, Salt Range, Pakistan, redrawn after
Haag and Heller (1991, fig.8).

Group directly below the Pictou Group, corresponding with the upper Westphalian A. Subsequent work
by DiVenere and Opdyke (1988,1990,1991a) of nearby and correlatable sequences on the Maringouin
Peninsula of New Brunswick provided a detailed series of polarity reversals (Fig.9} in the Maringouin
Formation, Shepody Formation, Claremont Formation and in the base of the Boss Point Formation, with
more isolated observations of exclusively reverse polarity in the remainder of the Boss Point Formation
and the overlying Joggins Formation. These observations locate the base of the PCRS somewhere within
the Westphalian A, although the biostratigraphic control for such an age can be questioned (P. Jones,
pers. comm.,1993,1994) from re-evaluation of the original studies (Belt,1965; Hacquebard,1972).
Additional age control on the base of the PCRS comes from studies of the Minturn Formation in
Colorado (Miller and Opdyke,1985; Magnus and Opdyke,1991), which showed exclusively reverse
polarity. This further constrains the base of the PCRS to below the Minturn Formation of Atokan-
Desmoinesian age, and thus to an early Atokan (Westphalian B) or older age.
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Fig.13  Late Permian magnetic polarity sequence from Sichuan, China, after Steiner et al. (1989, fig.13).

Early Russian studies (for compilation see Khramov and Rodionov,1981; Khramov,1987) identified the
base of the PCRS from the occurrence of a single normal polarity subzone in the uppermost Moscovian
(Fig.10). This interpretation disagrees with the positive findings by Opdyke and coworkers and Roy and
coworkers in Nova Scotia-New Brunswick for an older upper Westphalian A age for the base of the
PCRS. Location of the base of the PCRS at the normal polarity subzone in the Middle Bashkirian (Fig.10)
seems a far more reasonable proposition. Opdyke et al. (1993) claim on the basis of preliminary, and
as yet undocumented, results from magnetostratigraphic studies on sections in the Russian Donets
Basin, taken as time equivalent to the Early and Middle Morrowan, that they have not been able to verify
earlier Russian studies of the basin. If substantiated, this finding would put doubt on the previously
determined base of the PCRS in the uppermost Moscovian.

Permo-Carboniferous Reverse Superchron (PCRS)
The extent of the PCRS is mainly determined from compilation studies (Pullaiah and lrving,1976;
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Khramov and Rodionov,1981; Khramov,1987; Molostovskiy,1992; Solodukho et a/.,1993). Only a few
earlier studies have attempted to establish the full extent of the superchron (e.g. McMahon and
Strangway, 1968). Naturally, there has been some emphasis on the establishment of possible normal
polarity subchrons within the superchron as global correlation datums. A few claims for their existence
have been made, but none has been corroborated by independent studies using modern reliability
standards. The "Quebrada del Pimiento event' (Valencio and Mitchell,1972; Valencio and Vilas,1972;
Valencio et al.,1977), with a K-Ar age of 263 +5 Ma (old decay constants), may postdate the PCRS and
form part of the succeeding lllawarra Superchron. Normal polarity observations in middie Leonardian
(late Early Permian) formations of southwestern North America (Peterson and Nairn,1971) are based
upon thermal cleaning procedures that are less detailed than current standards would require. The
observations have not been confirmed. Russian compilations (McElhinny,1969; Khramov and
Rodionov,1981; Khramov,1987; Molostovskiy,1992; Solodukho et al.,1993) show a normal polarity
subchron in the earliest Asselian (Fig.10), directly above the Permo-Carboniferous boundary. This
magnetic subzone apparently has been observed in two different sections. It is, therefore, to be given
some credence despite the lack of positive identification elsewhere. A suggested correlation
(McElhinny,1969; Burek,1970; McElhinny and Burek,1971) with two observations of normal polarity in
beds near to the Permo-Carboniferous boundary - the Supai Formation at Oak Creek Canyon of Arizona
(Graham,1955) and the Dunkard Series in the Appalachians of West Viginia (Helsley,1965) - is tenuous
because these observations were based on results that had not been cleaned magnetically. In any case,
coining of the term "Oak Creek Event" (McElhinny,1969; McElhinny and Burek,1971) or its alias "Graham
Event" (Burek,1970), may not properly reflect the more creditable observations of this event within the
Permian stratotype sections.

Late Permian magnetostratigraphy and top of the PCRS

Major defining studies

A detailed magnetostratigraphic study on the Permo-Triassic boundary succession at the Nammal Gorge
in the Salt Range, Pakistan (Haag and Heller,1991) has documented various normal and reverse polarity
intervals in the uppermost Permian Chhidru and Wargal Formations. Thus the mixed polarity regime of
the lllawarra Superchron had already been established in the Murgabian (possibly Midian according to
Leven,1993, and Mac Dickins, pers. comm.,1994) of the central Tethys (Fig.12), which may be equated
with the Guadalupian of North America and the Kazanian of the International Scale. The end of the PCRS
thus predates the Tatarian, taken by most earlier workers, Russian in particular (Fig.11), to contain the
changeover from the PCRS to the lllawarra Superchron. Magnetostratigraphic studies on Permo-Triassic
boundary successions in the Sichuan province of southcentral China (Heller et al.,1988; Steiner et
al.,1989) do not provide the same level of detail as the Nammal Gorge study (Haag and Heller,1991).
The latter supersedes the compilation (Fig.13) of Permo-Triassic data available to Steiner et al. (1989).

Russian studies on Permian stratotype sections of Russia and Tatarstan (Khramov and Rodionov,1981;
Khramov, 1987; Molostovskiy,1992; Solodukho et al.,1993) have located the PCRS-lilawarra Superchron
changeover at the boundary between the Lower and Upper Tatarian (Fig.10). This is in conflict with the
finding of Haag and Heller (1991) for a Murgabian or earlier ending of the PCRS.

Facer (1981) in a cursory study of the:magnetostratigraphy of drillcores from the lllawarra Coal Measures
of the southern Sydney Basin, claimed the location of the PCRS-lllawarra Superchron boundary to be
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Devonian to Permian magnetostratigraphy (Chris Klootwijk)

in the lower part of the coal measures, near the Appin Formation and Tongarra coal seam. Limited
thermal cleaning, however, may not have been fully successful in separating the primary polarity record
from a pervasive normal polarity overprint of mid-Cretaceous origin that is well-developed along the
Tasman seaboard. Pending further substantiation of Facer’s claim, this has left the stratigraphic location
of the "lllawarra Reversal" in its type region no better established than between the top of the Gerringong
Volcanics (Irving and Parry,1963) and the base of the Narrabeen Group (Embleton and McDonnell, 1980).
A study in progress of drillcores through the coal measures of the Sydney Basin (lllawarra Coal
Measures, Newcastle Coal Measures, Wittingham Coal Measures) and Gunnedah Basin, backed-up with
outcrop samples from tuffs in the Newcastle Coal Measures and volcanics and sediments from the
Gerringong Volcanics (Théveniaut et al.,1994), indicates that the top of the PCRS has apparently not yet
been reached in any of the cores. This locates the upper boundary of the PCRS somewhere between
the top of the Gerringong Volcanic Facies and the studied lower part of the Wittingham Formation from
the northwestern Sydney Basin (Fig.14). Palynological control of the Wittingham Formation (C. Foster,
pers. comm.,1994) indicates an Early Kazanian to possibly Ufimian age for the studied lower part with
mixed polarity. A younger, possibly, Early Kazanian age (Mac Dickins, pers. comm.,1994) is indicated,
however, by comparison of foraminiferal control and SHRIMP U-Pb dates for the underlying marine
Mulbring Siltstone with the Ingelara Formation of the Bowen Basin. If sustained by further work, such
observations date the end of the PCRS as no younger than Early Kazanian.The early end of the PCRS
indicated by the preliminary findings of the “lllawarra Reversal" study appears to be supported by the
well-established normal polarity observations of Murgabian age in the basal part of the Nammal Gorge
magnetostratigraphic profile (Fig.14). These results highlight an emerging contradiction concerning the
age of the younger end of the PCRS. On the one hand we now have evidence for an Early Kazanian to
Ufimian age from the sections of the continental eastern Australian coal measures and a Murgabian or
older age from the marine Nammal Gorge section of the Salt Range. On the other hand, a younger Early
to Late Tatarian age is concluded for the younger boundary of the PCRS from the Upper Permian
stratotypes in Tatarstan and Russia (Fig.14). Palaeontological control on the base of the Tatarian is
reasonably well-established, and a correlation with Australia through the marine Permian of Greenland,
Austria and the Salt Range of Pakistan has been made (see Théveniaut et al.,1994). This correlation is
not likely to be a source of discrepancy with regard to the age of the younger boundary of the PCRS.
We cannot with confidence exclude the possibility that conflict may arise from unrecognized normal
polarity overprints of Late Cretaceous age in the Australian data, whose effect would be to make an
otherwise reverse polarity interval appear mixed. Such overprints are pervasive in rocks along the
Tasman seaboard, but their effect is less severe inland. The mutually supportive interpretations for an
older age from both continental sections (Sydney and Gunnedah Basins) and a marine section (Nammal
Gorge, Salt Range) make it more likely that the cause of the discrepancy may have to be sought in the
interpretation of palaeomagnetic results from the Late Permian stratotypes of Tatarstan and Russia,
particularly in regard to possible hiatuses in the sedimentary succession and the preoccupation of the
palaeomagnetic studies with red beds at the exclusion of other lithologies with lower magnetic intensity.

Supporting data

A magnetostratigraphic study of a Permo-Triassic type section at Biyulopaokutze in the northern Tarim
Basin of NW China (McFadden et al.,1988, fig.7) claims location of the top of the PCRS within level 35
of the sequence. However, no stratigraphic detail is presented other than locating the Permo-Triassic
boundary at the overlying level 41. The observed polarity reversal could represent the “lllawarra
Reversal®, but the correctness of the claim remains to be tested pending provision of further stratigraphic
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detail. Mixed polarities observed in the Dewey Lake Formation, Texas, of Kazanian to Tatarian (Ochoan)
age (Molina-Garza et al.,1989) likewise represent the lllawarra Superchron. The lowermost observed
reverse polarity zone has been suggested to represent the top of the PCRS, but this remains to be
tested through magnetostratigraphic study of the underlying formations.

Some older observations of normal polarity magnetozones may provide additional constraints on
occurrence of the PCRS-lllawarra Superchron changeover. Peterson and Nairn (1971) observed normal
polarities in red beds from southwestern North America of late Guadalupian and middle to late Ochoan
age. Although a primary origin has not been established beyond doubt, these normal polarity resuits
have generally been interpreted in terms of possible normal polarity magnetozones within the PCRS.
Following Haag and Heller's (1991) findings for a Murgabian or earlier onset of the lilawarra Superchron,
they could possibly represent the latter. Valencio and Vilas (1972) have documented normal polarity
results for igneous rocks of the Quebrada del Pimiento Formation in the Paganzo Group of Argentina
with a K-Ar date of 26315 Ma (old decay constants) (Valencio and Mitchell,1972; Valencio et al.,1977;
Valencio,1981). This observation has generally been interpreted as a nortal polarity magnetozone within
the PCRS. Haag and Heller's (1991) results suggest that this normal polarity magnetozone could
postdate the PCRS and would thus constrain its upper boundary.

Extensive magnetostratigraphic studies have been carried out on Permo-Triassic successions within the
Germanic facies realm (Burek,1970; Dachroth,1976,1988; Mauritsch and Rother,1983; Beres and
Soffel, 1985; Menning,1986; Menning et al.,1988; Turner et al.,1989). These studies generally have no
detailed biostratigraphic control and to be of use in regional correlation they will have to rely on external
studies for calibration and the proper stratigraphic location of the PCRS-lllawarra Superchron boundary.

A magnetostratigraphic study on drillcore and outcrop material of the Upper Permian Bellerophon
Formation and the Lower Triassic Werfen Formation of the Carnian Alps (Zeissl and Mauritsch,1991)
showed mixed polarities throughout the studied succession. The authors, however, do not judge the
record to be a reliable reflection of Permo-Triassic magnetostratigraphy, as it is beset with pervasive
overprints acquired during the Cretaceous Normal Polarity Superchron and of Recent origin.

TRIASSIC TO MIDDLE JURASSIC MAGNETOSTRATIGRAPHY (Hervé Théveniaut)

General remarks

The establishment of a detailed magnetostratigraphy for the Triassic to Middle Jurassic has made good
progress over the past decade. Handschumacher et al. (1988) identified the M25-M38 polarity sequence
from magnetic lineations of the Northwest Pacific and dated the oldest magnetic anomalies as Callovian-
Bathonian in age. This sequence of frequent reversals contradicts the existence of a Jurassic "Quiet
Zone" as suggested in earlier analyses of the M-sequence of magnetic anomalies (Larson and
Hilde,1975; Cande et al.,1978; Vogt and Einwich,1979). The interpretation of the M25-38 sequence is
supported by magnetostratigraphic studies of Middle and Late Jurassic successions in northern Spain
(Steiner et al.,1986), northern ltaly (Channel et al.,1990) and Poland (Ogg et al.,1991) indicating frequent
magnetic reversals comparable to the Pacific marine magnetic anomaly profiles, although not directly
correlatable. The M25-38 sequence represents the oldest marine anomaly record currently identified, thus
for times prior to the Callovian-Bathonian time boundary the magnetic polarity sequence has to be
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defined from stratigraphic profiles. In order to provide adequate biostratigraphic control, such studies
have generally been undertaken on marine sedimentary successions with well-defined ammonite or
conodont zonations.

Good polarity control can be obtained from land sections, but there are several pitfalls that have to be
considered in order to arrive at a reliable magnetostratigraphy:

- Many studies show polarity zones that are based on no more than a single sample. These are
generally taken as indicative for the polarity pattern, even though such observations are not
statistically significant.

- The magnetostratigraphic detail that can be extracted from a section is, in part, a function of the

sedimentation rate. Variations in sedimentation rate may lead to apparent fluctuations in reversal
rate or to erroneous correlations between successions of equivalent age, particularly for periods
of medium to high reversal frequency.

- Biostratigraphic control for continental sedimentary successions is generally far less detailed
than for marine sediments. Thus hiatuses may not be identified and sampling densities may be
inadequate for proper resolution of magnetostratigraphic detail.

Selected Early Triassic to Bathonian magnetostratigraphic profiles are presented in Figures 15-18. Their
applicability as reference profiles is discussed below with respect to precision of results, accuracy of
biostratigraphic control, and completeness of coverage per stage, period or biozonation.

Triassic

Many Triassic magnetostratigraphic studies have been carried out on continental successions in fluvial
or lacustrine environments (e.g. Helsley,1969; Reeve and Helsley,1972; Baag and Helsley,1974a,b;
Helsley and Steiner,1974; Steiner and Helsley,1974; Larson et al.,1982; Shive et al.,1984; Mclintosh et
al.,1985; Molina Garza et al.,1991; Witte et al.,1991; Steiner et al.,1993). Most of these studies were
undertaken on rocks from the Colorado Plateau primarily for correlation purposes and to add
magnetostratigraphic control to meagre biostratigraphic control. However, recent magnetostratigraphic
studies of marine sediments from widely separated regions in Canada, China, Austria and Turkey have
provided magnetically precise results with more accurate biostratigraphic control. These marine sections
are more promising for the establishment of a magnetostratigraphic time scale, despite current problems
with incomplete records, absence of stability tests, and sometimes considerable dispersion within the
data.

Early Triassic

Magnetostratigraphic data for the Early Triassic have been obtained mostly as part of wider studies on
the Permo-Triassic boundary (Heller et al.,1988; Steiner et al.,1989; Haag and Heller,1991). Various
studies show the occurrence of a normal polarity interval during the earliest Triassic, but data gaps in
all current studies prevent identification of the magnetic polarity at the Permo-Triassic boundary.
Recently, however, a nearly complete magnetic polarity pattern (Fig.15) was obtained from a continuous
Lower Triassic succession in the Canadian Arctic (Ogg and Steiner,1991). The magnetostratigraphy
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Carnian composite magnetostratigraphy cbtained from southwestern Turkey and Austria (Gallet et al.,1992,1994).

could be tied in with ammonite zonations from stratotype sections. Magnetostratigraphic studies
undertaken on Lower Triassic sections in China (Heller et al.,1988; Steiner et al.,1989) are hampered by
the absence of well-defined stage boundaries. For instance, the Feixianguan Formation has a
Griesbachian succession that is well-calibrated in time but is considerably condensed, and a Dienerian
succession cannot be clearly identified. The Smithian and Spathian stages are evident in the Jialingjiang

Formation from conodont zonations, but without precision on their timespan.
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The stratotype succession of the Canadian Arctic could be taken as the reference magnetostratigraphic
succession for the Early Triassic (Fig.15). Ogg and Steiner’s (1991) resuits for this succession appear
similar to the composite magnetostratigraphy compiled by Steiner et al. (1989) from worldwide data, with
more accurate biostratigraphic control, and with a more adequate time resolution of around 0.04
myr/sample.
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Middle Triassic

Detailed magnetostratigraphic results are not available for the Middle Triassic. Occurrence of normal
polarity has been suggested for the earliest Anisian and the latest Ladinian (Ogg and Steiner,1991; Gallet
et al.,1992). Interrogation of the Global Palaeomagnetic Database (McElhinny and Lock,1990,1993; Lock
and McElhinny,1991) shows a mixed polarity record for the Middle Triassic.

Late Triassic

Three recent studies by Gallet et al. (1992,1993,1994) give detailed magnetostratigraphic results for the
Late Triassic. The results come from pelagic carbonates of South Tethyan successions in the Antalya
region of southern Turkey and the northern Calcareous Alps of Austria. The three studied sections have
precise biostratigraphic control from ammonites and conodonts and define a detailed
magnetostratigraphic succession that covers the main part of the Carnian (Fig.16), apart from three
biostratigraphic zonations in the mid-Carnian, and the whole of the Norian (Fig.17). The incomplete
magnetic polarity time scale for the Carnian is established from 220 samples from three sections, details
24 polarity intervals, and has a time resolution of about 0.025 myr/sample for the Austrian section and
between 0.05 and 0.1 myr/sample for the section in Turkey. The Norian time scale is established from
315 samples from two sections in southwestern Turkey, shows 30 polarity intervals, and has an average
time resolution of 0.04 myr/sample. The three studies detail a total of 54 polarity intervals for the Late
Triassic. This large number of reversals initially was perceived to conflict with magnetostratigraphic
results obtained by Witte et al. (1991) from sequences In the Newark Basin of North America, which
detail a lesser number of reversals. Problems with resolution through time and biostratigraphic control
of the latter study were invoked by Gallet et al. (1993) in an attempt to explain these apparent
discrepancies. Recently, however, Kent et al. (1993) reported the presence of 43 polarity intervals in the
Late Triassic succession of the Newark Rift Basin. Although they lack biostratigraphic control, the large
number of reversals for this period is confirmed by this study. The magnetostratigraphic results from
Gallet et al, (1992,1993,1994) are supported further, in terms of the number of polarity intervals, by ODP
Leg 122 results (Galbrun,1992; Galbrun et a/.,1992) from the Wombat Plateau off northwestern Australia
following biostratigraphic revision (Nicoll and Foster, 1994). Currently the Turkish and Austrian results
represent the most complete and precise magnetostratigraphic record for the Late Triassic.

Jurassic
Early Jurassic
The magnetostratigraphy of the lowermost stage in the Jurassic, the Hettangian, is presently undefined.

The Sinemurian is poorly defined from two sections in the Umbrian Apennines, studied by Channel et
al. (1984). Six polarity intervals were identified in the Fonte Avellana section and four intervals in the
Cingoli section. There is no biostratigraphic control available for these two sections. A
magnetostratigraphic correlation between the two sections is, therefore, tentative at best and the
sections certainly do not qualify as reference sections.

The Pliensbachian is almost complete in the Breggia Gorge section (Fig.18) in the Southern Alps, only
its very base is missing. The overlying Toarcian succession is less well-developed. Horner and Heller's
(1983) study of the section provided a continuous magnetostratigraphic record. Results from the upper
part of the section show a positive correlation with an uppermost Pliensbachian section from the Alpe
Turati in the Italian Southern Alps, also detailed in the same study. Results from other Pliensbachian
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sections, i.e. the Fonte Avellana and Cingoli sections in the Umbrian Apennines (Channel et al.,1984)
and the Baconycsernye section from the Transdanubian Central Mountains in Hungary (Marton et
al.,1980), cannot be reliably correlated with the Breggia Gorge section. This is probably due to the
condensed nature of the former sections, resulting in incomplete and less precisely defined reversal
patterns.

The various studies that have been carried out on Toarcian successions exemplify the problems
confronting definition of a magnetostratigraphy. Study of Toarcian type sections at Thouars and Airvault
in western France by Galbrun et al. (1988) showed an incomplete, although biostratigraphically precisely
controlled, magnetostratigraphy, reflecting the condensed nature of the sections. Channel et al. (1984)
interpreted fifteen polarity intervals from their study of the middle and upper part of the Toarcian section
in the Valdorbia section of the central Appennines, but a third of the polarity intervals appear poorly-
defined magnetically. Galbrun et al.’s (1990) study of the 1znalloz section in the Betic Cordillera of Spain
showed a total of 28 polarity intervals for the entire Toarcian succession. The polarity intervals are,
however, poorly-defined and sampling is not continuous. This section has potential as a reference
section, should higher quality and more detailed resuits become available. The best defined
magnetostratigraphic results for the Toarcian available so far come from Horner and Heller's (1983)
study of the Breggia Gorge section in the southern Alps. The section was sampled in detail with an
average time resolution of 0.07 myr/sample, has precise biostratigraphic control, and shows well-defined
polarity intervals. This study may well be used as the best established polarity sequence for this stage
(Fig.18), although a few reversals may have been missed because of the low sedimentation rate.

Middle Jurassic

Steiner et al.’s (1987) study of the Carcabuey section from the Subbetic Cordillera in southern Spain
represents the most complete study of the Bajocian currently available. Biostratigraphic control is good
and sample density is high. Nevertheless, about half of the interpreted polarity intervals are based on
single sample results only and need further confirmation.

The lowest ammonite zonation of the Bajocian (Sowerbyi) has also been documented from the Breggia
Gorge section in the southern Alps (Horner and Heller,1983). The Breggia and Carcabuey sections show
good correlation for the basal part of the Sowerbyi zone, which is characterized by the end of a reverse
polarity interval followed by an interval of normal polarity. The magnetostratigraphy for the undetlying
Aalenian is also documented in the studies of Steiner et al. (1987) and Horner and Heller (1983), as well.
The good correlation that was observed between the two studies for the lowermost Bajocian succession
holds also for the uppermost Aalenian succession. Whereas the magnetostratigraphy and biostratigraphy
for the whole of the Aalenian was established in the Breggia Gorge section (Horner and Heller,1983),
biostratigraphic control is only available for the lower part of the Aalenian succession in the Valdorbia
section (Channel et al.,1984). Despite the fact that only about half of the polarity intervals defined in the
Breggia Gorge section are identified in the Valdorbia section, correlation of the base of the Aalenian
stage is nevertheless possible between the two sections.

Fig.18 Early to Middle Jurassic magnetostratigraphy after Steiner et al. (1987) for the Early Bathonian and the Bajocian, and after
Horner and Heller (1983) for the Aalenian to Pliensbachian. Results are redrawn from original papers with transformation
of the original depthscale to a linear timescale following Burger (1990, Burger in Young and Laurie,1994).
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Magnetostratigraphic data for the Bathonian are available from the Subbetic Cordillera in southern Spain.
Although the whole of the Bathonian is represented, the three sections that were studied by Steiner et
al. (1987) appear generally too condensed to provide a detalled and reliable reference
magnetostratigraphy for the whole of this period. Only that part of the section containing the lowermost
ammonite zonation (Zigzag) has provided a well defined reference magnetostratigraphy.

With the above limitations in mind, the magnetostratigraphy for the Aalenian zonations of the Breggia
Gorge of the southern Alps (Horner and Heller,1983) and for Bajocian and the Early Bathonian ammonite
zonations in the Betic Cordillera (Steiner et al.,1987) are the most complete and precise reference
magnetostratigraphies currently available (Fig.18). Their time resolution is around 0.04 to 0.06
myr/sample.

MIDDLE JURASSIC TO RECENT MAGNETOSTRATIGRAPHY (Mart ldnurm)

General remarks

Except for the past 5 myr, for which abundant data are available from continental sources, the reversal
time scale for the Middle Jurassic to Recent is based on marine magnetic anomalies. As new seafloor
is extruded at the mid-ocean ridges it becomes magnetised and adds the latest feature to the
continuously evolving pattern of normal and reverse polarity lineations. If, as seems likely, the generation
and outward spreading of the seafloor have been continuous, the lineations would represent a complete
record of geomagnetic reversals. In addition, if the changes in the rate of spreading have been gradual,
linear interpolation between a few well-dated reversals would provide ages for the other reversals.
Combined with a briefness that is well beyond the resolution of isotopic methods, and their global
synchroneity, the reversals potentially provide a very precise time-correlation scale.

The main task in establishing the reversal time scale has been its absolute time calibration. The first
calibration for the entire Cenozoic reversal sequence was obtained from South Atlantic seafloor
anomalies by Heirtzler et al. (1968) who assumed in the calculation that the rate of seafioor spreading
had been constant. This rate was estimated from a single lineation dated at 3.4 Ma. Since the initial
calibration, the number and quality of age controls have improved greatly, giving better estimates for
seafloor spreading rates. Nevertheless, the present calibration remains still based on only few data,
especially for the Jurassic and Early Cretaceous.

The most direct method of calibration would be by dating of the basalts that cause the oceanic magnetic
anomalies. Although developments in the 40Ar-39Ar technique appear promising (McWilliams, 1993), the
K-Ar ages of oceanic basalts are at present not considered sufficiently reliable. The volcanics are usually
altered and have therefore lost or gained radiogenic argon and, because of the hydrostatic pressures
at the ocean floor, it is not certain whether the K-Ar system is reset during solidification of the magma
by removal of all argon (McDougall,1974), as required for the age calculations. Therefore indirect
methods are used. Currently these are based on sedimentary reference sections (marine or continental)
in which a dated biozone or stage boundary has been located in a specific part of the reversal pattern.
Correlation of the pattern with seafloor lineations provides the calibration point. For example, Cande and
Kent (1992a) obtain one of their calibration points from a deep-sea drillcore where the lower boundary
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(after Larson and Hilde, 1975 (after Jones 1994
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Fig19  Older part of the Jurassic marine anomaly record, (after Handschumacher et al.,1988). Anomalies M30-M38 from the
western Pacific Ocean have been tentatively interpreted by Handschumacher et al. as reverse polarity magnetisations. The
left-hand timescale is based for anomalies M29-M25 on Larson and Hilde (1975), and for anomalies M38-M30 on
extrapolation beyond 157 Ma of Larson and Hilde’s time scale on the assumption that the seafloor spreading rate had been
constant. The right-hand timescale shows some corresponding ages according to Jones (1994) and Young and Laurie (1994).

of the Ng/N10 planktonic foraminiferal zone is linked to the younger part of chron C5Bn (Miller et
al.,1985). This boundary had been dated elsewhere by 4O0Ar-3%Ar as 14.8 Ma (Tsuchi et al.,1981; Andreieff
et al.,1976), giving the calibration point. This, together with dates of several other magnetic lineations,
defines an age-distance plot for the seafloor, from which the ages of the remaining lineations can be
obtained by interpolation along the best fit to the plot.

The above procedure contains several uncertainties. First, the stratigraphic boundaries may not have
been located accurately within the reference section. Second, the biozones may be time-transgressive
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Middle Jurassic to Recent magnetostratigraphy (Mart Idnurm)

over long distances. Third, the isotopic ages may not be secure, as seen for example in the recent
revision of the Brunhes-Matuyama boundary from 0.73 to 0.78 Ma (Baksi et al.,1992; Spell and
McDougall,1992) or of the Oligocene-Eocene boundary from 36.4 Ma (Harland et al., 1990) to 33.7 Ma
(Odin et al.,1991). Fourth, and probably the largest uncertainty, is in the assignment of stage boundary
ages by date bracketing (e.g., the chronogram technique). Therefore further significant revisions are
likely. The following summarises briefly the current state of work on the Middle Jurassic to Recent
reversal sequence (Figs 19-21).

Middle Jurassic to Early Cretaceous

The magnetostratigraphic time scales of Kent and Gradstein {1985) and Harand et al. (1990) extend to
the Callovian/Oxfordian boundary, into what had been regarded as the younger part of the Jurassic
Quiet Zone. Handschumacher et al. (1988) have identified from aeromagnetic data of the East Mariana
Basin still older, low-amplitude anomalies (M30-M38) which they estimate to extend the time scale back
by another 8 myr, i.e. to the Bathonian/Callovian boundary, (Fig.19). It is not completely certain that
these anomalies represent reversals rather than, for example, variations in the geomagnetic field strength
(Cande and Kent 1992b). However, at least the existence of reversals in the 'Jurassic Quiet Zone’ has
now been confirmed in Polish sequences (Ogg et al.,1991).

The time scale from Oxfordian to Barremian (Kent and Gradstein, 1985; Harland et al.,1990) is based on
the Hawaiian M {Mesozoic) lineations, which span chrons M29 to M0 (Fig.20). The Hawaiian set has
been selected because of its completeness and relatively high resolution, especially in comparison with
the Keathley set of the North Atlantic, where low spreading rates give a poorer resolution. However,
some of the younger lineations in the Hawaiian set have not been identified in the Keathley set. This has
raised the possibility that parts of the Hawaiian set may be duplicates due to faulting (Channell et
al.,1987; Harland et al.,1990). Recent support for the Hawaiian set comes from measurements on
sedimentary successions in the Umbrian Apennines of ltaly {Channell and Erba,1992).

For time calibration, absolute age estimates have been obtained by interpolation for all Oxfordian to
Barremian stage boundaries; however, only the estimates at each end of this period are considered
reasonably well-determined (Kent and Gradstein,1985). Nevertheless, the latest calibration by Harland
et al. (1990) uses the ages of all stage boundaries within this period irrespective of reliability and
assumes that the rate of seafloor spreading has been constant throughout. Support for a constant rate
has since come from Early Cretaceous sequences in the Umbrian Apennines (Channell and Erba, 1992).
If the intermediate stage boundaries with poorly defined chronogram ages are excluded, as by Kent and
Gradstein (1985), the calibration points change by up to 8 myr. Bralower et al. (1990) have subsequently
obtained tight age estimates for the Jurassic-Cretaceous and Berriasian-Valanginian boundaries.
Although consolidation of the Late Jurassic to Early Cretaceous time scale requires additional dates, few
have been reported in recent years. Instead, most recent advances have been in linking the reversals
to biostratigraphy. The latter studies have been principally on uplifted pelagic sequences in southern
Europe, especially italy. The reversals have been correlated with ammonite zonations in the Jurassic and
Cretaceous, and with calpionellid, nannofossil and planktic foraminiferal zones in younger sequences.
References to the various studies are listed in Channell and Erba (1992) and Ogg et al. (1991).

Fig.20 Late Jurassic and Cretaceous magnetostratigraphy after Burger in Young and Laurie (1994).
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Fig.21 Cenozoic magnetostratigraphy after Truswell et al. (1991) and Chaproniere et al. (19%4).

Cretaceous Normal Polarity Superchron

Only a few, brief intervals of reverse polarity have been reported within an ~45 myr period (chron 34N)
that extends from the Aptian/Barremian to the Santonian/Campanian boundary (Fig.20) (e.g., within the
Globigerinelloides algerianus Zone of late Aptian age: Van den Berg et al.,1978; Tarduno,1990).
Magnetostratigraphy seems therefore not generally applicable to this period. However, a mixed polarity
interval has been found in an Albian succession from the Umbrian Apennines, ltaly (Tarduno et
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al.,1992).The reality of such short-lived reverse subchrons within the Cretaceous Normal Polarity
Superchron can be questioned on theoretical grounds (P. McFadden, pers. comm.,1994; Merrill and
McFadden,1994). Should these intervals prove to be genuine reversals, rather than an artefact of
remagnetization, this would considerably extend the applicable time-range of magnetostratigraphy in the
middle Cretaceous.

Late Cretaceous to Recent

For this period (chrons 34-1) the most recent time scale revision is by Cande and Kent (1992a). This
timescale, with Cenozoic stage boundaries of Berggren et al. (1994), is shown in Figure 21. It is based
on the South Atlantic and involves a revision of the relative spacing of the lineations. Cande and Kent's
time scale differs from the preceding versions (Berggren et al.,1985; Harland et al.,1990) principally for
the Palaeogene, where the revision reduces the chron ages by up to 3 myr. This difference is mainly due
to a reassessment of the stage boundaries by Berggren et al. (1992) in response to mounting evidence
for younger ages (e.g. Glass et al.,1986; Odin et al.,1991).

The Cande and Kent calibration uses the dates of nine stage boundaries selected at roughly equal
intervals, and assumes that the rate of seafloor spreading varied smoothly. Not all of the available age
constraints were used, and the inclusion of other ages could affect the calibration. While the main
features of the reversal sequence appear to be reliably established, the existence of additional brief
events remains uncertain. This is reflected in the omission by Cande and Kent (1992a) of some features
in the oceanic magnetic profiles that had been interpreted in the earlier time scales as brief events.

Australian constraints

In Australia, magnetostratigraphic studies for the Jurassic to Recent period have been restricted to the
latest Neogene and the Quarternary. These include both age dating and correlation, and have been
carried out on beach ridges (Idnurm and Cook,1980), ephemeral and dry lakes (Singh et al., 1981; Chivas
et al.,1986; An Zhisheng et al.,1986; McEwan Mason,1991; Cheng and Barton,1991) and vertebrate fossil
sites (MacFadden et al.,1987; Whitelaw,1991a,b,1992). Notably lacking are attempts to link the reversal
time scale to Australian biostratigraphy. Such links would show if the Australian biozones correspond
to their inferred international equivalents, and would provide checks on possible time-transgressiveness
of zonal boundaries.

HIGHLIGHTS OF PHANEROZOIC MAGNETOSTRATIGRAPHY

The magnetostratigraphic coverage of the Phanerozoic shows considerable variation in detall and quality.
No more than a few dedicated magnetostratigraphic studies have been carried out on the lower and
middle Palaeozoic, e.g. on the Precambrian-Cambrian boundary, the Cambro-Ordovician boundary and
the Lower to Middle Ordovician. This interval, therefore, can only be described in terms of predominant
polarity successions, not as magnetostratigraphic profiles. Some detailed magnetostratigraphic
successions have been determined directly below the older boundary (Westphalian A?) and across the
younger boundary (Tatarian-Kazanian?) of the PCRS. Its older boundary has not yet been determined.
Its younger boundary has been determined at the Early to Late Tatarian boundary of the stratotype
sections in Tatarstan and Russia, but global correlation with other continental and marine sections has
not yet been established. The magnetostratigraphy of the Mesozoic and Cenozoic has been studied
extensively. Considerable magnetostratigraphic detail is now available for the Triassic to Middle Jurassic
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(“Jurassic Quiet Zone") interval, although the coverage is not yet continuous with limited knowledge only
for parts of the interval (e.g. earliest Jurassic). Continuous and detailed magnetostratigraphic control
from both marine magnetic anomalies and continental sections is now available for the Middle Jurassic
(post-*Jurassic Quiet Zone") to Recent interval with detailed biostratigraphic and good geochronologic
control. Intervals of prolonged absence of reversals, such as the PCRS, the "Jurassic Quiet Zone® and
the CNPS, restrict application of magnetostratigraphic correlation and dating to their boundaries, which
represent very definite markers where properly defined.
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